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Abstract: Increasing attention has been focused on the role of microRNAs in post-transcription
regulation during spermatogenesis. Recently, the miR-34 family has been shown to be involved in
the spermatogenesis, but the clear function of the miR-34 family in spermatogenesis is still obscure.
Here we analyzed the function of miR-34a, a member of the miR-34 family, during spermatogenesis
using miR-34a knockout zebrafish generated by the clustered regularly interspaced short palindromic
repeats/associated protein 9 (CRISPR/Cas9) system. miR-34a knockout zebrafish showed no obvious
defects on testis morphology and sperm quantity. However, we found a significant increase in
progressive sperm motility that is one of the pivotal factors influencing in vitro fertilization rates,
in the knockout zebrafish. Moreover, breeding experiments showed that, when miR-34a-knockout
male zebrafish mated with the wide-type females, they had a higher fertilization rate than did
the wide-type males. Glycogen synthase kinase-3a (gsk3a), a potential sperm motility regulatory
gene was predicted to be targeted by miR-34a, which was further supported by luciferase reporter
assays, since a significant decrease of luciferase activity was detected upon ectopic overexpression
of miR-34a. Our findings suggest that miR-34a downregulates gsk3a by targeting its 3′ untranslated
region, and miR-34a/gsk3a interaction modulates sperm motility in zebrafish. This study will help
in understanding in the role of the miR-34 family during spermatogenesis and will set paths for
further studies.
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1. Introduction

Spermatogenesis is a complicated and highly regulated process in which diploid spermatogonia
proliferate and differentiate into mature spermatozoa through three distinct phases: mitosis, meiosis,
and spermiogenesis [1–3]. Normal spermatogenesis is essential for reproduction and depends upon the
regulation of gene expression [4–6]. Studies have been performed at molecular and epigenetic levels to
elucidate the molecular basis of spermatogenesis and the specific role of these molecules in the function
of spermatozoa [7–10]. Several master genes, such as cyclic AMP-responsive element modulator
(CREM) [11], sperm-associated antigen 6 (Spag6) [12], sperm-associated antigen 6 (Spag16) [13],
phosphoglycerate kinase 2 (Pgk2) [14], have been identified to be involved in spermatogenesis and
affect the functions of spermatozoa. Recently, noncoding RNAs (ncRNAs) including microRNAs
(miRNAs), piwi-interacting RNAs (piRNAs), and long ncRNAs (lncRNAs) have been considered
to have crucial roles in spermatogenesis [15]. These molecules are gradually becoming the focus of
studies in the field of gametogenesis.

miRNAs (≈22 nt) are a highly conserved class of ncRNAs, which control gene expression
usually via binding to the 3′ untranslated regions (3′UTRs) of many protein-coding transcripts [16].
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miRNAs have important roles in mediating various biological functions, including cell division [17],
differentiation [18], migration [19], and apoptosis [20]. Recent studies reported that several miRNAs
are expressed and exhibit dynamic expression profiles during spermatogenesis [21,22], and may
have a role in this process. The role of specific miRNAs such as miR-15a, miR-184, and miR-384 is
demonstrated in the process of spermatogenesis. Moreover, miR-15a and its target gene cyclin T2
(Ccnt2) associates in early spermatogenesis [23]. Similarly, miR-184 was expressed primarily in testis,
which probably was involved in the post-transcription regulation of nuclear receptor corepressor
2 (Ncor2) in mammalian spermatogenesis [24]. Although many miRNAs have been detected in
testis or spermatozoa, their precise roles and target genes in spermatogenesis or spermatozoa are
poorly defined.

Sperm motility is a major factor in judging sperm quality and an important determinant for
fertilization success. In recent decades, several sperm motility regulatory genes have been discovered,
such as cation channel of sperm (CatSper) [25], rab-like 2 (RABL2) [26], gsk3a [27], and cystic fibrosis
transmembrane conductance regulator (CFTR) [28]. Recently, it has become evident that miRNAs
are involved in regulation of sperm motility. In porcine, a significant increase in the expression of
two miRNAs, let-7d and let-7e, was identified in low sperm motility groups compared to a normal
group [29]. It has been demonstrated that high expression of miR-27b has a significant relationship
with low sperm progressive motility in humans [30]. The miR-34 family is highly evolutionarily
conserved in vertebrates and contains three closely related members: miR-34a/b/c [31]. Earlier studies
have proved that the miR-34 family acts as regulators of gene expression in cell cycle progression [32],
senescence [33], and apoptosis [34]. Other evidences suggest that the miR-34 family also has a crucial
role in spermatogenesis and sperm motility [35,36]. At present, however, the precise role of the
miR-34 family during spermatogenesis is still poorly understood in vivo. In this study, we started
with miR-34a to explore the functional roles of the miR-34 family in spermatogenesis using miR-34a
homozygous knockout zebrafish produced by the CRISPR/Cas9 system, and tried to identify the
targeted gene of miR-34a using the bioinformatics and luciferase reporter assay.

2. Results

2.1. Expression of miR-34a during Zebrafish Testis Development

To investigate the expression pattern of miR-34a in zebrafish testis, its expression was examined
at different developmental stages of testis including 60, 70, 80, 90, 180 days post-fertilization (dpf).
As shown in Figure 1, the expression of miR-34a was relatively low at 60 dpf, gradually increased
as testis developed, and reached the maximum at 90 dpf (mature testis). However, its expression
decreased at 180 dpf in aging testis. This varying expression of miR-34a made us speculate that
miR-34a might play a role in testis development.
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2.2. Establishment of miR-34a Knockout Zebrafish Model

