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ABSTRACT Hypoxia, a unique and essential environ-
mental stress, evokes highly coordinated cellular re-
sponses, and hypoxia-inducible factor (HIF) 1 in the
hypoxia signaling pathway, an evolutionarily conserved
cellular signaling pathway, acts as a master regulator of the
transcriptional response to hypoxic stress. MicroRNAs
(miRNAs), a major class of posttranscriptional gene ex-
pression regulators, also play pivotal roles in orchestrating
hypoxia-mediatedcellular adaptations.Here, globalmiRNA
expression profiling and quantitative real-time PCR in-
dicated that the up-regulation of the miR-462/miR-731
cluster in zebrafish larvae is induced by hypoxia. It was
further validated that miR-462 and miR-731 are up-
regulated in a Hif-1a–mediated manner under hypoxia
and specifically target ddx5 and ppm1da, respectively.
Overexpression of miR-462 and miR-731 represses cell
proliferation through blocking cell cycle progress of DNA
replication, and induces apoptosis. In situdetection revealed
that the miR-462/miR-731 cluster is highly expressed in
a consistent and ubiquitous manner throughout the early
developmental stages. Additionally, the transcripts become
restricted to the notochord, pharyngeal arch, liver, and gut
regions from postfertiliztion d 3 to 5. These data highlight
a previously unidentified role of the miR-462/miR-731
cluster as a crucial signalingmediator for hypoxia-mediated
cellular adaptations and provide some insights into the po-
tential function of the cluster during embryonic devel-
opment.—Huang, C.-X., Chen, N., Wu, X.-J., Huang, C.-H.,
He, Y., Tang, R., Wang, W.-M., Wang, H.-L. The zebrafish
miR-462/miR-731 cluster is induced under hypoxic stress
via hypoxia-inducible factor 1a and functions in cellular
adaptations. FASEB J. 29, 000–000 (2015). www.fasebj.org
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Hypoxia, or low oxygen tension, is a unique environ-
mental stress that not only represents the insufficient
oxygen supply to cells and tissues but also occurs during
a range of physiologic and pathophysiological circum-
stances, including development, inflammation, tissue
ischemia, and tumor growth (1–3). Aerobic organisms
and cells have developed complex adaptive mechanisms
tomaintain oxygen homeostasis and evolved physiologic
and biochemical responses to survive hypoxic stress
(4–6). Two well-studied O2-sensitive signaling pathways
are implicated in promoting hypoxia tolerance: signal-
ing through mTOR (mammalian target of rapamycin)
that regulates mRNA translation initiation and signaling
through activation of the unfoldedprotein response that
alleviates endoplasmic reticulum stress (3, 7). Addi-
tionally, multiple hypoxia-responsive transcription fac-
tors (TFs) such asNF-kB,AP-1 (activating protein 1), and
p53 are also involved in cellular oxygen sensing and
homeostasis (8). However, the evolutionarily conserved
hypoxia-inducible factor (HIF) signaling pathway has
been recognized as a core pathway in the cellular adap-
tive response to hypoxic stress (9–11). HIF-1, a sensitive
hypoxia-stabilized TF, controls the cellular response to
hypoxia by regulating a wide variety of downstream
genes involved in glycolysis, angiogenesis, erythropoie-
sis, cancer metabolism, proliferation, pH regulation,
and apoptosis (3, 12, 13). HIF-1 is a basic-helix-loop-
helix-PAS heterodimer consisting of an oxygen-sensitive
HIF-1a subunit and a constitutive HIF-1b (or ARNT)
subunit. Under normoxic conditions, HIF-1a becomes
hydroxylated at highly conserved prolyl residues by the
prolyl hydroxylase domain family, and then the hydrox-
ylated HIF-1a is recognized by the von Hippel–Lindau
tumor suppressor protein, which recruits an E3 ubiquitin
ligase complex and targets HIF-1a for proteasomal deg-
radation (9, 14). However, under hypoxic conditions,
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prolyl hydroxylase domain activity is diminished, re-
sulting in the stabilization of HIF-1a protein. Conse-
quently, the stabilized and accumulated HIF-1a subunit
heterodimerizes with HIF-1b and transcriptionally
activates hundreds of genes involved in hypoxia adap-
tation by binding the core DNA sequence (RCGTG)
in the hypoxia-responsive elements (HREs) (11, 15).
Meanwhile, hundreds of genes are down-regulated in
response to hypoxia in a HIF-1–dependent manner
without direct HIF-1–promoter binding on the pro-
moters (16), which indicates an indirect suppression
mediated by activation of transcriptional repressors
(17) ormicroRNAs (miRNAs) (18). Furthermore, some
genes are directly repressed by HIF-1 binding in re-
sponse to hypoxia (19, 20).

HIFs, master transcriptional regulators for oxygen
homeostasis in all metazoan species, play pivotal roles in
many physiologic systems in response to hypoxia. Under
hypoxic conditions, HIF-1 mediates a metabolism shift
from mitochondrial oxidative phosphorylation to aero-
bic glycolysis by activating downstream metabolism fac-
tors, including pyruvate dehydrogenase kinase 1, lactate
dehydrogenase, and pyruvate kinase M2 (21, 22). In ad-
dition, mammalian embryonic development occurs in
a low-oxygen environment (23), and HIFs are known to
function in tissue formation and many developmental
systems, such as angiogenesis and osteogenesis (24, 25),
hematopoiesis (26), and hepatogenesis (27). Moreover,
hypoxia response and HIF signaling may control innate
and adaptive immunity by acting on immune cells in
pathologic states (28).

