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Abstract
The activation of primordial follicles is critical to ovarian follicle development, which directly influences female fertility and repro-
ductive life span. Several studies have suggested a role for long noncoding RNAs (lncRNAs) in ovarian function. However, the precise
involvement of lncRNAs in the initiation of primordial follicles is still unknown. Here, an in vitro culture model was used to investigate
the roles of lncRNAs in primordial follicle activation. We found that primordial follicles in day 3 mouse ovaries were activated after
culturing for 8 days in vitro, as indicated by ovarian morphology changes, increases in primary follicle number, and downregulation of
mammalian Sterile 20-like kinase messenger RNA (mRNA) and upregulation of growth differentiation factor 9 mRNA. We next
examined lncRNA expression profiles by RNA sequencing at the transcriptome level and found that among 60 078 lncRNAs, 6541
lncRNA were upregulated and 2135 lncRNA were downregulated in 3-day ovaries cultured for 8 days in vitro compared with ovaries
from day 3 mice. We also found that 4171 mRNAs were upregulated and 1795 were downregulated in the cultured ovaries. Gene
ontology and pathway analyses showed that the functions of differentially expressed lncRNA targets and mRNAs were closely linked
with many processes and pathways related to ovary development, including cell proliferation and differentiation, developmental
processes, and other signaling transduction pathways. Additionally, many novel identified lncRNAs showed inducible expression,
suggesting that these lncRNAs may be good candidates for investigating mouse primordial follicle activation. This study provides a
foundation for further exploring lncRNA-related mechanisms in the initiation of mouse primordial follicles.
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Introduction

Nowadays, increasing numbers of women are attempting to

preserve ovarian function to delay reproductive aging or treat

ovarian dysfunction. In the primordial follicles, germ cells

arrest at prophase I and become surrounded by a thin ring of

granulosa cells, forming the primordial follicle pool, the size of

which reflects the ovarian reserve during a female’s reproduc-

tive life. Under the coordinated and synergistic action of key

molecules, primordial follicles can be activated and undergo a

growth process that leads to either maturation or death.1,2

Follicle activation is an irreversible process, and excessive

death or overactivation of primordial follicles in the primordial

follicle pool might lead to primary ovarian insufficiency (POI)

and even to infertility.3 However, little is still known of the key

regulatory factors and the regulatory mechanisms controlling

selective or primitive activation, and better understanding of

these processes will contribute to the improved diagnosis and

treatment of ovarian disorders such as POI.

Long noncoding RNAs (lncRNAs), defined as ncRNAs

longer than 200 bp, regulate a wide variety of biological

functions and various physiological processes, including cell

growth, proliferation, apoptosis, fat metabolism, neuronal pat-

terning, and tumorigenesis.4-7 The lncRNAs can act as a signal,

decoy, guide, or scaffold to regulate gene expression on tran-

scriptional, posttranscriptional, translational, posttranslational,

and epigenetic levels.8-11 Notably, several lncRNAs, such as

HOTAIR,12 HOST2,13 and ANRIL,14 serve as pivotal regulators

in the biological processes of epithelial ovarian cancer. Further-

more, some studies have indicated an involvement of lncRNAs

in the ovary during development. For example, several reports

have demonstrated abnormal lncRNA expression profiles in

mouse ovary caused by b-crystallin B2 knockout and different

lncRNA expression patterns in cumulus cells isolated from

patients with polycystic ovary syndrome and in duck ovary in

different phases.15-17 However, whether lncRNAs are involved

in the activation of primordial follicles is still unknown.
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To gain new insight into the currently limited understanding of

the biological process of primordial follicle activation, here we

examined lncRNA expression profiles after activation of primor-

dial follicles in in vitro cultured ovaries from 3-day-old mice. We

identified and validated differentially expressed lncRNAs and

performed a global evaluation of lncRNA-regulated gene ontol-

ogy (GO) terms, signaling pathways, and related genes based on

their expression profiles and bioinformatics analysis.

