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MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression primarily
at the post-transcriptional levels and thereby play important roles in regulating many
physiological and developmental processes. Oocyte maturation in fish is induced by
hormones produced from the hypothalamus, pituitary, and ovary. Gonadotropin-releasing
hormone (GnRH) stimulates the secretion of luteinizing hormone (LH), which in turn,
induces the secretion of maturation-inducing hormone (MIH) from the ovary. It is
documented that small early vitellogenic (or stage llla) follicles are unable to undergo
oocyte maturation whereas oocytes in mid- to late vitellogenic (stage lllb) follicles
can be induced by LH and MIH to become mature. To determine whether miRNAs
may be involved in the growth and acquisition of maturational competency of ovarian
follicles, we determined the miRNA expression profiles in follicular cells collected from
stage llla and llb follicles using next-generation sequencing. It was found that miRNAs
are abundantly expressed in the follicular cells from both stages llla and lllb follicles.
Furthermore, bioinformatics analysis revealed the presence of 214 known, 31 conserved
novel and 44 novel miRNAs in zebrafish vitellogenic ovarian follicular cells. Most mature
miRNAs in follicular cells were found to be in the length of 22 nucleotides. Differential
expression analysis revealed that 11 miRNAs were significantly up-regulated, and 13
miRNAs were significantly down-regulated in the stage Illb follicular cells as compared
with stage llla follicular cells. The expression of four of the significantly regulated miBRNAs,
dre-miR-22a-3p, dre-miR-16a, dre-miR-181a-3p, and dre-miR-29a, was validated by
real-time PCR. Finally, gene enrichment and pathway analyses of the predicted targets
of the significantly regulated miRNAs supported the involvement of several key signaling
pathways in regulating ovarian function, including oocyte maturation. Taken together, this
study identifies novel zebrafish miBNAs and characterizes miRNA expression profiles in
somatic cells within the zebrafish ovarian follicles. The differential expression of miRNAs
between stage llla and llib follicular cells suggests that these miRNAs are important
regulators of zebrafish ovarian follicle development and/or oocyte maturation.
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INTRODUCTION

Follicle development and oocyte maturation in vertebrates are
complex events that require the coordination of hormones
originated from the hypothalamus-pituitary-gonadal axis.
The hypothalamus produces gonadotropin-releasing hormone
(GnRH), which stimulates the secretion of gonadotropins, follicle
stimulating hormone (FSH) and luteinizing hormone (LH), from
the pituitary gland. In fish, FSH plays a major role in promoting
follicle development by inducing estradiol production from
ovarian follicular cells while LH acts on follicular cells to induce
the production of 17a, 20p-dihydroxy progesterone, known as
the maturation-inducing hormone (MIH) (1, 2). MIH then binds
to membrane progestin receptors (mPRs), particularly mPRa,
expressed on the surface of oocytes (3, 4). This, in turn, activates
the maturation promoter factor (MPF), leading to the release
of the oocyte from its meiotic arrest and the maturation of the
oocyte (5, 6). In addition, many signaling molecules produced
within the follicular cells and/or oocytes also act locally to
regulate follicle development and oocyte maturation (1, 2).

Prior to engaging in the maturation process, zebrafish follicles
develop through three stages. In stage I or the primary growth
phase, oocytes begin to grow, and follicles start to form. Stage
II is known as the cortical alveolus or previtellogenic stage
in which cortical alveoli accumulate within the oocytes. Stage
III is characterized by vitellogenesis (7). During this stage,
follicles not only increase in size but also develop maturational
competency. It has been reported that small early vitellogenic
follicles are unable to undergo maturation when treated with
human chorionic gonadotropin (hCG, used as an analog of LH),
or MIH. In contrast, larger follicles in mid to late vitellogenesis
can be induced by these hormones and enter the maturation
phase (7, 8). Therefore, the small and mid-late vitellogenic
follicles are described as stages III-1 (or Illa) and III-2 (or
IIIb), respectively (8, 9). Signaling molecules produced within the
follicles, such as members of the transforming growth factor-g
(TGE-p) superfamily, have been shown to regulate maturational
competency (10-12).

MicroRNAs (miRNAs) constitute an abundant class of
the small, single stranded, non-coding RNA of about 18~26
nucleotides (nt) in length (13-15). In general, miRNAs are
first transcribed from intronic or intergenic DNA into primary
miRNAs, processed into precursor miRNAs (pre-miRNAs), and
then exported into the cytoplasm. The pre-miRNAs have a
hairpin structure and further processed into mature miRNA
duplexes, which unwind into single-stranded mature miRNAs.
In most cases, mature miRNAs interact with the 3’ untranslated
region of target mRNAs to reduce their stability and to inhibit
translation (15-17). By regulating gene expression, miRNAs are
involved in a plethora of developmental and physiological events,
including reproduction (18-20). miRNAs have been detected in
the ovary of many species, including fish (21-24). It has been
reported that miRNAs regulate ovarian functions in mammals,
such as granulosa cell proliferation (25) and apoptosis (26, 27),
estradiol production (28, 29), and the expression of progesterone
(30) and LH/CG receptors (31). A recent study demonstrates
that miRNAs are also important regulators of fish reproduction

(32). However, the functions of miRNAs during fish follicle
development and oocyte maturation are still largely unknown.

We have previously detected miR-17a and miR-430b in
zebrafish follicular cells and found that their expression levels are
regulated by hCG (33), suggesting that miRNAs may play a role
in oocyte maturation. To further investigate whether miRNAs
are involved in follicle development and oocyte maturation,
especially in the acquisition of maturational competency, we
used next-generation RNA sequencing (RNA-seq) to compare
the miRNA expression profiles in follicular cells between stage
IIa and IIIb follicles. We identified the significantly regulated
miRNAs, predicted novel miRNAs and validated the expression
of four of the significantly regulated miRNAs. Finally, through
gene enrichment and pathway analyses of predicted target
genes of the differentially expressed miRNAs, we identified key
pathways that may be important during follicle development and
oocyte maturation.

MATERIALS AND METHODS

Animals

Zebrafish were purchased from a local supplier and maintained
in 10 L tanks of an AHAB System (Aquatic Habitats, FL) at 28°C,
under a 14-h light, 10-h dark cycle. The fish were fed twice a
day with commercial tropical fish food. The study protocol was
approved by the York University Animal Care Committee. All
experiments were performed according to the Guide to the Care
and Use of Experimental Animals published by the Canadian
Council on Animal Care.

Isolation of Ovarian Follicular Cells

Female zebrafish were anesthetized with 3-aminobenzoic acid
ethyl ester (Sigma-Aldrich Canada Inc., Oakville, ON) and
decapitated. The ovaries were extracted and maintained in a
100-mm culture dish containing 60% Leibovitz L-15 medium
without phenol red (Life Technologies, ThemoFisher Scientific,
Burlington, ON). Stage IIIa (0.35-0.51 mm) and IIIb (0.52-
0.65mm) follicles were manually separated and collected
according to their size. Follicular cell layers were collected
mechanically using fine forceps.

RNA Extraction and Small RNA Sequencing
Three samples were prepared from each of stage IIla and
IIb follicular cells for a total of six samples. Each sample
contained cells isolated from 120 to 150 follicles pooled from
3 to 4 fish. miRNA-enriched total RNA was extracted using
miRNeasy mini kit (Qiagen, Germantown, MD) according to
the manufacturer’s instructions. The sequencing of small RNAs
was performed by the Génome Québec Innovation Center at
McGill University using the Illumina HiSeq 2500 Ultra-High-
Throughput Sequencing platform.