In addition to the canonical HIF signaling pathway,
more evidence suggests that miRNAs are essential con-
tributors to cellular adaptation to hypoxic stress (29, 30).
Over the past 2 decades, miRNAs, a group of endogenous
small noncoding RNAs about 22 nucleotides in length,
have emerged as critical posttranscriptional regulators
(31). In general, miRNAs negatively regulate gene ex-
pression by binding the 39 UTR of specific mRNA targets
with their seed region (nucleotides 2 to 8), resulting in
mRNA degradation or translational repression (32–34).
Also, they may act through promoter-directed transcrip-
tional activation (35) or silencing (36). miRNAs were
reported to be implicated in a wide range of physiologic
and cellular processes, including angiogenesis (37), he-
matopoiesis (38), erythropoiesis (39), tumorigenesis (40),
glycolysis (41), cell proliferation and differentiation (42),
cell cycle andapoptosis (43), andDNArepair (44).miRNA
genes are often clustered and can modulate a complex
signaling pathwaymore efficiently (45).Given thatmiRNA
transcription is primarily mediated by RNA polymerase II,
the miRNA expression can also be regulated by canonical
TFs such as HIF-1 (46, 47). Additionally, emerging evi-
dence indicates thatmiRNAexpression is also regulated by
certain external stimuli (48–50), especially by hypoxic
stress, an established pivotal regulator of miRNA tran-
scription, biogenesis and function (51).

As noncoding and small molecules, miRNAs act as
a flexible switch enabling rapid, effective, and reversible
fine-tuning of cellular response to hypoxic stress. Recent
studies have identified an expanding group of specific
hypoxia-regulated miRNAs, termed hypoxamirs, and
demonstrated their important roles in the cellularhypoxia-
adaptive response through monitoring and adjusting tar-
gets involved in critical physiologic and cellular processes
(30, 52). Multiple lines of evidence indicate that the tran-
scription of a subset of hypoxamirs is directly induced by
HIF-1, especially the master hypoxia-regulated miRNA
(hypoxamir) miR-210, which is potently induced by hyp-
oxia in aHIF-1a–dependentmanner and in turn stabilizes
HIF-1a through positive feedback regulation (53). In ad-
dition, miR-210 is recognized as a unique and pleiotropic
hypoxamir that is evolutionarily conserved and ubiqui-
tously expressed in hypoxic cell and tissue types (54, 55).
However, mostmiRNAs appear to be regulated by hypoxia
only in certain cellular or tissue contexts (30), and our
understanding remains limited about the physiologic
functions of individual hypoxamirs in zebrafish at the
embryonic and cellular levels.

In thepresent study,we identified thehypoxia-regulated
miRNAs in zebrafish and investigated the potential roles
of specific hypoxamirs in cellular adaptations. We dem-
onstrated that the teleost-specific miR-462/miR-731
cluster is hypoxia-induced in zebrafish larvae and ZF4
(zebrafish embryo fibroblast-like cell lines) cells, and the
role of the cluster in regulating cell survival was further
confirmed by experiments. Additionally, we character-
ized, for the first time, the dynamic expression and the
specific distribution ofmiR-462/miR-731. Thesefindings
facilitate the understanding of the crucial roles of
zebrafishmiR-462/miR-731 cluster in cellular adaptation
to hypoxic stress, as well as its potential functions during
embryonic development.

MATERIALS AND METHODS

Fish husbandry and hypoxia exposure

Adult AB strain zebrafish (Danio rerio) were raised and main-
tained on a 14/10 h light–dark schedule in the recirculating
water system (28 6 1°C). Zebrafish embryos were cultured in
embryo medium until postfertiliztion d 6, followed by 24 h ex-
posure to hypoxic (dissolved oxygen, 1.0 mg/L) or normoxic
(dissolvedoxygen, 7.0mg/L) conditions. Three groups (n = 30)
of zebrafish larvae from each condition were collected for
miRNAcloning andexpressionprofiling. Embryos and larvae at
different developmental stages were collected for miRNA ex-
pression analysis.

miRNA high-throughput sequencing and
bioinformatics analysis

Small RNAs were isolated from the embryos exposed to hyp-
oxia or normoxia using themirVanamiRNA Isolation Kit (Life
Technologies, Carlsbad, CA, USA). RNA abundance and
quality were examined using the NanoDrop 2000 (Thermo
Scientific, Carlsbad, CA, USA) and Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA,USA). The small RNAs
were ligated to 59 and 39 single-stranded adaptors and reversely
transcribed to cDNA libraries. The amplified cDNA constructs

(continued from previous page)
per million reads; shRNA, short hairpin RNA; TF, transcrip-
tion factor; ZF4, zebrafish embryo fibroblast-like cell lines

2 Vol. 29 December 2015 HUANG ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


were further purified and then sequenced on an Illumina
Hiseq2000 sequencer (San Diego, CA, USA) according to the
manufacturer’s protocol.

First, the adaptor sequences and low quality reads werefiltered
out to obtain the final clean reads, and the remaining sequences
were mapped to reference zebrafish genome (Zv9) using Bowite
software (http://bowtie.cbcb.umd.edu) with 1 mismatch tolerance.
Next, the matched reads were annotated to miRBase 19.0, the
Ensembl noncoding RNA database, and the RepBase Repeat-
Masker database to identify known miRNA sequences and sepa-
rate out different categories of noncoding RNA (rRNA, tRNA,
small nuclear RNA, small nucleolar RNA, miscellaneous RNA)
and genomic repeats. Finally, the unannotated small RNA
sequences were further identified for novel miRNA genes using
the prediction software miRDeep (Friedländer and Nikolaus
Rajewsky Systems Biology Group, Max Delbrück Center, Berlin-
Buch, Germany; https://www.mdc-berlin.de/10663315/de/research/
research_teams/systems_biology_of_gene_regulatory_elements/resources/
miRDeep.tgz) and the RNA structure analysis software RNA-fold
(ViennaRNA package 2.0; Institute for Theoretical Chemistry,
University of Vienna, Währingerstraße, Vienna, Austria; http://
www.tbi.univie.ac.at/RNA/, RNAfold 2.1.9).