Materials and Methods

Ovary Culture

Three-day-old Kun-Ming female mice were obtained from the

Centre of Experimental Animals, Nan Chang University (Nan

Chang, China). Ovary cultivation in vitro was performed using

the Waymouth system (Waymouth MB 752/1 culture; Sigma

St. Louis, USA) supplemented with 0.23 mM sodium pyruvate,

3 mg/mL bull serum albumin, 100 IU/mL penicillin G, 100 IU/

mL streptomycin, and 10% (vol/vol) fetal bovine serum.18

Briefly, 3-day-old female mice were sterilized by alcohol and

killed according to ethical guidelines.19 Ovaries were isolated

and washed with culture medium containing no serum. Five to 6

ovaries were placed on a gelatin sponge with 300 mL of culture

medium in each well of a 24-well plate. Three wells containing

ovaries served as the “control group” and were stored at �80�C
for subsequent analysis. Three wells containing ovaries were

cultured in a 5% CO2 incubator (Heal Force, Hong Kong, China)

at 37�C for 8 days and served as the “cultured group.” For a

separate analysis using a primordial follicle activator, 3 wells

containing ovaries were treated with 40 mM bpV(pic) (Sigma)

and cultured in a 5% CO2 incubator at 37�C for 8 days; this

group served as the “bpV(pic) group.” The medium was changed

every 48 hours by replacing half of the medium with fresh

medium. All experiments were carried out according to the

guidelines of the Institutional Animal Ethics Committee of

Nanchang University (Nanchang, People’s Republic of China).

Hematoxylin and Eosin Staining

Control and cultured ovaries (n ¼ 10, each group) were fixed

in 4% paraformaldehyde, embedded in paraffin, sectioned at

3 mm, and stained with hematoxylin and eosin. Morphologic

changes in ovaries were observed under a light microscope

(OLYMPUS IX73P2F, Tokyo, Japan) at �200 magnification.

RNA Isolation and Quality Control

Total RNA was extracted from the ovaries (control group,

n ¼ 50; cultured group, n ¼ 50; bpV(pic) group, ¼ 10) using

TRIzol (Invitrogen, Düsseldorf, Germany), according to the

manufacturer’s instructions. The concentration and purity of

the total RNA samples were evaluated using a NanoPhotometer

(IMPLEN, Munich, Germany) with optical density measure-

ments at 1.8 < A260/A280 < 2.2. The integrity of RNA was

checked by electrophoresis in 1.5% agarose gels.

Strand-Specific Transcriptome Sequencing

Qualified total RNA was used for strand-specific transcriptome

sequencing, which was conducted using an Illumina HiSeq

4000 system with a PE100 strategy (Illumina, San Diego, Cali-

fornia), according to the manufacturer’s instructions, as devel-

oped by BGI Wuhan Pharmaceutical Co Ltd (Wuhan, People’s

Republic of China).

Bioinformatic Analysis

The raw data produced by the Illumina HiSeq 4000 platform

were subjected to quality control tests, including removing the

adaptors as well as empty reads and then filtering the low-

quality reads. The clean reads were aligned to reference

sequences using Hierarchical Indexing for Spliced Alignment

of Transcripts (HISAT)20 and then assembled by StringTie.21

The coding capacity of transcripts was predicted by Coding

Potential Calculator,22 txCdsPredict (http://hgdownload.soe.

ucsc.edu/admin/jksrc.zip), Coding-Non-Coding Index,23 and

Pfam database.24 The gene expression level was calculated

using the fragments per kilobase of exon per million frag-

ments mapped (FPKM) method.25 Differentially expressed

lncRNAs and messenger RNAs (mRNAs) were identified via

fold-change filtering based on DEGseq software.26

The lncRNA-targeted genes were predicted based on cis and

trans regulatory principles. For each lncRNA, we calculated

the Pearson and Spearman correlation coefficients of its

expression value with that of each mRNA. The mRNAs that

were coexpressed with the lncRNA of interest were defined as

having Pearson and Spearman correlations >0.8 and P < .05.

The mRNA loci within 10 kb upstream or 100 kb downstream

of the lncRNA were defined as cis-regulated target genes.