To further explore the role of miR-34a during testis development, miR-34a knockout zebrafish
was generated using a CRISPR strategy. Firstly, two guide RNAs (gRNAs) were designed to target
the upstream and downstream regions of pre-miR-34a, respectively (Figure 2). Next, both gRNAs
and Cas9 mRNA were co-injected into 1- to 2-cell stage zebrafish embryos. The target region was
amplified by the polymerase chain reaction (PCR), and the amplification products were sequenced.
DNA sequencing results indicated that gRNAs used in the present study could induce Cas9 cutting
activity in the target sites. When the injected embryos grew to the adult stage, 24 individuals were
screened, and 11 individuals had the potential to be used as F0 mutants (Figure 3A). An F0 mutant with
high deletion was crossed with a wild type to obtain an F1 heterozygous fish. Of 24 F1 adults, 13 fish
were confirmed as heterozygote (Figure 3B). The male and female F1 mutant alleles were mated to
generate F2 generation. As expected, the percentage of homozygous null allele mutants in F2 offspring
was almost 25 (7/24, Figure 3C). These homozygous mutants were mated with each other to produce
100% F3 homozygous null mutants (24/24, Figure 3D) for subsequent study.
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Figure 2. Schematic representation of the CRISPR/Cas9 strategy for miR-34a deletion and mutation
detection. The pre-miR-34a sequence was shown in bold, and the seed sequence is underlined.
Left arrows indicate that the sequences were consistent with the given sequences; right arrows
indicate that the sequences were reverse-complement of the given sequences. The box indicates
the PAM sequence.
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2.3. Effects of miR-34a Knockout on Zebrafish Sperm Motility

We analyzed the phenotype of miR-34a knockout zebrafish focusing on spermatogenesis and
spermatozoa activity. The morphology of the testis was similar between WT and miR-34a−/− zebrafish
(Figure 4A), suggesting that disruption of miR-34a did not affect the testis morphology. In addition,
miR-34a knockout zebrafish can be mated to generate viable offspring, which indicated that miR-34a
deletion does not affect normal spermatogenesis. Therefore, we tried to check the quantity and quality
of spermatozoa. No significant difference in sperm quantity was detected between wild-type and
miR-34a knockout zebrafish. Moreover, there was no significant difference in the percentage of motile
sperm (MOT) between wild-type and miR-34a knockout zebrafish (Figure 4B). However, the values
of several progressive sperm motility parameters (VAP: average pathway velocity; VSL: straight-line
velocity; VCL: curvilinear velocity; BCF: beating cross frequency) significantly increased in miR-34a−/−

zebrafish compared to the WT zebrafish (Figure 4C,D), indicating that sperm from miR-34a−/−

zebrafish, when they mate with wild-type eggs, might improve the fertilization rate.
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wide-type zebrafish, miR-34a−/− zebrafish had a higher fertilization rate than the wide-type zebrafish
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Figure 5. Fertilization rates of WT and miR-34a−/− male zebrafish when they mated with WT female 
zebrafish. *** p < 0.001. 

2.4. Potential Target Genes of miR-34a 

Using the Targetscan bioinformatics algorithm, we found that gsk3a was a putative target gene 
of miR-34a, since there was a binding site for miR-34a in the 3′UTR of gsk3a (Figure 6A). Moreover, 
qRT-PCR analysis revealed that gsk3a mRNA expression was upregulated in the testis of miR-34a−/− 
zebrafish compared with WT zebrafish (Figure 6B), suggesting that gsk3a is a candidate miR-34a 
target gene for affecting sperm motility. 

  
Figure 6. Knockout of miR-34a affected the expression levels of gsk3a in zebrafish testis. (A) The 
alignment of mature miR-34a with gsk3a 3′UTR. Red indicates miR-34a seed sequence and the putative 
miR-34a binding site in gsk3a; (B) The fold changes of the expression of gsk3a mRNA in the testis of 
WT and miR-34a−/− zebrafish examined by RT-PCR. *** p < 0.001. 

2.5. Luciferase Reporter Assays 

To determine whether zebrafish miR-34a directly targets gsk3a, luciferase reporter experiments 
were carried out by inserting the 3′UTR of gsk3a into the C-terminus of Firefly luciferase in the 
pmirGLO reporter vector. The binding site of miR-34a (CACTGCC) in the constructed wild-type 
plasmid was replaced with AGTCTAT by site-directed mutagenesis (Figure 7A). As expected, the 
relative luciferase activity was repressed in the wild-type zebrafish construct, whereas the repression 
was abrogated when the mutant construct was used (Figure 7B). 

Fertilization rate
0.0

0.2

0.4

0.6

0.8
WT

miR-34a-/-

***

P
er

ce
nt

ag
e 

(%
)

T
A

5’GGCAGTGTCTTAGCTGGTTGT3’miR-34a
196CCGTCACACACACATGTCATA1753' UTR

gsk3a ENSDARG00000029501A

gsk3a
0.0

0.5

1.0

1.5
B

***

WT

miR-34a-/-

R
el

at
iv

e 
ex

pr
es

si
on

T
A

5’GGCAGTGTCTTAGCTGGTTGT3’miR-34a
196CCGTCACACACACATGTCATA1753' UTR

gsk3a ENSDARG00000029501A

gsk3a
0.0

0.5

1.0

1.5
B

***

WT

miR-34a-/-

R
el

at
iv

e 
ex

pr
es

si
on

Figure 5. Fertilization rates of WT and miR-34a−/− male zebrafish when they mated with WT female
zebrafish. *** p < 0.001.

2.4. Potential Target Genes of miR-34a

Using the Targetscan bioinformatics algorithm, we found that gsk3a was a putative target gene
of miR-34a, since there was a binding site for miR-34a in the 3′UTR of gsk3a (Figure 6A). Moreover,
qRT-PCR analysis revealed that gsk3a mRNA expression was upregulated in the testis of miR-34a−/−

zebrafish compared with WT zebrafish (Figure 6B), suggesting that gsk3a is a candidate miR-34a target
gene for affecting sperm motility.
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2.5. Luciferase Reporter Assays

To determine whether zebrafish miR-34a directly targets gsk3a, luciferase reporter experiments
were carried out by inserting the 3′UTR of gsk3a into the C-terminus of Firefly luciferase in the pmirGLO
reporter vector. The binding site of miR-34a (CACTGCC) in the constructed wild-type plasmid was
replaced with AGTCTAT by site-directed mutagenesis (Figure 7A). As expected, the relative luciferase
activity was repressed in the wild-type zebrafish construct, whereas the repression was abrogated
when the mutant construct was used (Figure 7B).