Raw sequencing reads were processed using the ACGT101-
miR program (LC Sciences, Houston, Texas, USA). Adaptor
dimers, junk, low complexity, common RNA families and repeats
were removed, and only unique sequences of 18-26 nt in length
were retained. Unique reads were then mapped to zebrafish
precursors obtained from miRBase 22.0. One mismatch within
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the sequence and length variation at both 3’ and 5 ends
was allowed when aligning reads to zebrafish precursors using
BLAST search. Unique reads that were mapped to known
precursors were considered known miRNAs. Unannotated reads
that mapped to the opposite arm of known pre-miRNAs were
considered known miRNAs but were designated either a p3 or
p5 depending on whether they were mapped to the 3’ or 5'end,
respectively. The remaining sequences were mapped to other
selected species precursors in miRBase 22.0 by BLAST search and
were designated conserved novel miRNAs. Unmapped sequences
were BLASTed against the zebrafish genome version CRCzl11,
and hairpin RNA structures containing sequences were predicted
using RNAfold (34). These predicted miRNAs were considered
novel. The following criteria were used to predict the secondary
structure of pre-miRNAs: (1) the number of nt in one bulge
in stem was <12; (2) the number of base pairs in the stem
region of the predicted hairpin was >16; (3) cutoff of free energy
(kCal/mol) was <-15; (4) the length of hairpin, up and down
stems and terminal loop was >50; (5) the length of hairpin
loop was <20; (6) the number of nt in one bulge in the mature
region was <8; (7) the number of biased errors in one bulge
in the mature region was <4; (8) the number of biased bulges
in mature region was <2; (9) the number of errors in mature
region was <7; (10) the number of base pairs in the mature
region of the predicted hairpin was >12; and (11) the percent of
mature region in the stem-loop was >80. The results were further
refined to only retain miRNAs that met the following criteria:
(1) each miRNA should have at least one predicted pre-miRNA
and such pre-miRNA should be able to form a hairpin structure,
whose genomic coordinates should not overlap with known
pre-miRNAs included in this analysis; (2) miRNAs with exact
sequence and count matches but had different predicted pre-
miRNAs were counted only once; and (3) the retained miRNAs
should have at least 100 counts in all sample replicates of either
IITa or ITIb sample sets.

Differential Expression Analysis, Target

Prediction, and Enrichment Analyses
Sequencing counts were first normalized by the library
size parameter of the corresponding sample. The differential
expression of miRNAs based on the normalized sequencing
counts was analyzed using Students ¢-test (p < 0.05) and
visualized using Heatmapper (35). Potential targets of the
significantly up- or down-regulated miRNAs were predicted
by overlapping prediction data of two computational target
prediction algorithms: TargetScan (36) and miRanda 3.3a (37).
Gene ontology (GO) annotation and Kyoto Encyclopedia of
Genes and Genomes (KEGG) signaling enrichment analyses
were performed using the ClueGO tool kit (38). The GO
terms and KEGG pathways that have a p-value <0.05 were
considered significant.

Real-Time PCR

miRNA was extracted as described above. The extracted miRNA
was polyadenylated and reversely transcribed into cDNA using
the NCode miRNA First-Strand Synthesis Kit (Life Technologies)
according to the manufacturer’s instructions. Real-time PCR

TABLE 1 | List of primers used in real-time PCR.

miRNA Primer sequence (5’ to 3')
miR-29a TAGCACCATTTGAAATCGGT
miR-22a-3p AAGCTGCCAGCTGAAGAACTGT
miR-16a TAGCAGCACGTAAATATTGGTG
miR-181-3p ACCATCGACCGTTGATTGTACC
U6 Forward CTTGCTTCGGCAGCACATATAC
U6 Reverse AACGCTTCACGAATTTGCGTG

(qQPCR) was performed using the NCode universal reverse
primer along with a forward miRNA-specific primer (Table 1)
and EvaGreen qPCR master mix, following the manufacturer’s
suggested protocol. Relative miRNA levels were determined
using the AAC; method after normalization to the endogenous
U6 levels.

Statistical Analysis
Student’s t-test was used for comparison in miRNA levels
between stage II1a and stage IIIb using GraphPad Prism.

RESULTS

Characterization of miRNAs in Zebrafish

Ovarian Follicular Cells
Six cDNA libraries were prepared from miRNAs isolated from
three pools of stage IIla and three pools of stage IIIb follicular
cells (Figures 1A,B). Subsequently, Illumina’s TruSeq Massively
Parallel Sequencing was used to determine the miRNA expression
profiles of these samples. After removing low-quality reads, the
numbers of mappable reads in stage II1a and stage IIIb cells were
31601023 and 40205729, respectively. Mapping of the sequencing
reads to the zebrafish miRNAs from miRBase 22.0 revealed the
presence of 214 known miRNAs. These included 200 annotated
miRNAs (Table S1), as well as 9 miRNAs derived from the 3’
arm and 5 miRNAs derived from the 5 arm of known pre-
miRNAs (Table S2). Unmapped reads were then compared to
mature miRNA sequences from other species and their genomic
locations in the zebrafish genome were determined, resulting in
the identification of 31 conserved novel miRNAs (Table S3). The
remaining unmapped reads were further mapped to the zebrafish
genome and 44 novel miRNAs with predicted precursor miRNAs
were identified in zebrafish ovarian follicular cells (Table S4).
Compared to the other RNA populations (i.e, mRNAs,
rRNAs, snoRNAs, tRNAs, snRNAs, and other miscellaneous
RNAs), the number of miRNAs accounted for 66.16 and
70.40% of the sequencing reads in IIIa and IIIb follicular cells,
respectively (Figure 1C). The majority of the mappable miRNA
reads detected fell between 21 and 26 nt, with most miRNA reads
being 22 nt in length (Figure 1D). Furthermore, the top ten most
abundant miRNAs detected were miR-202-5p, miR-143, miR-
22a-3p, miR-92a-3p, miR-26a-5p, miR-181a-5p, miR-21, miR-
30d, miR-27¢-3p, and miR-27b-3p. They constituted 72.64% of
the number of mapped miRNAs (Figure 1E) and were expressed
in both stage IITa and IIIb ovarian follicular cells.
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of a stage llla follicle before and after follicular cells isolation. (C) Distribution of RNA populations in stage llla and llib follicular cells. (D) Read length distribution of small
RNA-seq dataset. (E) Relative abundance of the 10 most highly expressed miRNAs.
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Differential Expression of miRNAs in Stage

llla and Stage llIb Follicular Cells
Out of the 289 miRNAs detected in the follicular cells, 24 were
differentially expressed between stages IIla and IIIb, of which 8
were significantly up regulated and 8 were significantly down
regulated by more than 2 folds, respectively (Figure 2A). If no
limit on the fold change was applied, 9 annotated and 2 conserved
novel miRNAs were found to be up-regulated, while 12 annotated
and 1 novel miRNAs were down-regulated, in stage IIIb cells
when compared with those in stage IIIa (Figures 2B,C).