RNAplex analysis,27 a tool for rapid searches of RNA–RNA

interactions, was conducted on lncRNA trans-targeted genes to

quickly find possible hybridization sites for a query lncRNA in

the mRNA database with free energies less than�30 kJ�mol�1.

Gene Ontology (http://www.geneontology.org) and Kyoto

Encyclopedia of Genes and Genomes (KEGG; http://www.ge-

nome.jp/kegg/) pathway analyses were applied to determine

the functional roles of the differentially expressed lncRNA

targets and mRNAs. The GO terms and KEGG pathways with

corrected P values <.05 were considered as being significantly

enriched by the differentially expressed genes.

Quantitative Polymerase Chain Reaction

Total RNA (1 mg) was reverse-transcribed to complementary

DNA using PrimeScript RT reagent kits with gDNA Eraser

(TaKaRa Bio Inc, Otsu, Japan), according to the manufactur-

er’s instructions. The quantitative polymerase chain reaction

(qPCR) reaction was performed as follows: denaturation at

98�C for 30 seconds, followed by 45 cycles of denaturation at

98�C for 5 seconds, annealing at 60�C for 15 seconds, and

extension at 72�C for 20 seconds. The qPCR was performed

with the StepOnePlus Real-Time PCR Systems (Applied
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Biosystems, Foster City, California) using the SYBR Premix

DimerEraser Kit (TaKaRa), according to the manufacturer’s

instructions. The b-actin gene was used as an internal control

to normalize the related gene expression levels. Both mRNA

and lncRNA expression levels were expressed as log22�DDCT.

Samples were run 3 times with good reproducibility. Melting

curves were constructed to check the specificity of PCR

products. The primer sequences used for qPCR are shown

in Table 1. All primers were obtained from GENEWIZ, Inc

(Suzhou, People’s Republic of China).

Statistical Analysis

Results are expressed as the mean (standard deviation of the

mean). All statistical analyses were performed using SPSS version

19.0 (IBM Corp, Armonk, New York). Comparisons between

control and activated groups were performed using 1-way analysis

of variance, followed by Fisher least significant difference

post hoc test. P < .05 was regarded as statistically significant, and

P < .01 was considered extremely statistically significant.

Results

Activation of Mouse Primordial Follicles

We first isolated and treated ovaries from 3-day-old mice as

described in the Methods to establish the control group (ovaries

from 3-day-old mice) and cultured group (ovaries from 3-day-

old mice cultured for 8 days). Microscopic examination of

mouse ovaries after 8-day incubation (the cultured group)

showed marked initiation of follicle growth compared with

mouse ovaries from 3-day-old mice in the control group.

The single layer of granulosa cells in the cultured group chan-

ged from flattened to cuboidal in shape, and oocyte growth

initiated from primordial follicles to the primary follicle stage

(Figure 1A-D). The number of primary follicles also increased

in the cultured group compared with the control (Figure 1E).

To confirm activation of primordial follicles, we examined

the mRNA expression of 2 markers of mouse primordial folli-

cle activation (mammalian Sterile 20-like kinase and growth

differentiation factor 9 [MST and GDF9])18,28 using qPCR. As

shown in Figure 1F, MST mRNA levels were downregulated in

primary follicles in ovaries from the cultured group, while

GDF9 mRNA levels were upregulated compared with levels

in control ovaries, confirming the activation of primordial fol-

licles in the cultured group.

RNA-seq Data

A total of 107 543 054 to 221 135 178 raw reads were yielded

in the control and cultured groups using Illumina HiSeq

4000. Following quality trimming and adapter clipping, clean

reads (168 000 960 and 215 667 076 for the control group,

and 105 820 630 and 186 154 192 for the cultured group)

were aligned to the reference transcriptome database of Mus

musculus with HISAT. The uniquely mapping ratio of clean

reads ranged from 76.97% to 79.32% and the Q30 of reads

was �94.20% (Table 2).

Table 1. qPCR Primers of Examined lncRNA Genes.