Int. J. Mol. Sci. 2017, 18, 2676 6 of 12

Figure 7. miR-34a directly targets gsk3a. (A) The sequence information of the putative gsk3a 3′UTR
binding site in wild type (UTR WT) and mutant (UTR MUT); (B) Luciferase assays of miR-34a
co-transfection with UTR WT plasmid and UTR MUT plasmid in HEK293T cells. The luciferase
activity of WT plasmid was reduced by miR-34a. NC stands for negative control mimic. Error bars
indicate mean ± SD, n = 3. Student’s t-test was used for statistical analysis (* p < 0.05).

3. Discussion

miRNAs were first discovered in C. elegans as early as the 1990s [37], but the biological functions
have not attracted considerable attention until a number of endogenous miRNAs were identified in
worms, flies, and mammals. To date, miRNAs have been shown to have important regulatory roles in
a variety of biological processes, including stem cell differentiation [38], signaling transduction [39],
developmental regulation [40] and in diseases [41,42]. In vertebrates, the miR-34 family is an evolutionary
conserved family, including three members: miR-34a, miR-34b, and miR-34c. The miR-34 family was
usually recognized as the tumor suppressors that control cell proliferation and cell-cycle progression
through silencing oncogenic targets [43]. Recent studies revealed the miR-34 family might have roles
in spermatogenesis and sperm motility [35,36]. However, its precise roles in spermatogenesis remain
unclear. Therefore, zebrafish was used as a model in the current study to observe the functions of
miR-34a is in spermatogenesis and sperm motility.

The CRISPR/Cas9 system is an ideal gene knockout tool to characterize gene function in vivo [44].
In the present study, the CRISPR/Cas9 was used to generate miR-34a knockout zebrafish (Figure 2),
with the mutagenesis efficiency more than 45% (Figure 3A). Our results showed that testis morphology
in miR-34a−/− zebrafish was normal, but the sperm motility was increased when compared with
the WT, indicating that deletion of miR-34a leads to an enhancement of sperm motility in zebrafish.
Previously, it has been reported that cell motility could be regulated by miR-34a. miR-34a functioned
as a tumor suppressor gene to inhibit uveal melanoma cell motility through the downregulation of
c-Met [45]. When the endogenous miR-34a was knocked down using short interfering RNA (siRNA),
Wharton’s jelly MSCs (WJ-MSCs) motility was increased [46]. These studies suggested that there is a
negative correlation between miR-34a and cell motility.

gsk3a has been confirmed to be essential for normal sperm motility, and loss of gsk3a led
to male infertility due to the decrease in sperm motility [27]. Interestingly, a binding site of
miR-34a was found in 3′UTR of zebrafish gsk3a. MicroRNAs usually regulate gene expression
by posttranscriptional repression and degradation of target mRNA [47–49]. gsk3a expression in
miR-34a−/− zebrafish was about 5.5 times that in wild-type zebrafish. The luciferase reporter assay
further indicated that gsk3a gene is a target gene of miR-34a in zebrafish. Adenosine triphosphate (ATP)
is essential for sperm motility, which is obtained mainly from two metabolic pathways: mitochondrial
oxidative phosphorylation and glycolysis [50]. It has been revealed that miR-34a may be involved
in mitochondrial oxidative phosphorylation and regulate ATP content. For example, in HepG2 cells,
miR-34a reduced ATP contents by targeting ATP synthase subunit 5s (ATP5S), which is a subunit of
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the key enzyme of oxidative phosphorylation and is responsible for ATP production in mammals [51].
In circulating endothelial cells, overexpression of miR-34a could impair mitochondrial oxidative
phosphorylation and reduced ATP production by targeting cytochrome c [52]. gsk3, a serine-threonine
protein kinase, can phosphorylate and inactivate glycogen synthase [53], which may lead to decrease
glycogen synthesis, and more glucose can probably be supplied for glycolysis to generate more ATPs.
In gsk3a −/− mice, it was noted that sperm motility parameters were impaired and ATP levels were
reduced, suggesting an association between gsk3a and glycolytic metabolism [27]. In conclusion,
miR-34a may regulate sperm motility by targeting gsk3a in zebrafish.

4. Materials and Methods

4.1. Zebrafish Strain

Wild-type AB zebrafish strain used in this study was acquired from the Institute of Hydrobiology,
Chinese Academy of Science (Wuhan, China). All experiments procedures involving zebrafish were
approved by the institution animal care and use committee of Huazhong Agricultural University.

4.2. Design of CRISPR/Cas9 Target Site and Single Guide RNA (sgRNA) Synthesis

CRISPR/Cas9 target sites were designed as previously described [54], the sequences of which
were listed in Table 1 and Figure 1. Each synthetic-guide RNA (sgRNA) was synthesized by inserting
Cas9 target site sequence between the T7 promoter and sgRNA scaffold sequence of pMD19-gRNA
scaffold plasmid followed by in vitro transcription.

Table 1. miR-34a knockout target sites and primer for mutation detection.

Items Sequences (5′–3′) PAM

gRNA-F GGATCTTACCTGCAGAAGAC GGG
gRNA-R GGGTTGACTGGATGGATGAA TGG

g-miR-34a-F GGACTTGTGACTGCTGTAATTCC
g-miR-34a-R CTAATGAAATGACTCAGGCTAC

4.3. Capped mRNA Synthesis

Cas9 expression plasmid (pCS2-nCas9n, Addgene plasmid # 47929) was linearized by XbaI and
capped Cas9 mRNA was produced via T7 in vitro Transcription Kit (Life Technologies, Gaithersburg,
MD, USA). The concentration of the capped mRNA was assessed with NanoDrop (Thermo Scientific,
Waltham, MA, USA) and the quality was examined by agarose gel electrophoresis.