Four of the differentially expressed miRNAs identified from
the RNA-seq, dre-miR-22a-3p, dre-miR-16a, dre-miR-181a-3p,

and dre-miR-29a, were validated using qPCR. New sets of
samples were prepared from stage IIla and IIIb follicles and
qPCR was performed. While the trend between the results of
sequencing (Figure 3A) and qPCR analyses (Figure 3B) was
similar, the qPCR experiments showed a more significant and/or
stronger changes in these miRNA levels between the two groups
of samples.

Prediction of Target Genes and Pathway

Analyses
To gain some understanding of the biological functions and
signaling pathways regulated by the miRNAs that showed
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significant changes between IIla and IIIb follicular cells, we
performed GO and KEGG enrichment analyses on the predicted
targets of these miRNAs. Most of the biological processes
regulated by the differentially expressed miRNAs were related to
development (Figure 4). Interestingly, transmembrane receptor

activity, signaling receptor activity, and G-protein coupled
receptor activity were also amongst the most significantly
enriched GO terms (Figure 5). KEGG pathway analysis revealed
several key pathways that were enriched in the predicted
targets of miRNAs that were differentially expressed between

Frontiers in Endocrinology | www.frontiersin.org

July 2019 | Volume 10 | Article 518


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Zayed et al.

miRNAs in Zebrafish Ovarian Follicular Cells

A B
2 4000007 24 %
> . >
9 3000004 - 93
o [-%
? 200000 D2
& &
Lo : 2
p_t 100000 & 1
€ 1 = €o r
Stage llla Stage lllb Stage llla Stage lllb
3
Eeooo- N )
2 $
Y4000 52
© ©
g a,
E-Szooo- ‘g
= | Il :
0- T 0 T
Stage llla Stage lllb Stage llla Stage lllb
[} (72}
- 6000 2 1.5
g S
| 3
©.4000 o 1.0
b4 ** ?
L - <
©0 2000 % 0.5 -
b <
4 o
g o T ‘E 0.04
Stagellla  Stage lllb Stagellla  Stage lllb
1.51
29007 P
T’1500 2
>1500- '
3 210
31000+ L
© e
e < 0.5
@ 500 14
£ £
- T 0.0- T
Stage llla Stage lllb Stage llla Stage lllb
FIGURE 3 | Validation of several miRNAs differentially expressed between
stage llla and lllb follicular cells. (A) miRNA expression levels of
dre-miR-22a-3p, dre-miR-29a, dre-miR-181a-3p, and dre-miR-16a detected
by the small RNA-seq. (B) Relative expression levels of the same miRNAs
measured by real-time PCR. Data represent mean + SEM (n = 3). *P < 0.05;
P < 0.01; *P < 0.001 as analyzed by Student’s t-test.

stage Illa and IIIb cells. Specifically, the MAPK signaling,
endocytosis, regulation of actin cytoskeleton, FoxO signaling,
insulin signaling, AGE-RAGE signaling, TGF-f signaling, and
p53 signaling pathways were significantly enriched in the
predicted targets of miRNAs that were both up- and down-
regulated in stage IIIb follicular cells. However, cell cycle, herpes
simplex infection, salmonella infection, phosphatidylinositol
signaling, ECM-receptor interaction, and base excision repair
pathways were enriched only in the genes potentially regulated
by miRNAs up-regulated in stage IIIb follicular cells (Figure 4A).
On the other hand, focal adhesion, apoptosis, mTOR signaling,
ErbB signaling, progesterone-mediated oocyte maturation, and
VEGF signaling pathways were significantly enriched in the
predicted targets of miRNAs down-regulated in stage IIIb.
Examination of genes associated with these KEGG pathways
(Table S5) revealed that some of the genes were listed under
multiple pathways. For example, several genes associated with the
MAPK pathway, were also related to FoxO, AGE-RAGE signaling

pathway in diabetic complications, and salmonella infection
pathway. For pathways that were enriched in the target genes of
both up- and down-regulated miRNAs, there were specific genes
that were found to be targeted only by the up- or down-regulated
miRNAs. Notably, among the TGF-f pathway, ndr1 was targeted
by miRNAs down-regulated in stage IIIb follicular cells while
tgfbla, tgfb1b, and tgtb2 were found only in the gene list targeted
by miRNAs that were up-regulated in stage IIIb (Table S5). For
the MAPK pathway, several fibroblast growth factors (fgf) ligands
and receptors, namely fgf13a, fgf3, fgf4, and fgfr2, were only
targeted by miRNAs down-regulated in stage IIIb cells (Table S5).

To determine if the miRNAs differentially expressed between
stage IIla and IIIb follicular cells may play a role in oocyte
maturation, we further analyzed three key genes known to play
critical roles in oocyte maturation, lhcgr (encodes LH receptor),
paqr7b (encodes mPRa), and pgrmcl(encodes progesterone
receptor membrane component 1). Among them, pgrmcl mRNA
was the predicted target of miR-451 and miR-144-3p, both were
down-regulated by more than 80% in stage IIIb cells. Although
the difference in miR-144-3p levels between the two stages were
not statistically significant (p = 0.095), it was included in this
analysis due to the magnitude of its downregulation. On the other
hand, lhcgr and paqr7b, were predicted to be targeted by miRNAs
that were up- or down-regulated in stage IIIb cells. However,
most of the up-regulated miRNAs were present at much lower
levels (Table 2).

DISCUSSION

The role of miRNAs in fish reproduction is still largely
unknown. Using RNA-seq analyses, we characterized miRNAs
expressed in follicular cells isolated from ovarian follicles
at the stage of vitellogenesis. This led to the prediction of
31 conserved novel and 44 novel miRNAs, thus enhancing
our knowledge of miRNAs in zebrafish. In addition,
we identified miRNAs that were differentially expressed
between stage IIla follicular cells, which are maturationally
incompetent, and stage IIIb follicular cells, which can respond to
hormonal signals that induce oocyte maturation. Analyses
of predicted target genes of the differentially expressed
miRNAs further support the involvement of several key
pathways in regulating follicle growth and oocyte maturation
and reveal new pathways that can be investigated in
future studies.

The most abundant miRNA expressed in the follicular cells of
vitellogenic follicles was miR-202-5p, constituting approximately
18% of the total miRNA counts. This miRNA has been shown to
be predominantly expressed in the gonads of various vertebrates,
including fish (24, 32, 39, 40). The high expression of this
miRNA suggests that it is an important regulator of ovarian
development and function in vertebrates. In zebrafish, miR-202-
5p levels in stage II follicles (pre-vitellogenesis) were strongly
up-regulated when compared to stage I (primary growth)
follicles (24). Results from this study suggest that this high
level of expression is maintained in stage III, during follicle
growth and in preparation for oocyte maturation. Thus, it is
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highly likely that miR-202-5p plays important roles throughout
zebrafish follicle development and oocyte maturation. Indeed, a
recent study conducted in medaka provides strong evidence to
support the critical role of mir-202 in oogenesis/folliculogenesis.
Knockout of mir-202 resulted in the impairment of early
follicle development and strongly reduced the number of eggs
produced (32). In human, miR-202-5p levels in follicular fluid
are positively correlated with the fertilization potential of
oocytes (41), suggesting a role for miR-202-5p in the proper
development of oocytes. Moreover, miR-202-5p has been shown
to regulate PI3K (42) and TGF-f signaling, both of which
play important roles in folliculogenesis and oocyte maturation
(43, 44).