The expression levels of known miRNAs were computation-
ally normalized toRPKM(reads per kilobases permillion reads)
by Cufflinks software (Cole Trapnell Lab, University of Wash-
ington, Seattle,WA,USA;http://cole-trapnell-lab.github.io/cufflinks/).
The fold change and P value were calculated with DESeq (Euro-
peanMolecular BiologyLaboratory,Heidelberg,Germany; http://
www-huber.embl.de/users/anders/DESeq/) from R software, with the
significantly differential expression accepted at P# 0.05 and fold
change $ 2.0. TargetScan 6.2 (Whitehead Institute for Bio-
medical Research, Cambridge, MA, USA) and MicroCosm
Targets (version 5; European Molecular Biology Laboratory–
EuropeanBioinformatics Institute,Hinxton,Cambridge,United
Kingdom; http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/
v5/) algorithms were used to predict putative mRNA targets of

differentially expressed miRNAs, and then the predicted result
was associated with mRNA differential expression profile in our
previous study (data not shown). The gene ontology and KEGG
pathway analyses were carried out by the Kobas 2.0 (Center for
Bioinformatics, PekingUniversity,Beijing,China;http://kobas.cbi.
pku.edu.cn/home.do) anddatabase forannotation, visualization,and
integrateddiscovery(David;BioinformaticsResources6.7,National
Institutes of Health, National Institute of Allergy and Infectious
Diseases, Bethesda, MD, USA; https://david.ncifcrf.gov/) functional
annotation tools. Each geneontology termandKEGGpathwaywas
computationally enriched, and the P value was calculated to esti-
mate the statistical significance.

Quantitative real-time PCR

Total RNA containing miRNA was isolated using Trizol re-
agent (Invitrogen, Carlsbad, CA, USA) by following the manu-
facturer’s instructionswith slightmodifications.Quantitative real-
time (qRT)-PCR was performed with gene-specific primers for
ddx5, ppm1da, and 18S rRNA (reference gene) listed in Table 1
using Sybr Green Mix reagent (Takara, Dalian, Shandong,
China). To quantify miRNA expression, qRT-PCR was per-
formed using primersmatching the desiredmiRNAs (Table 1)
by stem-loop RT-PCR as described previously (56). The small
nucleolar RNA U6 was used as the reference gene for nor-
malization. The reactions were carried out on Rotor-Gene Q
(Qiagen, Hilden, Germany).

miRNA expression analysis

Whole-mountmiRNA in situhybridizationwas performedusing
39-DIG–labeled miRcury locked nucleic acid probes (Exiqon,
Vedbaek, Denmark) (Supplemental Table S1) as previously
described (57, 58). The hybridization temperature used was

TABLE 1. Primers used in qRT-PCR for miRNA expression validation

Primer name Primer sequence (59–39)

ZB-qRT-ddx5-F AACGGGCACAGCCTACACA
ZB-qRT-ddx5-R TAAGAGTCACCACCACTACGG
ZB-qRT-ppm1da-F GGCTCTGTTTGCGGTGTT
ZB-qRT-ppm1da-R AGTTGTGCCCGATGTGCT
ZB-qRT-18s rRNA-F CGGAGGTTCGAAGACGATCA
ZB-qRT-18s rRNA-R GGGTCGGCATCGTTTACG
RT-miR-430a CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCCCA
RT-miR-430b CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCCCA
RT-miR-430c CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCCCA
RT-miR-462 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGCTGCAT
RT-miR-731 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCGATCCGG
RT-miR-459-5p CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCAGGATGA
RT-miR-150 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCACTGGTA
RT-miR-451 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACTCAGT
RT-U6 AAAACAGCAATATGGAGCGC
qRT-miR-430a-F CGGGCGGTAAGTGCTATTTGTTGG
qRT-miR-430b-F CGGGCGGAAAGTGCTATCAAGTT
qRT-miR-430c-F GCGGCTAAGTGCTTCTCTTTGGG
qRT-miR-462-F CGGGCGTAACGGAACCCATAAT
qRT-miR-731-F GGCGGGCAATGACACGTTTTCTC
qRT-miR-459-5p-F CGGGCGGTCAGTAACAAGGATTC
qRT-miR-150-F CGGCGTCTCCCAATCCTTGTACC
qRT-miR-451-F CGGGCGGAAACCGTTACCATTAC
qRT-Reverse TCAACTGGTGTCGTGGAGTCGGC
qRT-U6-F TGCTCGCTACGGTGGCACA
qRT-U6-R AAAACAGCAATATGGAGCGC
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51°C for miR-462 and 54°C for miR-731 locked nucleic acid
probes. The signals were visualized by nitro blue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate (Gen-View Scientific,
Galveston, TX, USA). Embryos were mounted in glycerol and
photographed with a Leica MZ7.5 stereomicroscope (Leica,
Wetzlar, Germany).

Semi–qRT-PCR of miR-462/miR-731 cluster was performed
using Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI, USA) and the specific primers listed in
Table 1 according to the manufacturer’s instructions.

Plasmid construction

The promoter fragment of the miR-462/miR-731 cluster con-
taining a predicted HRE (HIF-1a binding motif) was amplified
and subcloned into the luciferase reporter vector pGL3-Basic
(Promega). The construct harboring 9 HRE motifs of the VEGF
gene was used as a positive control. For overexpression of Hif-1a,
the coding sequence (CDS) of zebrafish hif-1a was cloned and
inserted into pCMV-Myc vector (Clontech Laboratories, Moun-
tain View, CA, USA).

The wild-type or mutant 39UTR segments of ddx5 and ppm1da
containing the putative miR-462 or miR-731 target sites were
amplified and inserted into the psiCHECK-2 dual-luciferase re-
porter vector (Promega). All the primers used are listed in
Table2, andall recombinedplasmidswereverifiedby sequencing.

Cell culture and hypoxia-mimicking treatment

HeLa and ZF4 cell lines (Cell Collection Center for Freshwater
Organisms, Huazhong Agricultural University) were cultured in
a 5%CO2 incubator (Thermo Scientific) containingDMEMand
DMEM/F12 1:1 medium (Hyclone, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum at 37 and 28°C, respectively.

To simulate hypoxic condition, ZF4 cells cultured in 6-well
plates were treated with 100 and 200mMcobalt chloride (CoCl2)
(Sigma-Aldrich, St. Louis, MO,USA) for 0 (control), 2, 4, 6, 8, 12,
and 24 h before being collected for isolation of total RNA (in-
cluding miRNA) and protein. HeLa cells overexpressed with
zebrafish Myc-tagged Hif-1a were stimulated with 100 mMCoCl2
for 0 (control), 4, 8, 12, and 24 h before being collected for
protein isolation.

Transient transfection and luciferase assays

Transient transfection was performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.