Noncode ID Tm (�C) Length (bp) Primers (50!30)

Primers for lncRNAs
NONMMUT067382.2 60 116 F: CGATGGGCTCCCTAACACAA

R: AATCTCCCATGCACCCTGGA
NONMMUT054732.2 60 287 F: GATCCCAAGCAACACACACG

R: AGCACCCCAGAGACTACCAA
LTCONS_00063190 60 159 F: TCAGAGCTGACCAACCGAAG

R: ATGAGCCTTGGTGAGCACAT
NONMMUT133105.1 60 145 F: ACAAGGACGAACCTGCACTT

R: GGTGGTGACAGAGTAGAGGC
NONMMUT010291.2 60 129 F: GCACATCCGTGTTTGGAGAC

R: TGTGCTCCACCCTGCTTAAC
LTCONS_00097867 60 129 F: CAGGCTCCGGTTTTTACCAG

R: CCAAGCACCTTCCTCCACTTG
LTCONS_00043857 60 285 F: ATACGGAATGTGGCAGGTGG

R: TTATTGCCCTGTGAAGGCGT
NONMMUT091171.1 60 158 F: ATAAAGTGGCTTGGGAGGGTC

R: AGCCCTTTTCGGGATTCTCTG
NONMMUT108708.1 60 262 F: AGCGCTCTAAGTGGGTTCTG

R: GCGGTCCCATTTCTCCTTGT
NONMMUT117230.1 60 274 F: TCACCGGGTCCGTGTAGAAA

R: AGTGAGACCCACGACCATCC
Primers for internal control
b-actin (mouse) 60 127 F: TGGAGAAGAGCTATGAGCTGCCTG

R: GTAGTTTCATGGATGCCACAGGAT

Abbreviations: lncRNA, long noncoding RNA; qPCR, quantitative polymerase chain reaction.
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After assembly and analysis, we identified 60 078 known

lncRNA transcripts from 47 459 known annotated lncRNA

genes and predicted 4088 novel lncRNA transcripts

from 3717 lncRNAs with the Coding Potential Calculator

(Figure 2A and C). The average expression levels of

lncRNAs were lower than those of mRNAs in both control

and cultured groups (Figure 2D).

Long Noncoding RNA and mRNA Expression Profiles

As shown in Figure 3, there were 60 078 detectable lncRNAs in

mouse primordial follicles. After the activation of mouse pri-

mordial follicles, there were 6541 lncRNAs with upregulated

expression and 2135 lncRNA with downregulated expression

(�2.0 fold-change, P < .05). In comparison, 4171 mRNAs were

upregulated and 1795 were downregulated (�2.0 fold-change,

P < .05). The detailed information of the differentially

expressed lncRNAs and mRNAs is provided in Supplemental

Tables S1 and S2.

Gene Ontology Analysis and KEGG Pathway Analysis

Gene ontology analysis showed that genes with aberrant

mRNA expression after activation of mouse primordial

follicles were mainly involved in the following biological

processes: immune system process, cell communication, cell

differentiation, regulation of mitogen-activated protein kinase

(MAPK) cascade, positive regulation of ERK1 and ERK2

cascade, regulation of I-kB kinase/Nuclear Factor Kappa B

(NF-kB) signaling, and other processes (Table 3). For the differ-

entially expressed lncRNA-targeted genes, highly enriched GO

terms mainly included immune system process, developmental

Figure 1. Activation of mouse primordial follicles. A and B, Primordial follicles of mouse ovaries at 3 days (control group). C and D, Primary
follicles of mouse ovaries after culturing 8 days in vitro (cultured group). E, The numbers of primordial follicles and primary follicles in the control
group and cultured group, respectively. F, The mRNA expression levels of markers of mouse primordial follicle activation (MST and GDF9). Data
are presented as mean (SD; n¼ 3). *P < .05 versus control group; **P < .01 versus control group. mRNA indicates messenger RNA; SD, standard
deviation.

Table 2. Data of RNA-seq.

Sample RawReads CleanReads CleanReadsRatio UniquelyMappingRatio Q30

Con1 172 154 636 168 000 960 97.59% 76.97% 94.20%
Con2 221 135 178 215 667 076 97.53% 77.48% 96.54%
Treat1 191 638 124 186 154 192 97.14% 79.32% 96.52%
Treat2 107 543 054 105 820 630 98.40% 77.45% 94.68%
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process, cell differentiation, positive regulation of cell prolif-

eration, regulation of cyclic guanosine monophosphate

(cGMP)-mediated signaling, and regulation of cytokine pro-

duction (Table 4).