Two other most abundant miRNAs identified in our study
were miR-143 and miR-22a-3p. These miRNAs have also been
reported to be highly expressed in mammalian (45) and fish (46—
48) ovaries. The role of these miRNAs in fish reproduction has
not been reported. However, several studies in mammals suggest
that they regulate follicle development. For example, miR-143
has been reported to inhibit the formation of mouse primordial
follicles by down-regulating the expression of cell cycle genes and
suppressing the proliferation of pre-granulosa cells (49). miR-143
also targets FSHR, the gene encoding for the FSH receptor (50),
and inhibits granulosa cell proliferation and estradiol production
(51). The expression of miR-143 is inhibited by FSH (51) and
TGF-B (50). hsa-miR-22-3p, the homolog of dre-miR-22a-3p,
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TABLE 2 | Differentially expressed miRNAs that are predicted to target key genes
in oocyte maturation.

miRNA Mean count (ll1A) Mean count (llIB) Target
genes
dre-miR-142a-3p 484 247 lhegr
dre-miR-144-3p 732 84* lhegr,
pgrmct,
paqr7b
dre-miR-16a 1,474 883 paqr7b
dre-miR-20a-5p 2,721 2,035 paqr7b
dre-miR-451 17,468 2,925 lhcgr, pgrmet
dre-miR-724 2,270 1,723 lhcgr, pagr7b
dre-miR-107b 53 127 paqr7b
dre-miR-218b 43 82 lhcgr
dre-miR-29a 1,459 4,517 lhegr
dre-miR-29b 29 110 lhegr
dre-miR-30a-5p 914 2215 paqr7b
dre-miR-734 485 1846 paqr7b

*Not statistically significant between llla and lllb (p = 0.095).

was found to be significantly down-regulated in the plasma of
patients with premature ovarian insufficiency (52), suggesting
a potential role of this miRNA in maintaining proper follicle
development. The function and regulation of miR-143 and miR-
22a-3p during zebrafish follicle development will be investigated
in the future.

In this study, we identified 24 miRNAs that were up- or
down-regulated in stage IIIb follicular cells when compared to
follicular cells from stage IIIa follicles. Since follicles at stage IIIa
are maturationally incompetent, while stage IIIb are capable of
responding to hormonal signals and undergo maturation (2),
the miRNAs that are differentially expressed between these two
stages are likely involved in regulating maturational competency
of these follicles. We therefore examined 3 genes that play
critical roles in LH- and MIH-induced oocyte maturation to
determine if they might be regulated by miRNAs differentially
expressed in stage IIla and IIIb cells. Interestingly, we found
that two miRNAs predicted to target pgrmcl, whose knockout
or inhibition impaired MIH-induced oocyte maturation (53,
54), were strongly down-regulated in stage IIIb cells. It has
been reported that oocytes from follicles ranged from 0.55
to 0.65mm, which are similar to the stage IIIb follicles used
in our study, had much higher pgrmcl protein levels than
oocytes at earlier vitellogenic stages (55). Since miRNAs can
be secreted and exert paracrine/endocrine regulatory effects
on other cells (15), it is possible that the decrease in these
two miRNAs contributes to the higher pgrmcl protein levels
observed in oocytes at this stage. Several other differentially
expressed miRNAs are predicted to target genes encoding LH
receptor and mPRa, which mediate the maturation-inducing
effects of LH and MIH, respectively (53, 56, 57). While lhcgr
and paqr7b are predicted targets of both up- and down-
regulated miRNAs, it was noted that three of the up-regulated
miRNAs predicted to target lhcgr or paqr7b had very low

levels and therefore may not play a major role in regulating
the expression of these genes. Future studies will investigate
whether and how these miRNAs target the genes involved in
LH and MIH signaling to regulate maturational competency
in zebrafish.

Pathway analyses revealed that several key pathways known
to be important in regulating oocyte maturation, are among
the predicted targets of miRNAs down-regulated in stage
IIIb. These include progesterone-mediated oocyte maturation,
ErbB, mTOR, and VEGF signaling pathways. In fish, it
is well-documented that follicular cells produce 170, 208-
dihydroxyprogesterone, which acts on membrane progestin
receptor to induce oocyte maturation (3). The role of ErbB in
oocyte maturation has also been reported in zebrafish (53). A
recent study showed that treatment with rapamycin, an mTOR
inhibitor, prevented the development of mid and late vitellogenic
follicles (58), suggesting that this pathway is important in
promoting the growth of follicles from stage IIla to IIIb. The
mTOR pathway has been shown to promote follicle growth
(59) and may also be involved in oocyte maturation (60) in
mammals. VEGF was reported to enhance the effect of FSH
on promoting granulosa cell proliferation (61) and to inhibit
ovarian granulosa cell apoptosis (62), suggesting that it plays a
role in promoting follicle growth in mammals. Whether and how
the VEGF pathway regulates fish follicle development requires
further investigation.

One of the most highly enriched pathways targeted by
miRNAs differentially expressed between stages Illa and IIIb
follicular cells was the MAPK signaling pathway. This pathway
has been well studied in vertebrates and shown to regulate
follicle development and oocyte maturation (63-67). In fish,
the MAPK pathway has been suggested to mediate the actions
of various hormones and growth factors in the ovary, such as
regulation of steroid production (68, 69) and activin/inhibin
subunit expression (70), as well as oocyte maturation (53,
71). Interestingly, analyses of zebrafish ovarian transcriptomes
revealed that the MAPK pathway was also strongly regulated
when follicles transitioned from stage I to stage II (72) and
most strongly affected by f-diketone antibiotics, which have
toxic effects in the reproductive system (73). In this study, we
found that this pathway may be targeted by miRNAs either
up- or down-regulated in stage IIIb cells. However, some of
target genes, such as several fgfs and their receptors, were only
found in the genes that may be targeted by miRNAs down-
regulated in stage IIIb cells. Although the role of these fgfs in
the fish ovary is unknown, several related FGF ligands have
been reported to promote oocyte maturation in mammals (74,
75). Together, these findings strongly suggest that the MAPK
pathway plays a central role in ovarian follicle development
and oocyte maturation and its activity is dynamically regulated
by miRNAs.

Many studies have shown that ligands, receptors, and
downstream signaling molecules of the TGF-f superfamily
are expressed in the zebrafish ovary (76, 77) and that this
pathway is involved in early follicle development, follicle growth,
and oocyte maturation in zebrafish (10, 70, 78-80). Among
the TGF-f family members, activin has potent effects on
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promoting maturational competency and oocyte maturation
(8, 10) while TGF-B1 inhibits oocyte maturation (43, 78, 81).
Several bone morphogenetic proteins (BMP), such as BMP-15
(11, 82), BMP2b and BMP4 (83), have been suggested to inhibit
precocious oocyte maturation. Consistent with the inhibitory
role of TGF-B1 on oocyte maturation, we found that tgfbla,
tgtblb, and tgfb2 were among the targets of miRNAs up-
regulated in stage IIIb follicular cells. However, activin type I
and type II receptors (i.e., acvrlba and acvr2aa) were predicted
to be targeted by both up- and down-regulated miRNAs in
stage IIIb follicular cells. Smadl and smad5, which mediate
signaling by BMPs, were regulated by the miRNAs down-

and up-regulated, respectively, in stage IIIb follicular cells.
These findings suggest that activins and BMPs are tightly
regulated by miRNAs during vitellogenesis. It is possible that
different ligands signaling through these receptors and/or smads
have differential effects on regulating follicle growth and/or
oocyte maturation.