For HRE activity verification, HeLa cells were seeded in 24-well
plates and cotransfected with Myc-tagged Hif-1a construct or
empty vector (control), the indicated pGL3 HRE-luciferase re-
porter, and the pRL-TK Renilla luciferase reporter (internal
control) (Promega). The cells were then stimulated with 100
mMCoCl2 for 4hbefore luciferase assay. For the target detection
of miR-462 and miR-731, miRNA mimics or miRNA-NC (nega-
tive control) (GenePharma, Shanghai, China) and corre-
sponding psiCHECK-2 39 UTR dual-luciferase reporter were
cotransfected into HeLa cells. Firefly and Renilla luciferase ac-
tivities were measured at 24 h after transfection using Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions.

ZF4 cells were cultured in 6-well plates and transfected sepa-
rately with miR-462 mimics, mimics-NC, miR-462 inhibitor, and
inhibitor-NC (GenePharma). At 24 to 48 h after transfection, the
cellswerecollected for totalRNA(includingmiRNA)andprotein
isolation.

Western blot analysis

HeLa or ZF4 cells were lysed in RIPA buffer with 1% PMSF
(ComWin Biotech, Beijing, China). Protein extracts were sepa-
rated by SDS-PAGE and transferred to the PVDF membrane
(EMD Millipore, Billerica, MA, USA). The membrane was
blocked with 5% nonfat dry milk in Tris-buffered saline for 1 h at
room temperature, followed by 2 h incubation at room temper-
ature with specific primary antibodies against DDX5 (1:100) and
CDK2 (cyclin-dependent kinase 2; 1:1000) (Aviva Systems Bi-
ology, San Diego, CA, USA), Hif-1a (1:3000) (the homemade
polyclonal antibody against zebrafish Hif-1a was prepared using
prokaryotic expression system, affinity-purified and generated in
rabbits), b-actin (1:500) (Boster, Wuhan, Hubei, China), or C-
Myc-tag (1:500) (Biodragon Immunotechnologies, Beijing,
China). The protein level was detected using Odyssey CLx In-
frared Imaging System (Li-Cor Biosciences, Lincoln, NE, USA)
according to themanufacturer’s instructions after 1 h incubation
at room temperature with IRDye 800CW anti-rabbit secondary
antibody (1:10,000) (Li-Cor Biosciences).

Cell proliferation assay

ZF4 cells were grown in a 96-well plate at a density of 13 104 cells
per well and transfected separately with 50 and 100 nM miR-462
mimics, 50 and 100 nM miR-731 mimics, and miRNA-NC. Cell
proliferation was determined at 12, 24, 36, 48, 60, and 72 h after
transfection using the Cell Counting Kit-8 (CCK-8) (Beyotime

TABLE 2. Primers used in plasmid construction

Primer name Primer sequence (59–39)

miR-HRE-senseP CTCGAGTGTTGCTGGACGTGTTTTTTCAGC
miR-HRE-antisenseP AAGCTTGTCATACCTCATACTCTTTACACTTACAT
ZB-hif1a-CDS-F ACGCGTCGACAATGGATACTGGAGTTGTCACTG
ZB-hif1a-CDS-R AAATATGCGGCCGCTCAGTTGACTTGGTCCAGAGC
ZB-ddx5-39UTR-F CTCGAGTGGTGGTGACTCTTACGGC
ZB-ddx5-39UTR-Rm ACATAGGTCGGGCAAGATTAAGAT
ZB-ddx5-39UTR-Fm ATCTTGCCCGACCTATGTATCTAT
ZB-ddx5-39UTR-R GCGGCCGCAAAAAAAGGAAGGGGTGG
ZB-ppm1da-39UTR-F CTCGAGAAACCAAATCCTGAAACAAG
ZB-ppm1da-39UTR-Rm-1 ACCTATTGCCACAGGGTTAAGAT
ZB-ppm1da-39UTR-Fm TTAACCCTGTGGCAATAGGTTTA
ZB-ppm1da-39UTR-R GCGGCCGCAGTTTAGAATGACACTTACTCCCA
ZB-ppm1da-39UTR-Rm-2 GCGGCCGCAGTTTAGACTCACTCTTACTCCCA
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Institute of Biotechnology,Haimen, Jiangsu, China) according to
the manufacturer’s protocol.

Cell cycle assay

After 24 h transfection separately with miR-462 mimics, miR-731
mimics, and miRNA-NC, ZF4 cells were treated with nocodazole
(100 ng/ml) (Sigma), followed by an additional 12 h incubation
at 28°C and overnight fixation in 70% cold ethanol at 4°C. After
washing in PBS, the cells were incubated with RNase A for 30min
at 37°C and stained with propidium iodide using the Cell Cycle
Detection Kit (KeyGen BioTeck, Nanjing, Jiangsu, China) before
flow cytometry analysis. Corresponding cell lysates were collected
for detection of Cdk2 protein level.

Apoptosis analysis

ZF4 cells were transfected separately with miR-462 mimics and
miR-731 mimics and miRNA-NC. At 48 h after transfection, the
cells were collected, washed twice in cold PBS, and stained with
annexin V–FITC/propidium iodide for 15 min in the dark using
the Apoptosis Detection Kit (KeyGen BioTeck). The apoptosis
analysis was performed in triplicate by flow cytometry.

Statistical analysis

All analyseswereperformed in triplicate, andall data are shownas
means6 SE. Statistical difference was evaluated by Student’s t test,
with P# 0.05 considered statistically significant.

RESULTS

Small RNA profiling in hypoxia-exposed zebrafish

The deep sequencing of small RNA libraries derived from
zebrafish larvae subjected to normoxia and hypoxia ex-
posure was performed. After eliminating low-quality reads
and adaptor sequences, 98.28 and 95.62% clean reads
from the normoxia and hypoxia groups were obtained,
with themajority of thembeing 20 to 25 nt in size, which is
typical for Dicer digestion products. Altogether, 82.95 and
91.06% clean sequences were mapped to the zebrafish
genome, with the known mature miRNAs accounting for

70.02 and 71.81%, respectively. The unannotated se-
quenceswereanalyzed for identificationofpotential novel
miRNAs. A total of 129 and 212 novel miRNAs were pre-
dicted from the 2 groups, respectively, with 102 of them in
common. Among these putative novel miRNAs, some of
them showed a.2-fold read change under hypoxic stress
(Supplemental Table S2).