For the differentially expressed lncRNA targets, the most

significant pathways were those involved in MAPK, NF-kB,

Ras, Notch, and tumor necrosis factor (TNF) signaling path-

ways and other pathways (Table 5). The KEGG pathway anal-

ysis of differentially expressed mRNAs showed they were

involved in TNF, MAPK, Ras-related protein 1 (Rap1),

hypoxia inducible factor-1 (HIF-1), vascular endothelial

growth factor (VEGF), cyclic Adenosine monophosphate

(cAMP), and Notch signaling pathways (Table 6).

Quantitative Polymerase Chain Reaction Validation

To confirm the reliability of our sequencing data, we randomly

selected 10 lncRNAs from the pool of lncRNAs with a fold

change >2.0 and analyzed their expression levels by qPCR after

initiation of mouse primordial follicles. As shown in Figure 4,

the qPCR results were consistent with the sequencing data and

showed the same trend of dysregulation for each lncRNA. To

confirm our findings, we used bpV(pic), an inhibitor of phos-

phatase and tensin homolog deleted on chromosome ten

(PTEN) that functions as a primordial follicle activator,29 to

further evaluate the lncRNA expression pattern after initiation

of mouse primordial follicles. As described in Methods, we

treated ovaries obtained from 3-day-old mice with bpV(pic),

cultured them in vitro for 8 days, and performed qPCR. The

results showed that 5 lncRNAs among the abovementioned 10

lncRNAs displayed a similar expression trend (Figure 4).

Discussion

The precise mechanisms that govern the regulation of follicle

activation are still largely unknown, and the specific molecular

changes that mediate the initiation of growth and development

of both the oocyte and surrounding granulosa cells are not

understood. An increasing number of studies have linked dys-

regulation of lncRNAs to a wide range of biological processes,

including in the ovarian development and ovarian can-

cer,15,30,31 which have suggested that lncRNAs play important

Figure 2. Assembly and analysis of RNA-seq. A, Novel lncRNAs and (B) novel mRNAs predicted by Coding Potential Calculator (CPC),
txCdsPredict, Coding-Non-Coding Index (CNCI), and Pfam database. C, The numbers of lncRNAs and mRNAs in mouse ovaries. D, The average
expression levels of lncRNAs and mRNAs in the control and cultured groups. lncRNA indicates long noncoding RNA; mRNA, messenger RNA.
The color version of this figure is available online.
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roles in ovarian function. The mechanisms that regulate pri-

mordial follicle activation, one of the most important processes

in the female reproductive life, have not been fully elucidated,

especially at the global transcriptional level. Our study, for the

first time, demonstrates the potential role of lncRNAs in the

initial phase of follicle development.