In conclusion, our study characterizes miRNA expression
profiles in follicular cells of zebrafish vitellogenic follicles. We
determined the abundance of miRNAs, predicted novel miRNAs,
and identified miRNAs differentially expressed between stage
IIa and IIIb follicular cells. Comprehensive gene ontology
and pathway enrichment analyses of the predicted targets of
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the significantly regulated miRNAs revealed several signaling
pathways that may be crucial for follicle development and oocyte
maturation. Further studies are required to determine how these
pathways are regulated by miRNAs and how they are involved in
ovarian functions.
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Completely novel miRNAs identified in this study are denoted
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naming of these newly identified miRNAs have been submitted

REFERENCES

1. Ge W. Gonadotropins and their paracrine signaling network
in the zebrafish ovary. Fish Physiol Biochem. (2005) 31:209-14.
doi: 10.1007/510695-006-0026-1

2. Clelland E, Peng C. Endocrine/paracrine control of zebrafish
ovarian development. Mol Cell Endocrinol.  (2009) 312:42-52.

doi: 10.1016/j.mce.2009.04.009
3. Hanna RN, Zhu Y. Controls of meiotic signaling by membrane or nuclear
progestin receptor in zebrafish follicle-enclosed oocytes. Mol Cell Endocrinol.
(2011) 337:80-8. doi: 10.1016/j.mce.2011.02.004
. Thomas P. Role of G-protein-coupled estrogen receptor (GPER/GPR30) in
maintenance of meiotic arrest in fish oocytes. J Steroid Biochem Mol Biol.
(2017) 167:153-61. doi: 10.1016/j.jsbmb.2016.12.005
5. Nagahama Y, Yoshikuni M, Yamashita M, Tokumoto T, Katsu Y. Regulation
of oocyte growth and maturation in fish. Curr Top Dev Biol. (1995) 30:103-45.
doi: 10.1016/S0070-2153(08)60565-7
6. Patino R, Yoshizaki G, Thomas P, Kagawa H. Gonadotropic control of
ovarian follicle maturation: the two-stage concept and its mechanisms.
Comp Biochem Physiol B Biochem Mol Biol. (2001) 129:427-39.
doi: 10.1016/S1096-4959(01)00344-X
7. Selman K, Wallace RA, Sarka A, Qi X. Stages of oocyte development
in the zebrafish, Brachydanio rerio. J Morphol. (1993) 218:203-24.
doi: 10.1002/jmor.1052180209
8. Wu T, Patel H, Mukai S, Melino C, Garg R, Ni X, et al. Activin, inhibin, and
follistatin in zebrafish ovary: expression and role in oocyte maturation. Biol
Reprod. (2000) 62:1585-92. doi: 10.1095/biolreprod62.6.1585
9. Gioacchini G, Giorgini E, Merrifield DL, Hardiman G, Borini A, Vaccari L,
et al. Probiotics can induce follicle maturational competence: the Danio rerio
case. Biol Reprod. (2012) 86:65. doi: 10.1095/biolreprod.111.094243
Pang Y, Ge W. gonadotropin and activin enhance maturational competence
of oocytes in the zebrafish (Danio rerio)l. Biol Reprod. (2002) 66:259-65.
doi: 10.1095/biolreprod66.2.259

10.

to miRbase and their names will be finalized upon the approval
of miRBase.

AUTHOR CONTRIBUTIONS

YZ and XQ designed and performed the experiments. YZ
analyzed the data and drafted the manuscript. CP supervised the
study and was involved in experimental design, data analyses,
and manuscript writing. All authors approved the submission of
the manuscript.

FUNDING

This work was supported by a Discovery Grant from Natural
Science and Engineering Research Council to CP.

ACKNOWLEDGMENTS

We thank Ms. Janet Fleites Medina for her help in taking care
of the zebrafish and Ms. Rebecca Hough for critically reviewing
the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00518/full#supplementary-material

. Clelland ES, Tan Q, Balofsky A, Lacivita R, Peng C. Inhibition of
premature oocyte maturation: a role for bone morphogenetic protein
15 in zebrafish ovarian follicles. Endocrinology. (2007) 148:5451-8.
doi: 10.1210/en.2007-0674

. Peng C, Clelland E, Tan Q. Potential role of bone morphogenetic protein-15 in
zebrafish follicle development and oocyte maturation. Comp Biochem Physiol
A Mol Integr Physiol. (2009) 153:83-7. doi: 10.1016/j.cbpa.2008.09.034

. Ambros V. The functions of animal microRNAs. Nature. (2004) 431:350-5.
doi: 10.1038/nature02871

. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
(2004) 116:281-97. doi: 10.1016/S0092-8674(04)00045-5

. O’brien ], Hayder H, Zayed Y, Peng C. Overview of MicroRNA biogenesis,
mechanisms of actions, and circulation. Front Endocrinol. (2018) 9:402-2.
doi: 10.3389/fendo.2018.00402

. Zhang B, Wang Q, Pan X. MicroRNAs and their regulatory roles in animals
and plants. J Cell Physiol. (2007) 210:279-89. doi: 10.1002/jcp.20869

. Winter ], Jung S, Keller S, Gregory RI, Diederichs S. Many roads to maturity:
microRNA biogenesis pathways and their regulation. Nat Cell Biol. (2009)
11:228-34. doi: 10.1038/ncb0309-228

. Bushati N, Cohen SM. microRNA functions. Annu Rev Cell Dev Biol. (2007)
23:175-205. doi: 10.1146/annurev.cellbio.23.090506.123406

. Toms D, Pan B, Li J. Endocrine regulation in the ovary by

microRNA during the estrous cycle. Front Endocrinol. (2017) 8:378.

doi: 10.3389/fendo.2017.00378

Hayder H, O’brien ], Nadeem U, Peng C. MicroRNAs: crucial

regulators of placental development. Reproduction. (2018) 155:R259.

doi: 10.1530/REP-17-0603

Ma H, Hostuttler M, Wei H, Rexroad CE III, Yao J. Characterization of the

rainbow trout egg microRNA transcriptome. PLoS ONE. (2012) 7:239649.

doi: 10.1371/journal.pone.0039649

Juanchich A, Le Cam A, Montfort ], Guiguen Y, Bobe J. Identification of

differentially expressed miRNAs and their potential targets during fish ovarian

development. Biol Reprod. (2013) 88:128. doi: 10.1095/biolreprod.112.105361

20.

21.

22.