4.4. Microinjection, Mutation Analyses, and Mutant Lines Establishment

Embryos (n > 200) at the 1- to 2-cell stage were microinjected with 300 pg Cas9 mRNA and 20 pg
each sgRNA. Uninjected embryos were used as controls. All embryos were kept at constant water
temperature (28.5 ◦C) on a 14:10 h light–dark cycle. Genomic DNA was isolated from 20 normally
developing wild-type or microinjected embryos at 2 dpf. The mutations of targeted genomic regions
were determined by polymerase chain reaction (PCR). The PCR primers used are displayed in Table 1.
The putative F0 founder fish were reared to sexual maturity, and 24 adult fish were randomly selected
for mutation examination by PCR. Two individuals containing high deletion were outcrossed with
wild-type fish to produce F1 generation. F1 heterozygous fish having the same mutant were crossed to
obtain F2 zebrafish, from which the homozygous mutants were screened out. Homozygous mutant
genotypes of F3 offspring were also checked by PCR and used for subsequent analysis.
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4.5. Evaluation of Sperm Motility and Fertilization Rate

Sperm samples of the same age from both the control and the F3 generation homozygous fish
were kept under the same culture conditions and stored in preservative fluid (63 mM NaCl, 19 mM
KCl, 1.3 mM CaCl2, 4.7 mM MgSO4·7H2O, 2.5 mM NaHCO3, pH 7.4). Parameters of sperm motility
were determined by a computer-assisted sperm analysis (CASA) system (Hamilton-Thorne Biosciences,
Beverly, MA, USA) [55]. Immediately after activation in room temperature (25 ± 1 ◦C), sperm motility
was evaluated under 4× magnifications after adjusting the number of sperm from 200 to 300 in a
microscope field. Sperm in each sample was evaluated in quadruplicate. Motility parameters included
the percentage of MOT (%), VAP (µm/s), VSL (µm/s), VCL (µm/s), and BCF (%).

To compare the fertilization rate, miR-34a−/− and wide-type male zebrafish were mated with the
wide-type females adopting natural spawning, respectively. All parental fish were produced through
artificial reproduction almost at the same time and cultured under the same circulating water system
and conditions. Each breeding experiment contained 6 male and 6 female fish and was performed in
triplicate. The fertilization rate was determined as the number of development eggs in relation to the
total eggs. Four hundred eggs obtained from each breeding experiment were tested for evaluation of
fertilization rate.

4.6. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from testes using the Qiagen miRNeasy mini Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. Extracted RNA was reverse transcribed into cDNA
using GoScript™. Reverse Transcription System (Promega, Madison, WI, USA). Real-time reverse
transcription PCR (qRT-PCR) was performed in triplicate on Bio-Rad CFX96TM (Bio-Rad, Hercules, CA,
USA) Real-Time PCR system using a standard IQTM SYBR Green Supermix Kit (Bio-Rad Laboratories,
Hercules, CA, USA). For miRNA and mRNA RT-PCR, U6 and β-actin were used as endogenous control,
and data were analyzed using the comparative 2−∆∆Ct method. The primers for PCR amplification are
presented in Table 2.

Table 2. The primers used for conducting qRT-PCR analysis.

Primers Sequences (5′-3′) Size of the Products (bp)

miR-203a stem loop CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG

miR-34a-F GCGTGGCAGTGTCTTAGCTG
57miR-34a-R ACTGGTGTCGTGGAGTCGGC

U6-F TGCTCGCTACGGTGGCACA
111U6-R AAAACAGCAATATGGAGCGC

gsk3a-F TAAAGGGGCACAAGAGGTTC
187gsk3a-R TGTCGCTGATAGATATTTCGTC

β-actin-F CGAGCAGGAGATGGGAACC
102

β-actin-R CAACGGAAACGCTCATTGC

4.7. Luciferase Reporter Assay

Using the Targetscan bioinformatics algorithm, a putative target site for miR-34a was detected in
the 3′UTR of gsk3a, which was cloned and inserted into the pmir-GLO plasmid (Promega, Madison,
WI, USA). The target site sequence (CACTGCC) in the constructed wild-type plasmid was replaced
with AGTCTAT through site-directed mutagenesis, as described previously [56]. HEK-293 T cells
seeded in 24-well plates were co-transfected with plasmid (25 ng wild-type or mutant) and miRNA
(50 nM mimics or negative control) using DharmaFECT transfection reagent (Dharmacon, Lafayette,
CO, USA). Luciferase activity was assessed at 24 h after transfection using a Dual Luciferase reporter
assay system (Promega, Madison, WI, USA) as previously described [57]. Relative reporter activities
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were determined by normalizing Firefly activity to Renilla activity. All transfection experiments were
performed in triplicate.

4.8. Statistical Analysis

Data are presented as mean ± SD, and the differences between groups were analyzed using a
Student’s t-test. A p-value less than 0.05 was considered statistically significant.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (31502158)
and the Fundamental Research Funds for the Central Universities (2662017PY013). The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions: Jie Mei, Xufang Liang and Jian-Fang Gui conceived and designed the experiments;
Wenjie Guo, Binyue Xie and Shuting Xiong performed the experiments; Wenjie Guo, Binyue Xie and Shuting Xiong
analyzed the data; Jie Mei contributed reagents/materials/analysis tools; Wenjie Guo and Jie Mei wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, D.H.; Hu, J.R.; Wang, L.Y.; Hu, Y.J.; Tan, F.Q.; Zhou, H.; Shao, J.Z.; Yang, W.X. The Apoptotic Function
Analysis of p53, Apaf1, Caspase3 and Caspase7 during the Spermatogenesis of the Chinese Fire-Bellied
Newt Cynops orientalis. PLoS ONE 2012, 7, e39920. [CrossRef] [PubMed]

2. Saunders, P.T. Germ cell-somatic cell interactions during spermatogenesis. Reproduction 2003, 61, 91–101.
[PubMed]

3. Costoya, J.A.; Hobbs, R.M.; Barna, M.; Cattoretti, G.; Manova, K.; Sukhwani, M.; Orwig, K.E.; Wolgemuth, D.J.;
Pandolfi, P.P. Essential role of Plzf in maintenance of spermatogonial stem cells. Nat. Genet. 2004, 36, 653–659.
[CrossRef] [PubMed]