Hypoxia exposure misregulates miRNA expression
in zebrafish

To identify thehypoxia-regulatedmiRNAs in zebrafish, the
expression abundance of 247 knownmiRNAs collected in
miRBaseweredetected. SevenmiRNAsweredetermined to
be differentially expressed under hypoxic conditions, with
5 of them up-regulated and 2 down-regulated (Table 3).
Information from miRBase revealed that dre-miR-462
and dre-miR-731 were clustered on chromosome 8 (within
200 bp) and showed the possibility of consistent up-
regulation under hypoxic stress (Table 1). To further
validate themiRNAprofilingdata, the expressionpatterns

TABLE 3. Known miRNAs responsive to hypoxia

miRNA ID

Sequence count RPKM

Fold change PControl Hypoxia Control Hypoxia

dre-miR-181a 45,181 17,611 377,782.75 107,830.84 0.29 0.000066**
dre-miR-430a 2234 2016 18,679.68 12,343.82 0.66 0.292633
dre-miR-430b 3941 2371 31,520.10 13,886.26 0.44 0.021461*
dre-miR-430c 418 249 3495.12 1524.61 0.44 0.075833
dre-miR-150 32 140 267.57 857.21 3.20 0.034151*
dre-miR-459-5p 662 4858 5535.34 29,745.17 5.37 0.000008**
dre-miR-2190 214 1004 1711.57 5880.14 3.44 0.005400**
dre-miR-462 19 124 158.87 759.24 4.78 0.007625**
dre-miR-731 254 751 1946.85 4215.12 2.17 0.076263
dre-miR-451 329 1144 2750.95 7004.63 2.55 0.030000*

Fold change, expression fold change represented by RPKM ratio of 2 libraries (hypoxia/normoxia); **P , 0.01. *0.01 , P , 0.05.

Figure 1. Expression levels of 8 miRNAs in response to hypoxic
stress evaluated by qRT-PCR. U6-1 is used as endogenous
control. Values represent fold change compared with normoxic
control (means 6 SE, n = 3). **P , 0.01, ***P , 0.001,
independent samples Student’s t test.
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of 8 candidatehypoxamirs including the zebrafishmiR-430
family and themiR-462/miR-731 clusterwere examinedby
qRT-PCR, indicating that all the 8 miRNAs including the
miR-462/miR-731 cluster are significantly up-regulated
under hypoxic stress (Fig. 1).

Predicted targets of differentially expressed miRNAs
are involved in hypoxia-adaptive responses

A total of 2050 putative targets of these candidate hypo-
xamirs were predicted. The GO analysis result showed that
theputative targetsweremainly involved in severalhypoxia-
adaptive processes, such as oxidoreductase activity, en-
doplasmic reticulum, oxidation-reduction process, cell
growth, glycolysis, unfolded protein binding, transcription
regulator activity, GTPase activity, blood vessel morphogen-
esis, andDNArepair (SupplementalTableS3).Additionally,
most of the targets were assigned to metabolism-related sig-
nalingpathways, andanumberof themwerealso involved in

other important pathways, such as nuclear receptor tran-
scription pathway, glycolysis, methylation, and TGF-b sig-
naling pathway (Supplemental Table S4).

Hif-1a contributes to the up-regulation of hypoxia-
induced miR-462/miR-731 cluster

We investigated the involvement of Hif-1a in the up-
regulation of miR-462/miR-731 cluster under hypoxia. As
shown in Fig. 2A, hypoxia treatment up-regulated the ex-
pressionof endogenousmiR-462/miR-731 cluster, whereas
knockdownofHif-1a (undernormoxic condition)by short
hairpin RNA (shRNA) expression vector injection down-
regulated miR-462/miR-731 levels. The efficiency of
shRNAwas confirmedbydemonstrating thedecreasedHif-
1a mRNA and protein levels in our previous study (un-
published data). To further investigate the transcriptional
regulationof themiR-462/miR-731 cluster byHif-1aunder
hypoxic conditions, we searched the 800nt regionupstream

Figure 2. Hif-1amediates hypoxia-induced up-regulation of miR-462/miR-731 cluster in zebrafish. A) Zebrafish embryos exposed
to hypoxic condition (dissolved oxygen, 1.0 mg/L) or injected with HIF-1a shRNA expression vector (sh3454) (under normoxic
condition) were collected. miR-462 and miR-731 expression was assessed by qRT-PCR. U6-1 is used as endogenous control. Values
represent means 6 SE (n = 3, **P , 0.01, ***P , 0.001). B) structure of miR-462/miR-731 locus. Potential HRE motif (core
sequence is underlined) was identified 22 bp upstream of miR-462/miR-731 cluster. C) HeLa cells transfected with pCMV-Myc-
Hif-1a or pCMV-Myc empty vector (NC) was subjected to treatment of 100 mM CoCl2 for 0, 4, 8, 12, and 24 h. Protein levels of
zebrafish Hif-1a were detected using anti–c-Myc-tag. b-Actin is used to normalize protein levels. D) Luciferase reporter harboring
miR-462/miR-731 HRE (pGL3-HRE) was cotransfected with pCMV-Myc-Hif-1a into HeLa cells. Luciferase activities were
detected after stimulating with 100 mM CoCl2 for 4 h, and firefly luciferase expression was normalized to Renilla luciferase.
Construct pGL3-VEGF serves as positive control. Results are presented as means 6 SE (n = 3, ***P , 0.001). E) Protein detection
of Hif-1a and Ddx5 in ZF4 cells treated with 100 mM CoCl2 for 0 to 24 h. b-Actin is used to normalize protein levels. F) Expression
of miR-462 and miR-731 in ZF4 cells treated with 100 mMCoCl2 for 12 h. Values are means6 SE (n = 3, **P, 0.01, ***P, 0.001).
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of the transcription start site of the cluster and identified
a putative HRE motif at just the 22 nt upstream from the
cluster (Fig. 2B). Western blot analysis indicated that zebra-
fish Hif-1a can be overexpressed in HeLa cells by trans-
fection with pCMV-Myc-Hif-1a, and the expression level was
significantly increased after hypoxia-mimicking treatment
withCoCl2 for4 to8h(Fig.2C).The luciferasereporterassay
showed that miR-462/miR-731 HRE reporter activity was
increased .3-fold by overexpression of zebrafish Hif-1a
(Fig.2D). Inaddition, to simulateahypoxicenvironment,we
treated ZF4 cells with CoCl2 and found that the optimal
condition for induction of endogenous Hif-1a was 100 mM
CoCl2 (Supplemental Fig. S1), under which Hif-1a was sig-
nificantly up-regulated in a time-dependent manner and
reached the highest level after 12 h of treatment (Fig. 2E),
and the expression of the miR-462/miR-731 cluster was sig-
nificantly induced at the same time (Fig. 2F).