Frontiers in Endocrinology | www.frontiersin.org

10

July 2019 | Volume 10 | Article 518


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131759
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131759
https://www.frontiersin.org/articles/10.3389/fendo.2019.00518/full#supplementary-material
https://doi.org/10.1007/s10695-006-0026-1
https://doi.org/10.1016/j.mce.2009.04.009
https://doi.org/10.1016/j.mce.2011.02.004
https://doi.org/10.1016/j.jsbmb.2016.12.005
https://doi.org/10.1016/S0070-2153(08)60565-7
https://doi.org/10.1016/S1096-4959(01)00344-X
https://doi.org/10.1002/jmor.1052180209
https://doi.org/10.1095/biolreprod62.6.1585
https://doi.org/10.1095/biolreprod.111.094243
https://doi.org/10.1095/biolreprod66.2.259
https://doi.org/10.1210/en.2007-0674
https://doi.org/10.1016/j.cbpa.2008.09.034
https://doi.org/10.1038/nature02871
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1002/jcp.20869
https://doi.org/10.1038/ncb0309-228
https://doi.org/10.1146/annurev.cellbio.23.090506.123406
https://doi.org/10.3389/fendo.2017.00378
https://doi.org/10.1530/REP-17-0603
https://doi.org/10.1371/journal.pone.0039649
https://doi.org/10.1095/biolreprod.112.105361
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Zayed et al.

mMIRNAs in Zebrafish Ovarian Follicular Cells

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Desvignes T, Beam M]J, Batzel P, Sydes ], Postlethwait JH. Expanding the
annotation of zebrafish microRNAs based on small RNA sequencing. Gene.
(2014) 546:386-9. doi: 10.1016/j.gene.2014.05.036

Wong QW-L, Ge W, Sun M-A, Zhou S, Lau S-W, Zhong S, et al. Identification
and characterization of a specific 13-miRNA expression signature during
follicle activation in the zebrafish ovaryf. Biol Reprod. (2017) 98:42-53.
doi: 10.1093/biolre/iox160

Yan G, Zhang L, Fang T, Zhang Q, Wu S, Jiang Y, et al. MicroRNA-145
suppresses mouse granulosa cell proliferation by targeting activin receptor IB.
FEBS Lett. (2012) 586:3263-70. doi: 10.1016/j.febslet.2012.06.048

Carletti MZ, Fiedler SD, Christenson LK. MicroRNA 21 blocks apoptosis
in mouse periovulatory granulosa cells. Biol Reprod. (2010) 83:286-95.
doi: 10.1095/biolreprod.109.081448

Liu J, Du X, Zhou J, Pan Z, Liu H, Li Q. MicroRNA-26b functions
as a proapoptotic factor in porcine follicular granulosa cells by
targeting sma-and mad-related protein 4. Biol Reprod. (2014) 91:146.
doi: 10.1095/biolreprod.114.122788

Xu S, Linher-Melville K, Yang BB, Wu D, Li J. Micro-RNA378 (miR-378)
regulates ovarian estradiol production by targeting aromatase. Endocrinology.
(2011) 152:3941-51. doi: 10.1210/en.2011-1147

Yin M, Lu M, Yao G, Tian H, Lian J, Liu L, et al. Transactivation of microRNA-
383 by steroidogenic factor-1 promotes estradiol release from mouse ovarian
granulosa cells by targeting RBMS1. Mol Endocrinol. (2012) 26:1129-43.
doi: 10.1210/me.2011-1341

Toms D, Xu S, Pan B, Wu D, Li J. Progesterone receptor expression in
granulosa cells is suppressed by microRNA-378-3p. Mol Cell Endocrinol.
(2015) 399:95-102. doi: 10.1016/j.mce.2014.07.022

Troppmann B, Kossack N, Nordhoff V, Schuring AN, Gromoll J. MicroRNA
miR-513a-3p acts as a co-regulator of luteinizing hormone/chorionic
gonadotropin receptor gene expression in human granulosa cells. Mol Cell
Endocrinol. (2014) 390:65-72. doi: 10.1016/j.mce.2014.04.003

Gay S, Bugeon J, Bouchareb A, Henry L, Delahaye C, Legeai F, et al. MiR-202
controls female fecundity by regulating medaka oogenesis. PLoS Genet. (2018)
14:¢1007593. doi: 10.1371/journal.pgen.1007593

Abramov R, Fu G, Zhang Y, Peng C. Expression and regulation of miR-17a
and miR-430b in zebrafish ovarian follicles. Gen Comp Endocrinol. (2013)
188:309-15. doi: 10.1016/j.ygcen.2013.02.012

Lorenz R, Bernhart SH, Honer Zu Siederdissen C, Tafer H, Flamm C,
Stadler PE, et al. ViennaRNA Package 2.0. Algorithms Mol Biol. (2011) 6:26.
doi: 10.1186/1748-7188-6-26

Babicki S, Arndt D, Marcu A, Liang Y, Grant JR, Maciejewski A, et al.
Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. (2016)
44:W147-W153. doi: 10.1093/nar/gkw419

Ulitsky I, Shkumatava A, Jan CH, Subtelny AO, Koppstein D, Bell GW, et al.
Extensive alternative polyadenylation during zebrafish development. Genome
Res. (2012) 22:2054-66. doi: 10.1101/gr.139733.112

Gabow A, Marks DS, Betel D, Wilson M, Sander C. The microRNA.org
resource: targets and expression. Nucleic Acids Res. (2008) 36:D149-53.
doi: 10.1093/nar/gkm995

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,
et al. ClueGO: a Cytoscape plug-in to decipher functionally grouped gene
ontology and pathway annotation networks. Bioinformatics. (2009) 25:1091-3.
doi: 10.1093/bioinformatics/btp101

Jia KT, Zhang J, Jia P, Zeng L, Jin Y, Yuan Y, et al. Identification
of MicroRNAs in zebrafish spermatozoa. Zebrafish. (2015) 12:387-97.
doi: 10.1089/zeb.2015.1115

Qiu W, Zhu Y, Wu Y, Yuan C, Chen K, Li M. Identification and
expression analysis of microRNAs in medaka gonads. Gene. (2018) 646:210-6.
doi: 10.1016/j.gene.2017.12.062

Machtinger R, Rodosthenous RS, Adir M, Mansour A, Racowsky C, Baccarelli
AA, et al. Extracellular microRNAs in follicular fluid and their potential
association with oocyte fertilization and embryo quality: an exploratory
study. ] Assist Reprod Genet. (2017) 34:525-33. doi: 10.1007/s10815-017-
0876-8

Liu T, Guo ], Zhang X. MiR-202-5p/PTEN mediates doxorubicin-resistance of
breast cancer cells via PI3K/Akt signaling pathway. Cancer Biol Ther. (2019)
20:989-98. doi: 10.1080/15384047.2019.1591674

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kohli G, Clelland E, Peng C. Potential targets of transforming growth
factor-betal during inhibition of oocyte maturation in zebrafish. Reprod Biol
Endocrinol. (2005) 3:53. doi: 10.1186/1477-7827-3-53

Yao K, Lau SW, Ge W. Differential regulation of Kit ligand A expression in
the ovary by IGF-I via different pathways. Mol Endocrinol. (2014) 28:138-50.
doi: 10.1210/me.2013-1186

Yao N, Lu CL, Zhao JJ, Xia HE, Sun DG, Shi XQ, et al. A network of miRNAs
expressed in the ovary are regulated by FSH. Front Biosci. (2009) 14:3239-45.
doi: 10.2741/3447

Bizuayehu TT, Babiak J, Norberg B, Fernandes JM, Johansen SD, Babiak I.
Sex-biased miRNA expression in Atlantic halibut (Hippoglossus hippoglossus)
brain and gonads. Sex Dev. (2012) 6:257-66. doi: 10.1159/000341378

Gu Y, Zhang L, Chen X. Differential expression analysis of Paralichthys
olivaceus microRNAs in adult ovary and testis by deep sequencing. Gen Comp
Endocrinol. (2014) 204:181-4. doi: 10.1016/j.ygcen.2014.05.019

Presslauer C, Tilahun Bizuayehu T, Kopp M, Fernandes JMO, Babiak I.
Dynamics of miRNA transcriptome during gonadal development of zebrafish.
Sci Reports. (2017) 7:43850. doi: 10.1038/srep43850