The activation of primordial follicles in vitro has served as a

model to investigate ovarian development in various species,

including rodents,32 cattle,33 baboons,34 and humans.35 Our

results showed that under the in vitro cultured conditions,

mouse primordial follicles developed to primary follicles and

the single layer of granulosa cells changed from flattened to

cuboidal, suggesting that the primordial follicles might be acti-

vated. Previous studies reported that GDF9 mRNA expression

was significantly elevated,28 while MST mRNA levels were

reduced18 after activation of primordial follicles. GDF9 can

stimulate the transition from primary to secondary follicles,

maintaining ultrastructural integrity of the follicles, suggesting

that GDF9 plays an important role in the development of pri-

mordial follicles.36,37 In contrast, MST serves as negative reg-

ulator of activation of primordial follicles.18 The present study

confirmed this expression pattern in ovaries cultured for 8 days

in vitro. Together these observations indicate that the primor-

dial follicles cultured under our conditions were activated, indi-

cating that our model may be used to explore the mechanism of

primordial follicle activation.32

A recent study revealed that the lncRNA Meg3 mediated

premature ovarian failure via the p53-p66Shc pathway, hinting

that lncRNAs may be involved in activation of primordial fol-

licles.38 In our study, we identified 6541 upregulated and 2135

downregulated lncRNAs during the activation of primordial

follicles, suggesting potential roles for these lncRNAs in con-

trolling primordial follicle activation and maintenance of

quiescence. To gain insight into the function of the differen-

tially expressed lncRNAs, GO term and KEGG pathway anno-

tation analysis were applied to the lncRNA target gene pools

Figure 3. The lncRNA and mRNA expression profiles after activation of mouse primordial follicles. The differentially expressed genes were
analyzed using DEGseq software based on the FPKM method (�2.0 fold-change with P < .05). Differentially expressed lncRNA genes (A), mRNA
genes (B), lncRNA transcripts (C), and mRNA transcripts (D). lncRNA indicates long noncoding RNA; mRNA, messenger RNA. The color
version of this figure is available online.
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Table 3. Significant GO Terms for the Differentially Expressed
lncRNAs Target Genes.

GO-Target-Biological_Process-Term P Value

Immune system process 3.57e-12
Regulation of signal transduction 1.47e-11
Developmental process 6.04e-11
Regulation of macromolecule metabolic process 2.38e-09
Regulation of gene expression 2.66e-08
Regulation of RNA metabolic process 5.48e-07
Regulation of intracellular signal transduction 5.96e-07
Regulation of transcription DNA-templated 9.09e-07
Regulation of nucleic acid-templated transcription 1.12e-06
Regulation of RNA biosynthetic process 1.42e-06
Cell differentiation 1.52e-06
Regulation of metabolic process 1.88e-06
Regulation of cell adhesion 4.23e-05
Positive regulation of transcription from RNA polymerase II

promoter
5.44e-05

Regulation of phosphorylation .00012
Positive regulation of RNA metabolic process .00143
Negative regulation of nucleic acid-templated transcription .00681
Positive regulation of cell proliferation .01119
Regulation of cGMP-mediated signaling .01336
Regulation of cytokine production .03141

Abbreviations: cGMP, cyclic guanosine monophosphate; GO, gene ontology;
lncRNA, long noncoding RNA.

Table 4. Significant GO Terms for the Differentially Expressed mRNAs.

GO-Biological_Process-Term P Value

Immune system process 9.94e-36
Regulation of cell communication 1.54e-22
Cell differentiation 2.00e-20
Positive regulation of signal transduction 3.41e-14
Regulation of MAPK cascade 1.44e-10
Regulation of phosphorylation 2.41e-10
Positive regulation of molecular function 2.23e-08
Negative regulation of signaling 2.91e-08
Regulation of macromolecule metabolic process 9.06e-08
Positive regulation of transcription from RNA polymerase II

promoter
7.63e-07

Positive regulation of ERK1 and ERK2 cascade 1.38e-06
Positive regulation of sequence-specific DNA binding

transcription factor activity
6.05e-05

Regulation of protein serine/threonine kinase activity .00014
Vascular endothelial growth factor receptor signaling pathway .00016
Reproductive process .00040
Regulation of I-kB kinase/NF-kB signaling .00339
Negative regulation of phosphorylation .00360
Positive regulation of protein serine/threonine kinase activity .00396
Negative regulation of cytokine-mediated signaling pathway .00668
Positive regulation of nucleic acid-templated transcription .02330

Abbreviations: cAMP, cyclic Adenosine monophosphate; cGMP,
cyclic guanosine monophosphate; GO, gene ontology; MAPK,
mitogen-activated protein kinase; mRNA, messenger RNA; NF-kB,
Nuclear Factor Kappa B; PKG, protein kinase G; PPAR, peroxisome
proliferators-activated receptor.

Table 5. Significant KEGG Pathways for the Differentially Expressed
lncRNA Target Genes.