miR-462 and miR-731 target ddx5 and
ppm1da, respectively

On the basis of the target prediction, DEAD (Asp-Glu-Ala-
Asp) box helicase 5 (ddx5, p68) and protein phosphatase,
Mg2+/Mn2+ dependent, 1 Da (ppm1da) were identified as

downstream targets of miR-462 andmiR-731, respectively,
with complementary binding sites detected on the 39
UTRs (Fig. 3A). To evaluate the functions of miR-462 and
miR-731 at target 39 UTRs, the dual-luciferase reporter
constructs carrying ddx5 or ppm1da 39 UTR (wild-type or
mutant) were cotransfected with miRNA-462 mimics or
miR-731 mimics, showing that luciferase activity of the
wild-type construct was significantly reduced by corre-
sponding miRNA mimics, but not that of the mutant
construct (Fig. 3B). Furthermore, 2 effective miR-731
binding sites were identified on ppm1da 39UTR (547–554
and 673–679), with the site of 547–554 verified as the
prominent one (Fig. 3B).

To further confirm the negative regulatory effect of
miR-462 on endogenous Ddx5 protein, miR-462 over-
expression and knockdownwere carried out inZF4 cells by
transfection with miR-462 mimics or inhibitor. The trans-
fection efficiency was determined by qRT-PCR (Fig. 3C).
The Ddx5 mRNA and protein levels were significantly
down-regulated by miR-462 mimics but increased by the
miR-462 inhibitor (Fig. 3D, E). Additionally, in contrast to
Hif-1a and miR-462/miR-731 cluster, the endogenous
Ddx5protein levelwas significantly reduced in cells treated
with CoCl2 in a time-dependent manner (Fig. 2E). These

Figure 3. miR-462 and miR-731 directly target ddx5 and ppm1da, respectively, by binding 39 UTR. A) miRNA seed sequences and
their complementary sequences on 39 UTR are highlighted in italics. Mutant sites are indicated by arrows. B) miR-462 or miR-731
mimics were cotransfected with ddx5 or ppm1da 39 UTR dual-luciferase reporters into HeLa cells. Renilla luciferase activities were
detected and normalized to firefly luciferase (internal control). Results represent means 6 SE (n = 3, *P , 0.05, ***P , 0.001). C)
Transfection efficiency of miR-462 mimics and inhibitor was detected by qRT-PCR. All data are means 6 SE (n = 3, ***P , 0.001).
D) Ddx5mRNA expression was detected by qRT-PCR. 18S rRNA is used as endogenous control. Values represent means6 SE (n = 3,
**P , 0.01, ***P , 0.001). E) Western blot analysis of Ddx5 protein expression in ZF4 cells was performed at 48 h after
overexpression or knockdown of endogenous miR-462. b-Actin is used to normalize protein levels.
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results indicated that Ddx5 is a bona fide target of miR-462
and can be effectively regulated under hypoxic stress.

miR-462 and miR-731 repress cell proliferation and
induce apoptosis

Ddx5 and ppm1da are important elements involved in the
p53 signaling pathway, which prompted interest in un-
derstanding whether the miR-462/miR-731 cluster con-
tributes to cellular adaptation to hypoxic stress through
crucial regulationpathways. Therefore,we investigated the
involvement of miR-462 and miR-731 in cell survival.

We assessed the effect of miR-462 and miR-731 first on
cell proliferation. As shown in Fig. 4A, both miR-462 and
miR-731 significantly suppressed the proliferation of ZF4
cells from 12 to 72 h, with no dose-dependent effect ob-
served. Then we further analyzed their effect on cell cycle
viaflowcytometry analysis, andwe found that the cellswere
efficiently synchronized at G2/M phase by treatment with

nocodazole, while miR-462 and miR-731 significantly
blocked the cell cycle progression of DNA replication at S
phase, leading to the induction of the S-phase checkpoint
(Fig. 4B,C).Meanwhile, weobserved that theCdk2protein
level was significantly increased along with the accumula-
tion of G2/M cells but was reduced by the overexpression
of miR-462 andmiR-731 (Fig. 4D). This further confirmed
that thecell cycle arrest is inducedbymiR-462andmiR-731.
In addition, apoptosis assay revealed that overexpression
of miR-462 andmiR-731 resulted in a significant increase
of the apoptosis level (Fig. 4E). Unexpectedly, no no-
ticeable difference was detected in the corresponding
caspase 3 activities (data not shown).

Temporospatial expression of miR-462/miR-731
cluster during zebrafish embryonic development

To examine the temporal expression pattern and ana-
tomic localization of the zebrafish miR-462/miR-731

Figure 4. Both miR-462 and miR-731 repress cell proliferation through arresting cell cycle progress at S phase and induce cell
apoptosis. A) ZF4 cells were transfected with miR-462 or miR-731 mimics (mock represents transfection control), and cell
proliferation index was continuously detected using CCK-8 assay kit. All values represent means 6 SE of triplicate determinations
(**P, 0.01). B) Cell cycle phase analysis was performed by flow cytometry after synchronization with nocodazole. Untreated cells
serve as control. Data correspond to means of 3 independent experiments. C) Percentage of cells in G1, S, and G2/M phase were
determined. Results are presented as means 6 SE (n = 3, *P , 0.05). +, cells treated with nocodazole for 12 h. D) Expression
analysis of Cdk2 protein by Western blot analysis in corresponding ZF4 cell samples. b-Actin is used to normalize protein levels.
E) ZF4 cells were transfected with miR-462 or miR-731 mimics, and percentage of apoptotic cells was determined by annexin
V–FITC/propidium iodide staining and flow cytometry. Results are presented as means 6 SE (n = 3, ***P , 0.01).