4. Naughton, C.K.; Jain, S.; Strickland, A.M.; Gupta, A.; Milbrandt, J. Glial cell-line derived neurotrophic
factor-mediated RET signaling regulates spermatogonial stem cell fate. Biol. Reprod. 2006, 74, 314–321.
[CrossRef] [PubMed]

5. Pang, A.; Rennert, O.M. Protein acetylation and spermatogenesis. Reprod. Syst. Sex. Disord. Curr. Res. 2013.
[CrossRef]

6. Shima, J.E.; McLean, D.J.; McCarrey, J.R.; Griswold, M.D. The murine testicular transcriptome: Characterizing
gene expression in the testis during the progression of spermatogenesis. Biol. Reprod. 2004, 71, 319–330.
[CrossRef] [PubMed]

7. Vilchez, M.C.; Santangeli, S.; Maradonna, F.; Gioacchini, G.; Verdenelli, C.; Gallego, V.; Penaranda, D.S.;
Tveiten, H.; Perez, L.; Carnevali, O.; et al. Effect of the probiotic Lactobacillus rhamnosus on the expression
of genes involved in European eel spermatogenesis. Theriogenology 2015, 84, 1321–1331. [CrossRef] [PubMed]

8. Sheikh, N.; Amiri, I.; Farimani, M.; Najafi, R.; Hadeie, J. Correlation between sperm parameters and sperm
DNA fragmentation in fertile and infertile men. Int. J. Reprod. Med. 2008, 6, 13–18.

9. Labas, V.; Grasseau, I.; Cahier, K.; Gargaros, A.; Harichaux, G.; Teixeira-Gomes, A.P.; Alves, S.; Bourin, M.;
Gerard, N.; Blesbois, E. Data for chicken semen proteome and label free quantitative analyses displaying
sperm quality biomarkers. Data Brief 2014, 1, 37–41. [CrossRef] [PubMed]

10. Montjean, D.; Zini, A.; Ravel, C.; Belloc, S.; Dalleac, A.; Copin, H.; Boyer, P.; McElreavey, K.; Benkhalifa, M.
Sperm global DNA methylation level: Association with semen parameters and genome integrity. Andrology
2015, 3, 235–240. [CrossRef] [PubMed]

11. Sassone-Corsi, P. CREM: A master-switch regulating the balance between differentiation and apoptosis in
male germ cells. Mol. Reprod. Dev. 2000, 56 (Suppl. 2), 228–229. [CrossRef]

12. Sapiro, R.; Kostetskii, I.; Olds-Clarke, P.; Gerton, G.L.; Radice, G.L.; Strauss, I.J. Male infertility, impaired
sperm motility, and hydrocephalus in mice deficient in sperm-associated antigen 6. Mol. Cell. Biol. 2002, 22,
6298–6305. [CrossRef] [PubMed]

13. Zhang, Z.; Kostetskii, I.; Tang, W.; Haig-Ladewig, L.; Sapiro, R.; Wei, Z.; Patel, A.M.; Bennett, J.; Gerton, G.L.;
Moss, S.B.; et al. Deficiency of SPAG16L causes male infertility associated with impaired sperm motility.
Biol. Reprod. 2006, 74, 751–759. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0039920
http://www.ncbi.nlm.nih.gov/pubmed/22768170
http://www.ncbi.nlm.nih.gov/pubmed/14635929
http://dx.doi.org/10.1038/ng1367
http://www.ncbi.nlm.nih.gov/pubmed/15156143
http://dx.doi.org/10.1095/biolreprod.105.047365
http://www.ncbi.nlm.nih.gov/pubmed/16237148
http://dx.doi.org/10.4172/2161-038X.S1-005
http://dx.doi.org/10.1095/biolreprod.103.026880
http://www.ncbi.nlm.nih.gov/pubmed/15028632
http://dx.doi.org/10.1016/j.theriogenology.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26271165
http://dx.doi.org/10.1016/j.dib.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26217683
http://dx.doi.org/10.1111/andr.12001
http://www.ncbi.nlm.nih.gov/pubmed/25755112
http://dx.doi.org/10.1002/(SICI)1098-2795(200006)56:2+&lt;228::AID-MRD2&gt;3.0.CO;2-B
http://dx.doi.org/10.1128/MCB.22.17.6298-6305.2002
http://www.ncbi.nlm.nih.gov/pubmed/12167721
http://dx.doi.org/10.1095/biolreprod.105.049254
http://www.ncbi.nlm.nih.gov/pubmed/16382026


Int. J. Mol. Sci. 2017, 18, 2676 10 of 12

14. Danshina, P.V.; Geyer, C.B.; Dai, Q.; Goulding, E.H.; Willis, W.D.; Kitto, G.B.; McCarrey, J.R.; Eddy, E.M.;
O’Brien, D.A. Phosphoglycerate kinase 2 (PGK2) is essential for sperm function and male fertility in mice.
Biol. Reprod. 2010, 82, 136–145. [CrossRef] [PubMed]

15. Robles, V.; Herraez, P.; Labbe, C.; Cabrita, E.; Psenicka, M.; Valcarce, D.G.; Riesco, M.F. Molecular basis of
spermatogenesis and sperm quality. Gen. Comp. Endocrinol. 2017, 245, 5–9. [CrossRef] [PubMed]

16. Bassett, A.R.; Azzam, G.; Wheatley, L.; Tibbit, C.; Rajakumar, T.; McGowan, S.; Stanger, N.; Ewels, P.A.;
Taylor, S.; Ponting, C.P.; et al. Understanding functional miRNA-target interactions in vivo by site-specific
genome engineering. Nat. Commun. 2014, 5, 4640. [CrossRef] [PubMed]

17. Shcherbata, H.R.; Hatfield, S.; Ward, E.J.; Reynolds, S.; Fischer, K.A.; Ruohola-Baker, H. The MicroRNA
pathway plays a regulatory role in stem cell division. Cell Cycle 2006, 5, 172–175. [CrossRef] [PubMed]