KEGG-Target-Pathway P Value

MAPK signaling pathway 9.67e-06
NF-kB signaling pathway 1.15e-05
Cell adhesion molecules (CAMs) 4.72e-05
Ras signaling pathway 8.49e-05
Focal adhesion .00032
Notch signaling pathway .00034
TNF signaling pathway .00146
GnRH signaling pathway .00330
TGF-b signaling pathway .00391
PPAR signaling pathway .00416
cGMP-PKG signaling pathway .00485
Thyroid hormone signaling pathway .00538
Oxytocin signaling pathway .00545
Apoptosis .00592
Adherens junction .01688
Calcium signaling pathway .01693
cAMP signaling pathway .02205
T-cell receptor signaling pathway .02984
Rap1 signaling pathway .03310
Wnt signaling pathway .04973

Abbreviations: cAMP, cyclic Adenosine monophosphate; cGMP, cyclic
guanosine monophosphate; KEGG, Kyoto Encyclopedia of Genes and
Genomes; lncRNA, long noncoding RNA; MAPK, mitogen-activated protein
kinase; NF-kB, Nuclear Factor Kappa B; PKG, protein kinase G; PPAR,
peroxisome proliferators-activated receptor; TGF-b, transforming growth
factor b; TNF, tumor necrosis factor.

Table 6. Significant KEGG Pathways for the Differentially Expressed
mRNAs.

KEGG-Pathway P Value

B-cell receptor signaling pathway 5.36e-12
TNF signaling pathway 1.40e-10
MAPK signaling pathway 3.51e-08
Rap1 signaling pathway 3.97e-07
HIF-1 signaling pathway 7.41e-07
VEGF signaling pathway 3.36e-06
Apoptosis 4.00e-06
NF-kB signaling pathway 9.81e-06
Toll-like receptor signaling pathway 1.30e-05
PI3K-Akt signaling pathway 6.54e-05
Ras signaling pathway .00015
Calcium signaling pathway .00017
cAMP signaling pathway .00142
ErbB signaling pathway .00218
Notch signaling pathway .00485
Phosphatidylinositol signaling system .00561
cGMP-PKG signaling pathway .01020
Insulin signaling pathway .02828
PPAR signaling pathway .03158
Estrogen signaling pathway .04579

Abbreviations: cAMP, cyclic Adenosine monophosphate; ErbB, Erythroblastic
Leukemia Viral Oncogene Homolog; HIF-1, hypoxia inducible factor-1; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein
kinase; mRNA, messenger RNA; NF-kB, Nuclear Factor Kappa B; PPAR,
peroxisome proliferators-activated receptor; Rap-1, Ras-related protein 1;
TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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predicted by cis and trans mechanisms.39 Our results showed

that macromolecule metabolic processes (regulation of macro-

molecule metabolic process, regulation of RNA metabolic pro-

cess, regulation of RNA biosynthetic process, regulation of

metabolic process, and positive regulation of RNA metabolic

process) were dramatically activated, suggesting the follicles

are generally more metabolically active, as anticipated, during

the early development stages.40 We found that many cell pro-

liferation and differentiation-related GO terms were signifi-

cantly activated, such as regulation of gene expression,

regulation of intracellular signal transduction, regulation of

transcription DNA-template, and regulation of signal transduc-

tion, which will facilitate the activation of primordial follicles.

Previous studies showed that interleukins exert activities

in the ovary,41 neonatal immune activation depletes the

ovarian follicle reserve, and accelerated follicle maturation

alters ovarian acute inflammatory mediators.42 Interestingly,

our results revealed that the immune system process and

regulation of cytokine production-related genes were

induced in activated follicles, suggesting these factors might

also play a role in the coordination of the primordial follicle

to primary follicle transition. A similar finding was also

reported by Kezele et al. The authors identified 80 upregu-

lated genes and 44 downregulated genes between the pri-

mordial and primary follicle stages using microarray gene

chips in rats.43 In our study, we identified 4171 upregulated

mRNAs and 1795 downregulated mRNAs in ovaries cul-

tured for 8 days in vitro compared with controls. These

differentially expressed mRNAs were also enriched in the

abovementioned GO terms, such as immune system, cell

communication, cell differentiation, signal transduction, and

reproductive process. However, the precise functions of

these genes in primordial follicle development remain to

be elucidated. In addition, changes in cell adhesion are very

important for follicular assembly,44 and modifying the cul-

ture environment (medium components) can substantially

enhance the survival and growth of early-stage follicles.45

Here, we found that KEGG pathways of cell adhesion mole-

cules, focal adhesion, and adherens junction changed after

activation of primordial follicles in in vitro cultured condi-

tions. We propose that a precisely controlled culture condi-

tion could ensure activation of primordial follicles and

mimic the in vivo process of primordial follicle activation.