Figure 5. Spatiotemporal expression of miR-462/miR-731 cluster during zebrafish embryonic development. A) Temporal
expression of miR-462 and miR-731 at indicated developmental stages detected by semiquantitative RT-PCR. U6-1 is used as
endogenous control. B–E) Whole-mount in situ hybridization of miR-462 during embryogenesis in zebrafish. B) 1 hpf (4 cell),
1.25 hpf (8 cell), 3.3 hpf (high stage), 4.5 hpf (dome stage), 6 hpf (shield stage), and 9 hpf (90%–epiboly stage); C) segmentation
period at 11, 16, and 19 hpf; D) 24 and 48 hpf, lateral and dorsal view; E) 72, 96, and 120 hpf, lateral view. ey, eye; mb, midbrain;
hb, hind brain; mhb, midbrain–hind brain boundary; te, telencephalon; sm, somatic muscle; no, notochord; li, liver; pa,
pharyngeal arch. F–I) Whole-mount in situ hybridization of miR-731 during embryogenesis in zebrafish. Expression pattern was
detected at same developmental stages described above.
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cluster during embryogenesis, the semi-qRT-PCR and
whole-mount in situ hybridization were performed. qRT-
PCR indicated that the miR-462/miR-731 cluster was con-
tinuously detectable from 1 h postfertilization (hpf)
(cleavage stage) to 72 hpf (Fig. 5A). The cluster was de-
tected in a consistent and ubiquitous manner in the whole
embryo throughout the early developmental stages up to
48 hpf (Fig. 5B–D, F, G). From 11 to 19 hpf, the cluster
became enriched in the brain and the eye anlage (Fig. 5C,
G). At 24 hpf, a weak expression was observed in somatic
muscle, and stronger signals were detected in the eyes,
telencephalon, midbrain, hind brain, and midbrain–hind
brain boundary (Fig. 5D, H). At 48 hpf, a strong signal
appeared in the fins (Fig. 5D, H). Later on, at 72 hpf, the
signal becamemoreprominent in the liver andgut regions
(Fig. 5E, I).At 96hpf andpostfertiliztiond5, the clusterwas
additionally detected in the pharyngeal arch region and
the notochord, with strong signals remaining in liver (Fig.
5E, I). Overall, this genomic miRNA cluster, as expected,
showed a similar expression pattern during zebrafish em-
bryonic development.

DISCUSSION

Hypoxia occurs frequently in solid tumors because of an
imbalance between the limited oxygen delivery capacity of
the abnormal vasculature and the high oxygen consump-
tion of tumor cells, which drives a complex and dynamic
adaptive response to enable cells to survive this threat, in-
cluding activation of several canonical signaling pathways.
Recent evidence reveals that miRNA plays a crucial role
among the complex and coordinated molecular mecha-
nisms activated by hypoxia (18, 52). A subset of miRNAs,
termed hypoxamirs, has recently been identified to be in-
volved in a large number of cellular processes in response
to low oxygen tension in mammal cells (52, 59, 60). Com-
pared with mammals, fishes are noticeably more re-
sponsive to varying oxygen availability and have evolved
a range of adaptive mechanisms to survive hypoxic stress
(6), but our understanding is limited about the regulatory
and physiologic functions of specific hypoxamirs in fishes.
In the present study, we have identified a hypoxia-
regulated miRNA cluster in zebrafish and uncovered its
important role in regulating cell survival.

Among the 7 putative hypoxamirs identified in hypoxia
exposed zebrafish by global expression profiling, the
down-regulated miR-181a was previously reported to be
hypoxia regulated in tumor conditions with contrasting
changes in different tumor cells (61, 62), and the up-
regulated miR-150 was inhibited in hypoxia-induced he-
patocytes (63). Interestingly, miR-210, a demonstrated
master hypoxamir across a wide range of mammalian cell
types, was not significantly up-regulated (54); instead, we
detected that a teleost-specific genomic miRNA cluster,
miR-462/miR-731, was induced by hypoxic stress in both
zebrafish larvae and ZF4 cells. These results imply the ex-
istence of a special hypoxamir community and regulatory
system in fish. The target prediction analysis indicated that
these putative hypoxamirs may be involved in important
hypoxia-adaptive processes, including cell growth, glycol-
ysis, and blood vessel morphogenesis. Recent evidence
reveals that miR-451 regulates human erythropoiesis by

targeting RAB14 (39), that miR-150 functions as a tumor
suppressor in human colorectal cancer by targeting c-Myb
(64), and that miR-181a regulates VEGF expression in
chondrosarcoma cells. To date, in addition to zebrafish,
the miR-462/miR-731 cluster has only been identified in
medaka, channel catfish, and Atlantic salmon (miRBase),
and little is known about its physiologic functions both at
the embryonic and cellular levels.

It was reported that zebrafish miRNAs are extensively
(;50%) encoded within polycistronic transcripts, in-
cluding the miR-462/miR-731 cluster (65). As a genomic
miRNA cluster residing within 200 bp, miR-462 and miR-
731 may share common cis-regulatory elements, resulting
in a coordinated expression pattern and combinatorial
regulatory functions in response to hypoxia. Several
hypoxia-responsive TFs play important regulatory roles
under hypoxic cellular conditions (8). Among them, HIF-
1, a master transcriptional regulator that mediates oxygen
homeostasis, plays a predominant role in coordination of
transcriptional changes under hypoxic stress, and direct
HIF-1-driven regulation of hypoxamir transcription has
been validated (18, 47). Here, we confirmed by promoter
reporter assay that the miR-462/miR-731 cluster is a tran-
scriptional target of Hif-1a. The cluster is significantly in-
duced inaccordancewithHif-1aunderhypoxic conditions
and the knockdown of Hif-1a by shRNA results in the in-
hibition of miR-462/miR-731 expression. These data sug-
gest that Hif-1a contributes to the up-regulation of the
hypoxia-induced miR-462/miR-731 cluster both in zebra-
fish embryos and ZF4 cells.