Zhang J, Ji X, Zhou D, Li Y, Lin J, Liu J, et al. miR-143 is critical for the
formation of primordial follicles in mice. Front Biosci. (2013) 18:588-97.
doi: 10.2741/4122

Du X, Zhang L, Li X, Pan Z, Liu H, Li Q. TGF-beta signaling controls FSHR
signaling-reduced ovarian granulosa cell apoptosis through the SMAD4/miR-
143 axis. Cell Death Dis. (2016) 7:¢2476. doi: 10.1038/cddis.2016.379

Zhang L, Zhang X, Zhang X, Lu Y, Li L, Cui S. MiRNA-143 mediates the
proliferative signaling pathway of FSH and regulates estradiol production. J
Endocrinol. (2017) 234:1-14. doi: 10.1530/JOE-16-0488

Dang Y, Zhao S, Qin Y, Han T, Li W, Chen ZJ. MicroRNA-22-
3p is down-regulated in the plasma of Han Chinese patients with
premature ovarian failure. Fertil Steril. (2015) 103:802-807.e801.
doi: 10.1016/j.fertnstert.2014.12.106

Aizen ], Pang Y, Harris C, Converse A, Zhu Y, Aguirre MA, et al. Roles
of progesterone receptor membrane component 1 and membrane progestin
receptor alpha in regulation of zebrafish oocyte maturation. Gen Comp
Endocrinol. (2018) 263:51-61. doi: 10.1016/j.ygcen.2018.04.009

Wu XJ, Thomas P, Zhu Y. Pgrmcl knockout impairs oocyte maturation
in zebrafish. Front Endocrinol. (2018) 9:560. doi: 10.3389/fendo.2018.
00560

Aizen J, Thomas P. Role of Pgrmcl in estrogen maintenance of meiotic
arrest in zebrafish oocytes through Gper/Egfr. ] Endocrinol. (2015) 225:59-68.
doi: 10.1530/JOE-14-0576

Kwok HE So WK, Wang Y, Ge W. Zebrafish gonadotropins and
their receptors: I. Cloning and characterization of zebrafish follicle-
stimulating hormone and luteinizing hormone receptors—evidence for their
distinct functions in follicle development. Biol Reprod. (2005) 72:1370-81.
doi: 10.1095/biolreprod.104.038190

Chu L, Li J, Liu Y, Cheng CH. Gonadotropin signaling in zebrafish ovary
and testis development: insights from gene knockout study. Mol Endocrinol.
(2015) 29:1743-58. doi: 10.1210/me.2015-1126

Chen Y, Tang H, Wang L, He ], Guo Y, Liu Y, et al. Fertility enhancement but
premature ovarian failure in esr1-deficient female zebrafish. Front Endocrinol.
(2018) 9:567. doi: 10.3389/fendo.2018.00567

Cheng Y, Kim J, Li XX, Hsueh AJ. Promotion of ovarian follicle growth
following mTOR activation: synergistic effects of AKT stimulators. PLoS ONE.
(2015) 10:e0117769. doi: 10.1371/journal.pone.0117769

Zhou D, Choi YJ, Kim JH. Histone deacetylase 6 (HDACS6) is an essential
factor for oocyte maturation and asymmetric division in mice. Sci Rep. (2017)
7:8131. doi: 10.1038/541598-017-08650-2

Doyle LK, Walker CA, Donadeu FX. VEGF modulates the effects of
gonadotropins in granulosa cells. Domest Anim Endocrinol. (2010) 38:127-37.
doi: 10.1016/j.domaniend.2009.08.008

Kosaka N, Sudo N, Miyamoto A, Shimizu T. Vascular endothelial growth
factor (VEGF) suppresses ovarian granulosa cell apoptosis in vitro. Biochem
Biophys Res Commun. (2007) 363:733-7. doi: 10.1016/j.bbrc.2007.09.061
Zhang M, Ouyang H, Xia G. The signal pathway of gonadotrophins-induced
mammalian oocyte meiotic resumption. Mol Hum Reprod. (2009) 15:399-409.
doi: 10.1093/molehr/gap031

Frontiers in Endocrinology | www.frontiersin.org

July 2019 | Volume 10 | Article 518


https://doi.org/10.1016/j.gene.2014.05.036
https://doi.org/10.1093/biolre/iox160
https://doi.org/10.1016/j.febslet.2012.06.048
https://doi.org/10.1095/biolreprod.109.081448
https://doi.org/10.1095/biolreprod.114.122788
https://doi.org/10.1210/en.2011-1147
https://doi.org/10.1210/me.2011-1341
https://doi.org/10.1016/j.mce.2014.07.022
https://doi.org/10.1016/j.mce.2014.04.003
https://doi.org/10.1371/journal.pgen.1007593
https://doi.org/10.1016/j.ygcen.2013.02.012
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1093/nar/gkw419
https://doi.org/10.1101/gr.139733.112
https://doi.org/10.1093/nar/gkm995
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1089/zeb.2015.1115
https://doi.org/10.1016/j.gene.2017.12.062
https://doi.org/10.1007/s10815-017-0876-8
https://doi.org/10.1080/15384047.2019.1591674
https://doi.org/10.1186/1477-7827-3-53
https://doi.org/10.1210/me.2013-1186
https://doi.org/10.2741/3447
https://doi.org/10.1159/000341378
https://doi.org/10.1016/j.ygcen.2014.05.019
https://doi.org/10.1038/srep43850
https://doi.org/10.2741/4122
https://doi.org/10.1038/cddis.2016.379
https://doi.org/10.1530/JOE-16-0488
https://doi.org/10.1016/j.fertnstert.2014.12.106
https://doi.org/10.1016/j.ygcen.2018.04.009
https://doi.org/10.3389/fendo.2018.00560
https://doi.org/10.1530/JOE-14-0576
https://doi.org/10.1095/biolreprod.104.038190
https://doi.org/10.1210/me.2015-1126
https://doi.org/10.3389/fendo.2018.00567
https://doi.org/10.1371/journal.pone.0117769
https://doi.org/10.1038/s41598-017-08650-2
https://doi.org/10.1016/j.domaniend.2009.08.008
https://doi.org/10.1016/j.bbrc.2007.09.061
https://doi.org/10.1093/molehr/gap031
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Zayed et al.

mMIRNAs in Zebrafish Ovarian Follicular Cells

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Conti M, Hsieh M, Zamah AM, Oh JS. Novel signaling mechanisms in the
ovary during oocyte maturation and ovulation. Mol Cell Endocrinol. (2012)
356:65-73. doi: 10.1016/j.mce.2011.11.002

Fan HY, Liu Z, Mullany LK, Richards JS. Consequences of RAS and MAPK
activation in the ovary: the good, the bad and the ugly. Mol Cell Endocrinol.
(2012) 356:74-9. doi: 10.1016/j.mce.2011.12.005

Chaves RN, Alves AM, Lima LE, Matos HM, Rodrigues AP, Figueiredo JR.
Role of nerve growth factor (NGF) and its receptors in folliculogenesis. Zygote.
(2013) 21:187-97. doi: 10.1017/S0967199412000111