The KEGG annotation revealed that the identified genes

were involved in important signaling pathways related to pro-

liferation (MAPK, Ras, peroxisome proliferators-activated

receptor [PPAR], and Wnt pathways), survival (transforming

growth factor b [TGF-b] and NF-kB pathways), metabolism

(GnRH pathways), apoptosis (TNF, cell receptor, and calcium

pathways), and cell differentiation and development (notch,

cyclic guanosine monophosphate-protein kinase G [cGMP-

PKG], cAMP, Rap1, thyroid hormone, and oxytocin path-

ways). Most of these pathways have already been reported to

participate in primordial follicle activation.46 The proto-

oncogene c-src and c-erbB2 are involved in primordial follicle

activation and growth through the PKC and MAPK signaling

pathways.47,48 Notch signaling-related genes play a pivotal role

in the initiation of primordial follicle growth, both in vivo and

in vitro.49,50 The apoptosis of random oocytes in oocyte nests is

required for primordial follicle assembly,51 and TNFa appears

to be involved in this process.52 In addition, an important role

for the TGF-b signaling pathway in controlling primordial fol-

licle activation, especially in granulosa cell growth, by modu-

lating the cell–cell communication and microenvironment has

recently been discovered.53,54 Many studies have demonstrated

that several key family members of the TGF-b pathway, such

as the TGF-b family member activin, play a pivotal role in

CYP19A expression through the ActRIB-Smad2 pathway and

thus in follicular development.55 BMP-4, BMP-7, and AMH

promote primary follicle transition.56,57 These findings show-

ing that the TGF-b signaling pathway is critical for primordial

follicle development. Remarkably, most KEGG pathways for

the differentially expressed mRNAs were also enriched in sim-

ilar pathways. Based on previous reports and our findings, we

propose that the abovementioned pathways may contribute to

primordial follicle activation.

Previous study has demonstrated that PTEN can inhibit the

activation of dormant follicles.29 Therefore, to further eval-

uate the lncRNA expression pattern in activated follicles,

bpV(pic), an inhibitor of PTEN, was used to activate primor-

dial follicles. We found that 5 lncRNAs among the selected

10 lncRNAs displayed a similar expression trend after treated

with bpV(pic) compared with control groups; however, the

other lncRNA expression patterns were inconsistent with

RNA-seq and qPCR data. This might be attributed to the

PTEN inhibitor exerting other functions, such as regulating

the function of theca-interstitial cells and granulosa cells in

ovary,58,59 in addition to activating primordial follicles; these

Figure 4. Validation of RNA-seq data by qPCR. Total RNA was iso-
lated from mouse ovaries in control and cultured groups as well as
bpV(pic) groups. qPCR was performed to detect RNA expression
levels. b-actin was used as a loading control to normalize RNA expres-
sion levels. Data are expressed as the mean (SD; n ¼ 3). qPCR indi-
cates quantitative polymerase chain reaction. The color version of this
figure is available online.
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effects may be responsible for the abnormality of some

lncRNA expression patterns. Hence, we propose that the

lncRNAs that showed similar expression patterns in both

bpV(pic)-treated and nontreated ovaries cultured for 8 days

in vitro should be the subjects of future studies on the activa-

tion of primordial follicles.

In conclusion, our study for the first time has determined

genome-wide lncRNA expression profiles using strand-

specific RNA sequencing after activation of primordial fol-

licles with an in vitro culture model. Many lncRNAs and

their associated signaling pathways may contribute to the

activation of primordial follicles. The lncRNAs identified

in the current study could serve as candidates for further

investigation of the growth and development of primordial

follicles and help expand our comprehensive understanding

of follicular development.
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