18. Chen, C.Z.; Li, L.; Lodish, H.F.; Bartel, D.P. MicroRNAs modulate hematopoietic lineage differentiation.
Science 2004, 303, 83–86. [CrossRef] [PubMed]

19. Korpal, M.; Lee, E.S.; Hu, G.; Kang, Y. The miR-200 family inhibits epithelial-mesenchymal transition and cancer
cell migration by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. J. Boil. Chem. 2008,
283, 14910–14914. [CrossRef] [PubMed]

20. Cheng, A.M.; Byrom, M.W.; Shelton, J.; Ford, L.P. Antisense inhibition of human miRNAs and indications for
an involvement of miRNA in cell growth and apoptosis. Nucleic Acids Res. 2005, 33, 1290–1297. [CrossRef]
[PubMed]

21. Presslauer, C.; Bizuayehu, T.T.; Kopp, M.; Fernandes, J.M.O.; Babiak, I. Dynamics of miRNA transcriptome
during gonadal development of zebrafish. Sci. Rep. 2017, 7, 43850. [CrossRef] [PubMed]

22. Kasimanickam, V.R.; Kasimanickam, R.K. Differential expression of microRNAs in sexually immature and
mature canine testes. Theriogenology 2015, 83, 394–398. [CrossRef] [PubMed]

23. Teng, Y.; Wang, Y.; Fu, J.; Cheng, X.; Miao, S.; Wang, L. Cyclin T2: A novel miR-15a target gene involved in
early spermatogenesis. FEBS Lett. 2011, 585, 2493–2500. [CrossRef] [PubMed]

24. Wu, J.; Bao, J.; Wang, L.; Hu, Y.; Xu, C. MicroRNA-184 downregulates nuclear receptor corepressor 2 in
mouse spermatogenesis. BMC Dev. Boil. 2011, 11, 64. [CrossRef] [PubMed]

25. Ren, D.; Navarro, B.; Perez, G.; Jackson, A.C.; Hsu, S.; Shi, Q.; Tilly, J.L.; Clapham, D.E. A sperm ion channel
required for sperm motility and male fertility. Nature 2001, 413, 603–609. [CrossRef] [PubMed]

26. Lo, J.C.; Jamsai, D.; O’Connor, A.E.; Borg, C.; Clark, B.J.; Whisstock, J.C.; Field, M.C.; Adams, V.; Ishikawa, T.;
Aitken, R.J.; et al. RAB-like 2 has an essential role in male fertility, sperm intra-flagellar transport, and tail
assembly. PLoS Genet. 2012, 8, e1002969. [CrossRef] [PubMed]

27. Bhattacharjee, R.; Goswami, S.; Dudiki, T.; Popkie, A.P.; Phiel, C.J.; Kline, D.; Vijayaraghavan, S. Targeted
disruption of glycogen synthase kinase 3A (GSK3A) in mice affects sperm motility resulting in male infertility.
Biol. Reprod. 2015, 92, 65. [CrossRef] [PubMed]

28. Wong, P.Y. CFTR gene and male fertility. Mol. Hum. Reprod. 1998, 4, 107–110. [CrossRef] [PubMed]
29. Curry, E.; Safranski, T.J.; Pratt, S.L. Differential expression of porcine sperm microRNAs and their association

with sperm morphology and motility. Theriogenology 2011, 76, 1532–1539. [CrossRef] [PubMed]
30. Zhou, J.H.; Zhou, Q.Z.; Lyu, X.M.; Zhu, T.; Chen, Z.J.; Chen, M.K.; Xia, H.; Wang, C.Y.; Qi, T.; Li, X.; et al.

The Expression of Cysteine-Rich Secretory Protein 2 (CRISP2) and Its Specific Regulator miR-27b in the
Spermatozoa of Patients with Asthenozoospermia. Biol. Reprod. 2015, 92, 28. [CrossRef] [PubMed]

31. Hermeking, H. The miR-34 family in cancer and apoptosis. Cell Death Differ. 2010, 17, 193–199. [CrossRef]
[PubMed]

32. Zhao, L.L.; Jin, F.; Ye, X.; Zhu, L.; Yang, J.S.; Yang, W.J. Expression profiles of miRNAs and involvement of
miR-100 and miR-34 in regulation of cell cycle arrest in Artemia. Biochem. J. 2015, 470, 223–231. [CrossRef]
[PubMed]

33. Disayabutr, S.; Kim, E.K.; Cha, S.I.; Green, G.; Naikawadi, R.P.; Jones, K.D.; Golden, J.A.; Schroeder, A.;
Matthay, M.A.; Kukreja, J.; et al. miR-34 miRNAs Regulate Cellular Senescence in Type II Alveolar Epithelial
Cells of Patients with Idiopathic Pulmonary Fibrosis. PLoS ONE 2016, 11, e0158367. [CrossRef] [PubMed]

34. Chang, T.C.; Wentzel, E.A.; Kent, O.A.; Ramachandran, K.; Mullendore, M.; Lee, K.H.; Feldmann, G.;
Yamakuchi, M.; Ferlito, M.; Lowenstein, C.J.; et al. Transactivation of miR-34a by p53 broadly influences
gene expression and promotes apoptosis. Mol. Cell 2007, 26, 745–752. [CrossRef] [PubMed]