We observed that the endogenous Ddx5 protein level
was significantly reduced along with the up-regulation of
Hif-1a in ZF4 cells treated with CoCl2 in a time-dependent
manner, suggesting the oxygen-sensitive expression of
Ddx5. It was previously reported that theDEADbox family
is particularly sensitive tohypoxia, with at least 20members
significantly down-regulated, including DDX5 (p68) and
DDX17 (p72) (66). DDX5 and DDX17 function as crucial
coregulators of several TFs (including p53, NF-kB, and
E2F1) and are involved in multiple cellular processes (67,
68). In addition, they control the biogenesis ofmiRNAs via
their interaction with the Drosha/DGCR8 complex (69).
Several lines of evidence demonstrate a DDX5/DDX17/
miRNA feedback regulatory loop, in which DDX5 and
DDX17 are recruited on the promoters along with key TFs
and promote the expression of a specificmiRNA, which in
turn directly down-regulates the expression of DDX5 and
DDX17 (67).Our results verified that the 39UTRof ddx5 is
a bona fide target of miR-462, and that miR-462 represses
endogenous Ddx5 mRNA and protein expression. It is
possible that Ddx5 may serve as a key transcriptional
coregulator ofHIF-1a inmediating induction ofmiR-462/
miR-731 (or other hypoxamirs) under hypoxic stress, but
further studies are needed to support this hypothesis. Ad-
ditionally, DDX5 is required for DNA replication and cell
proliferation, and the efficiency of DNA replication in
S-phase cells is reduceduponDDX5depletion (70). In the
present study, the overexpression of miR-462 significantly
enriched S-phase cells, indicating an increasedduration of
Sphase, an inductionof intra-S checkpoint, and significant
repression of cell proliferation in a time-dependent man-
ner.A reductionofCdk2proteinwas also detected, further
confirming that miR-462 induces the cell cycle arrest.

10 Vol. 29 December 2015 HUANG ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


Furthermore,miR-462 induces apoptosis, but probably not
in a caspase 3–mediated manner. On the basis of all the
aforementioned data, we hypothesize that miR-462 may
influence cellular processes and regulate cell survival
through the down-regulation of Ddx5. On the other hand,
miR-731 was also observed to have a similar effect on cell
growth and cell cycle progress. Although ppm1da was rec-
ognized as a downstream target of miR-731 and was an-
notated to p53 signaling pathway, it is currently uncertain
whether ppm1damediates the effect ofmiR-731 on cellular
processes. However, as polycistronic transcripts, miR-462
and miR-731 may have a highly cooperative regulatory
function in an intricate cellular signaling network. Further
work is needed to decipher the combinatorial and hierar-
chical regulation mechanism by identifying overlapping
downstream targets of miR-462 andmiR-731. Additionally,
it was reported that HIFs can change themiRNA signature
of cells, which in turn can influence cell cycle progression,
and hypoxia can block DNA replication in a HIF-1a–
mediated manner (71). Therefore, we hypothesize that
miR-462 and miR-731 may function in cellular adaptation
to hypoxia viaHIF-1a.

miRNAs have been established as key elements in
zebrafish embryonic development (72, 73). The temporal
expression and spatial distributions of multiple miRNAs
have been demonstrated by microarrays and in situ hy-
bridization during zebrafish development, but no signal
was detected for miR-462 and miR-731 during early de-
velopment stages (65, 74). Here, we observed that the
zebrafish miR-462/miR-731 cluster was ubiquitously and
consistently expressed in the whole embryo with no spatial
restriction throughout the early developmental stages
(1-cell stage to pectoral fin stage), which is in accordance
with corresponding targets (ddx5 and ppm1da) identified
by Thisse et al. (unpublished data; http://zfin.org). It was
revealed that late oogenesis and early embryogenesis rely
exclusively on maternal mRNAs that subsequently un-
dergo a general decay in embryos during the maternal-to-
zygotic transition (75). Recent data in mice showed that
gene regulation bymiRNA is inactive before this transition
(76, 77). However, miRNA has been identified as a major
component of the zygotic mRNA decay pathway in both
vertebrates and invertebrates. miRNA-dependent mRNA
decay was first identified in zebrafish, with miR-430
expressed at the onset of zygotic transcription and the
deadenylation and degradation of hundreds of maternal
mRNAs facilitated during early embryogenesis (78). In the
present study, strong signals of the miR-462/miR-
731cluster were detected as early as at the cleavage stage,
implying its potential role inmaternal transcript clearance.
Additionally, miR-462 was reported to be implicated in vi-
tellogenesis of zebrafish (79). The miR-462/miR-731
cluster was continuously expressed, with enrichment oc-
curring sequentially in the brain, eye, somatic muscle, and
fins, suggesting its participation in organogenesis. Re-
markably, the signal becamemore restricted tonotochord,
liver, and gut region frompostfertilization d 3 to 5, which is
similar to the expression pattern of zebrafish Hif-1a de-
tected previously (27). Recent evidence shows that the
miR-462/miR-731 cluster is also present in male liver of
marine medaka (80). We therefore hypothesize that miR-
462 and miR-731 may be essential for liver formation or
growth, but further studies areneeded todefine their exact

role. Overall, the data suggest the indispensable physio-
logic functions of the miR-462/miR-731 cluster during
zebrafish embryonic development.

Taken together, the present study has confirmed miR-
462/miR-731 as a teleost-specific miRNA cluster that is in-
duced by hypoxia in a Hif-1a–mediated manner and has
demonstrated its important role in regulating cell survival
by targeting downstream genes. The overall results suggest
that both miR-462 and miR-731 serve as important signal-
ing intermediates in cellular adaptation to hypoxic stress.
Furthermore, the expression profile indicates that the
miR-462/miR-731 cluster is of physiologic significance and
close relevance to organogenesis and embryonic develop-
ment of zebrafish. Our findings provide some new insights
into the role of hypoxamirs in cellular adaptation to hyp-
oxia in zebrafish.
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