Alvarez-Mora MI, Rodriguez-Revenga L, Madrigal I, Garcia-Garcia F, Duran
M, Dopazo J, et al. Deregulation of key signaling pathways involved in oocyte
maturation in FMR1 premutation carriers with Fragile X-associated primary
ovarian insufficiency. Gene. (2015) 571:52-7. doi: 10.1016/j.gene.2015.06.039
Mendez E, Montserrat N, Planas JV. Modulation of the steroidogenic
activity of luteinizing hormone by insulin and insulin-like growth factor-
I through interaction with the cAMP-dependent protein kinase signaling
pathway in the trout ovary. Mol Cell Endocrinol. (2005) 229:49-56.
doi: 10.1016/j.mce.2004.09.006

Qi X, Salem M, Zhou W, Sato-Shimizu M, Ye G, Smitz J, et al. Neurokinin
B exerts direct effects on the ovary to stimulate estradiol production.
Endocrinology. (2016) 157:3355-65. doi: 10.1210/en.2016-1354

Chung C-K, Ge W. Epidermal growth factor differentially regulates
activin subunits in the zebrafish ovarian follicle cells via diverse signaling
pathways. Mol Cell Endocrinol. (2012) 361:133-42. doi: 10.1016/j.mce.2012.
03.022

Fitzgerald AC, Peyton C, Dong J, Thomas P. Bisphenol A and related
alkylphenols exert nongenomic estrogenic actions through a g protein-
coupled estrogen receptor 1 (Gper)/epidermal growth factor receptor (Egfr)
pathway to inhibit meiotic maturation of zebrafish oocytes. Biol Reprod.
(2015) 93:135. doi: 10.1095/biolreprod.115.132316

Zhu B, Pardeshi L, Chen Y, Ge W. Transcriptomic analysis for differentially
expressed genes in ovarian follicle activation in the zebrafish. Front
Endocrinol. (2018) 9:593-593. doi: 10.3389/fendo.2018.00593

Wang X, Ma Y, Liu ], Yin X, Zhang Z, Wang C, et al. Reproductive
toxicity of beta-diketone antibiotic mixtures to zebrafish (Danio rerio).
Ecotoxicol Environ Saf. (2017) 141:160-70. doi: 10.1016/j.ecoenv.2017.
02.042

Cailliau K, Le Marcis V, Bereziat V, Perdereau D, Cariou B, Vilain
JP, et al. Inhibition of FGF receptor signalling in Xenopus oocytes:
differential effect of Grb7, Grb10 and Grb14. FEBS Lett. (2003) 548:43-8.
doi: 10.1016/S0014-5793(03)00726-9

Zhang K, Hansen PJ, Ealy AD. Fibroblast growth factor 10 enhances bovine
oocyte maturation and developmental competence in vitro. Reproduction.
(2010) 140:815-26. doi: 10.1530/REP-10-0190

76. Garg RR, Bally-Cuif L, Lee SE, Gong Z, Ni X, Hew CL, et al. Cloning of
zebrafish activin type IIB receptor (ActRIIB) cDNA and mRNA expression of
ACctRIIB in embryos and adult tissues. Mol Cell Endocrinol. (1999) 153:169-81.
doi: 10.1016/S0303-7207(99)00044-1

77. Dimuccio T, Mukai ST, Clelland E, Kohli G, Cuartero M, Wu T, et al.
Cloning of a second form of activin-betaA cDNA and regulation of
activin-betaA subunits and activin type II receptor mRNA expression by
gonadotropin in the zebrafish ovary. Gen Comp Endocrinol. (2005) 143:287-
99. doi: 10.1016/j.ygcen.2005.04.003

78. Tan Q, Balofsky A, Weisz K, Peng C. Role of activin, transforming growth
factor-p and bone morphogenetic protein 15 in regulating zebrafish oocyte
maturation. Compar Biochem Physiol A Mol Integr Physiol. (2009) 153:18-23.
doi: 10.1016/j.cbpa.2008.09.016

79. Tan Q, Zagrodny A, Bernaudo S, Peng C. Regulation of membrane progestin
receptors in the zebrafish ovary by gonadotropin, activin, TGF-p and BMP-15.
Mol Cell Endocrinol. (2009) 312:72-9. doi: 10.1016/j.mce.2009.03.011

80. Chen W, Liu L, Ge W. Expression analysis of growth differentiation
factor 9 (Gdf9/gdf9), anti-mullerian hormone (Amh/amh) and aromatase
(Cypl19ala/cypl9ala) during gonadal differentiation of the zebrafish,
Danio rerio. Biol Reprod. (2017) 96:401-13. doi: 10.1095/biolreprod.116.
144964

81. Kohli G, Hu S, Clelland E, Di Muccio T, Rothenstein ], Peng C. Cloning of
transforming growth factor-beta 1 (TGF-beta 1) and its type II receptor from
zebrafish ovary and role of TGF-beta 1 in oocyte maturation. Endocrinology.
(2003) 144:1931-41. doi: 10.1210/en.2002-0126

82. Clelland E, Kohli G, Campbell RK, Sharma S, Shimasaki S, Peng C.
Bone morphogenetic protein-15 in the zebrafish ovary: complementary
deoxyribonucleic acid cloning, genomic organization, tissue distribution,
and role in oocyte maturation. Endocrinology. (2006) 147:201-9.
doi: 10.1210/en.2005-1017

83. Li CW, Ge W. Regulation of the activin-inhibin-follistatin system by bone
morphogenetic proteins in the zebrafish ovary. Biol Reprod. (2013) 89:55.
doi: 10.1095/biolreprod.113.110643

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zayed, Qi and Peng. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

12

July 2019 | Volume 10 | Article 518


https://doi.org/10.1016/j.mce.2011.11.002
https://doi.org/10.1016/j.mce.2011.12.005
https://doi.org/10.1017/S0967199412000111
https://doi.org/10.1016/j.gene.2015.06.039
https://doi.org/10.1016/j.mce.2004.09.006
https://doi.org/10.1210/en.2016-1354
https://doi.org/10.1016/j.mce.2012.03.022
https://doi.org/10.1095/biolreprod.115.132316
https://doi.org/10.3389/fendo.2018.00593
https://doi.org/10.1016/j.ecoenv.2017.02.042
https://doi.org/10.1016/S0014-5793(03)00726-9
https://doi.org/10.1530/REP-10-0190
https://doi.org/10.1016/S0303-7207(99)00044-1
https://doi.org/10.1016/j.ygcen.2005.04.003
https://doi.org/10.1016/j.cbpa.2008.09.016
https://doi.org/10.1016/j.mce.2009.03.011
https://doi.org/10.1095/biolreprod.116.144964
https://doi.org/10.1210/en.2002-0126
https://doi.org/10.1210/en.2005-1017
https://doi.org/10.1095/biolreprod.113.110643
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Identification of Novel MicroRNAs and Characterization of MicroRNA Expression Profiles in Zebrafish Ovarian Follicular Cells
	Introduction
	Materials and Methods
	Animals
	Isolation of Ovarian Follicular Cells
	RNA Extraction and Small RNA Sequencing
	Differential Expression Analysis, Target Prediction, and Enrichment Analyses
	Real-Time PCR
	Statistical Analysis

	Results
	Characterization of miRNAs in Zebrafish Ovarian Follicular Cells
	Differential Expression of miRNAs in Stage IIIa and Stage IIIb Follicular Cells
	Prediction of Target Genes and Pathway Analyses

	Discussion
	Data Availability
	Ethics Statement
	miRNAs Naming Convention
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