35. Bouhallier, F.; Allioli, N.; Lavial, F.; Chalmel, F.; Perrard, M.H.; Durand, P.; Samarut, J.; Pain, B.; Rouault, J.P.
Role of miR-34c microRNA in the late steps of spermatogenesis. RNA 2010, 16, 720–731. [CrossRef] [PubMed]

http://dx.doi.org/10.1095/biolreprod.109.079699
http://www.ncbi.nlm.nih.gov/pubmed/19759366
http://dx.doi.org/10.1016/j.ygcen.2016.04.026
http://www.ncbi.nlm.nih.gov/pubmed/27131389
http://dx.doi.org/10.1038/ncomms5640
http://www.ncbi.nlm.nih.gov/pubmed/25135198
http://dx.doi.org/10.4161/cc.5.2.2343
http://www.ncbi.nlm.nih.gov/pubmed/16357538
http://dx.doi.org/10.1126/science.1091903
http://www.ncbi.nlm.nih.gov/pubmed/14657504
http://dx.doi.org/10.1074/jbc.C800074200
http://www.ncbi.nlm.nih.gov/pubmed/18411277
http://dx.doi.org/10.1093/nar/gki200
http://www.ncbi.nlm.nih.gov/pubmed/15741182
http://dx.doi.org/10.1038/srep43850
http://www.ncbi.nlm.nih.gov/pubmed/28262836
http://dx.doi.org/10.1016/j.theriogenology.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25459426
http://dx.doi.org/10.1016/j.febslet.2011.06.031
http://www.ncbi.nlm.nih.gov/pubmed/21740905
http://dx.doi.org/10.1186/1471-213X-11-64
http://www.ncbi.nlm.nih.gov/pubmed/22017809
http://dx.doi.org/10.1038/35098027
http://www.ncbi.nlm.nih.gov/pubmed/11595941
http://dx.doi.org/10.1371/journal.pgen.1002969
http://www.ncbi.nlm.nih.gov/pubmed/23055941
http://dx.doi.org/10.1095/biolreprod.114.124495
http://www.ncbi.nlm.nih.gov/pubmed/25568307
http://dx.doi.org/10.1093/molehr/4.2.107
http://www.ncbi.nlm.nih.gov/pubmed/9542966
http://dx.doi.org/10.1016/j.theriogenology.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21872314
http://dx.doi.org/10.1095/biolreprod.114.124487
http://www.ncbi.nlm.nih.gov/pubmed/25505194
http://dx.doi.org/10.1038/cdd.2009.56
http://www.ncbi.nlm.nih.gov/pubmed/19461653
http://dx.doi.org/10.1042/BJ20150116
http://www.ncbi.nlm.nih.gov/pubmed/26348910
http://dx.doi.org/10.1371/journal.pone.0158367
http://www.ncbi.nlm.nih.gov/pubmed/27362652
http://dx.doi.org/10.1016/j.molcel.2007.05.010
http://www.ncbi.nlm.nih.gov/pubmed/17540599
http://dx.doi.org/10.1261/rna.1963810
http://www.ncbi.nlm.nih.gov/pubmed/20150330


Int. J. Mol. Sci. 2017, 18, 2676 11 of 12

36. Wu, J.W.; Bao, J.Q.; Kim, M.; Yuan, S.Q.; Tang, C.; Zheng, H.L.; Mastick, G.S.; Xu, C.; Yan, W. Two miRNA
clusters, miR-34b/c and miR-449, are essential for normal brain development, motile ciliogenesis,
and spermatogenesis. Proc. Natl. Acad. Sci. USA 2014, 111, E2851–E2857. [CrossRef] [PubMed]

37. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843–854. [CrossRef]

38. Tay, Y.; Zhang, J.; Thomson, A.M.; Lim, B.; Rigoutsos, I. MicroRNAs to Nanog, Oct4 and Sox2 coding regions
modulate embryonic stem cell differentiation. Nature 2008, 455, 1124–1128. [CrossRef] [PubMed]

39. Ma’ayan, A.; Jenkins, S.L.; Neves, S.; Hasseldine, A.; Grace, E.; Dubin-Thaler, B.; Eungdamrong, N.J.;
Weng, G.; Ram, P.T.; Rice, J.J.; et al. Formation of regulatory patterns during signal propagation in a
Mammalian cellular network. Science 2005, 309, 1078–1083. [CrossRef] [PubMed]

40. Boehm, M.; Slack, F. A developmental timing microRNA and its target regulate life span in C. elegans. Science
2005, 310, 1954–1957. [CrossRef] [PubMed]

41. Hebert, S.S.; Horre, K.; Nicolai, L.; Papadopoulou, A.S.; Mandemakers, W.; Silahtaroglu, A.N.; Kauppinen, S.;
Delacourte, A.; De Strooper, B. Loss of microRNA cluster miR-29a/b-1 in sporadic Alzheimer’s disease
correlates with increased BACE1/beta-secretase expression. Proc. Natl. Acad. Sci. USA 2008, 105, 6415–6420.
[CrossRef] [PubMed]

42. Volinia, S.; Calin, G.A.; Liu, C.G.; Ambs, S.; Cimmino, A.; Petrocca, F.; Visone, R.; Iorio, M.; Roldo, C.;
Ferracin, M.; et al. A microRNA expression signature of human solid tumors defines cancer gene targets.
Proc. Natl. Acad. Sci. USA 2006, 103, 2257–2261. [CrossRef] [PubMed]

43. Agostini, M.; Knight, R.A. miR-34: From bench to bedside. Oncotarget 2014, 5, 872–881. [CrossRef] [PubMed]
44. Hsu, P.D.; Lander, E.S.; Zhang, F. Development and applications of CRISPR-Cas9 for genome engineering.

Cell 2014, 157, 1262–1278. [CrossRef] [PubMed]
45. Yan, D.; Zhou, X.; Chen, X.; Hu, D.N.; Dong, X.D.; Wang, J.; Lu, F.; Tu, L.; Qu, J. MicroRNA-34a inhibits uveal

melanoma cell proliferation and migration through downregulation of c-Met. Investig. Ophthalmol. Vis. Sci.
2009, 50, 1559–1565. [CrossRef] [PubMed]

46. Chang, S.J.; Weng, S.L.; Hsieh, J.Y.; Wang, T.Y.; Chang, M.D.; Wang, H.W. MicroRNA-34a modulates genes
involved in cellular motility and oxidative phosphorylation in neural precursors derived from human
umbilical cord mesenchymal stem cells. BMC Med. Genom. 2011, 4, 65. [CrossRef] [PubMed]

47. Inui, M.; Martello, G.; Piccolo, S. MicroRNA control of signal transduction. Nat. Rev. Mol. Cell Biol. 2010, 11,
252–263. [CrossRef] [PubMed]

48. Mei, J.; Bachoo, R.; Zhang, C.L. MicroRNA-146a inhibits glioma development by targeting Notch1. Mol. Cell. Boil.
2011, 31, 3584–3592. [CrossRef] [PubMed]

49. Subtelny, A.O.; Eichhorn, S.W.; Chen, G.R.; Sive, H.; Bartel, D.P. Poly (A)-tail profiling reveals an embryonic
switch in translational control. Nature 2014, 508, 66–71. [CrossRef] [PubMed]

50. Hurtado de Llera, A.; Martin-Hidalgo, D.; Gil, M.C.; Garcia-Marin, L.J.; Bragado, M.J. New insights into
transduction pathways that regulate boar sperm function. Theriogenology 2016, 85, 12–20. [CrossRef]
[PubMed]

51. Wen, F.; Li, B.; Huang, C.; Wei, Z.; Zhou, Y.; Liu, J.; Zhang, H. miR-34a is Involved in the Decrease of ATP
Contents Induced by Resistin Through Target on ATP5S in HepG2 Cells. Biochem. Genet. 2015, 53, 301–309.
[CrossRef] [PubMed]

52. Bukeirat, M.; Sarkar, S.N.; Hu, H.; Quintana, D.D.; Simpkins, J.W.; Ren, X. miR-34a regulates blood-brain
barrier permeability and mitochondrial function by targeting cytochrome c. J. Cereb. Blood Flow Metab. 2016,
36, 387–392. [CrossRef] [PubMed]

53. Li, J.; Nam, K.H. Regulation of brassinosteroid signaling by a GSK3/SHAGGY-like kinase. Science 2002, 295,
1299–1301. [PubMed]

54. Xiong, S.T.; Wu, J.J.; Jing, J.; Huang, P.P.; Li, Z.; Mei, J.; Gui, J.F. Loss of stat3 function leads to spine
malformation and immune disorder in zebrafish. Sci. Bull. 2017, 62, 185–196. [CrossRef]

55. Zhang, J.; Ma, W.; Xie, B.; Gui, J.F.; Mei, J. Beneficial effect and potential molecular mechanism of chloroquine
on sperm motility and fertilizing ability in yellow catfish. Aquaculture 2017, 468, 307–313. [CrossRef]

http://dx.doi.org/10.1073/pnas.1407777111
http://www.ncbi.nlm.nih.gov/pubmed/24982181
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1038/nature07299
http://www.ncbi.nlm.nih.gov/pubmed/18806776
http://dx.doi.org/10.1126/science.1108876
http://www.ncbi.nlm.nih.gov/pubmed/16099987
http://dx.doi.org/10.1126/science.1115596
http://www.ncbi.nlm.nih.gov/pubmed/16373574
http://dx.doi.org/10.1073/pnas.0710263105
http://www.ncbi.nlm.nih.gov/pubmed/18434550
http://dx.doi.org/10.1073/pnas.0510565103
http://www.ncbi.nlm.nih.gov/pubmed/16461460
http://dx.doi.org/10.18632/oncotarget.1825
http://www.ncbi.nlm.nih.gov/pubmed/24657911
http://dx.doi.org/10.1016/j.cell.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24906146
http://dx.doi.org/10.1167/iovs.08-2681
http://www.ncbi.nlm.nih.gov/pubmed/19029026
http://dx.doi.org/10.1186/1755-8794-4-65
http://www.ncbi.nlm.nih.gov/pubmed/21923954
http://dx.doi.org/10.1038/nrm2868
http://www.ncbi.nlm.nih.gov/pubmed/20216554
http://dx.doi.org/10.1128/MCB.05821-11
http://www.ncbi.nlm.nih.gov/pubmed/21730286
http://dx.doi.org/10.1038/nature13007
http://www.ncbi.nlm.nih.gov/pubmed/24476825
http://dx.doi.org/10.1016/j.theriogenology.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26074068
http://dx.doi.org/10.1007/s10528-015-9693-x
http://www.ncbi.nlm.nih.gov/pubmed/26385595
http://dx.doi.org/10.1177/0271678X15606147
http://www.ncbi.nlm.nih.gov/pubmed/26661155
http://www.ncbi.nlm.nih.gov/pubmed/11847343
http://dx.doi.org/10.1016/j.scib.2017.01.008
http://dx.doi.org/10.1016/j.aquaculture.2016.10.028


Int. J. Mol. Sci. 2017, 18, 2676 12 of 12

56. Jing, J.; Xiong, S.; Li, Z.; Wu, J.; Zhou, L.; Gui, J.F.; Mei, J. A feedback regulatory loop involving p53/miR-200
and growth hormone endocrine axis controls embryo size of zebrafish. Sci. Rep. 2015, 5, 15906. [CrossRef]
[PubMed]

57. Lu, C.; Wu, J.; Xiong, S.; Zhang, X.; Zhang, J.; Mei, J. MicroRNA-203a regulates fast muscle differentiation by
targeting dmrt2a in zebrafish embryos. Gene 2017, 625, 49–54. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep15906
http://www.ncbi.nlm.nih.gov/pubmed/26507500
http://dx.doi.org/10.1016/j.gene.2017.05.012
http://www.ncbi.nlm.nih.gov/pubmed/28483596
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Expression of miR-34a during Zebrafish Testis Development 
	Establishment of miR-34a Knockout Zebrafish Model 
	Effects of miR-34a Knockout on Zebrafish Sperm Motility 
	Potential Target Genes of miR-34a 
	Luciferase Reporter Assays 

	Discussion 
	Materials and Methods 
	Zebrafish Strain 
	Design of CRISPR/Cas9 Target Site and Single Guide RNA (sgRNA) Synthesis 
	Capped mRNA Synthesis 
	Microinjection, Mutation Analyses, and Mutant Lines Establishment 
	Evaluation of Sperm Motility and Fertilization Rate 
	RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Analysis 
	Luciferase Reporter Assay 
	Statistical Analysis 


