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Abstract. The present study aimed to explore the difference 
in the expression profiles of ovarian microRNA sequences 
in rats in a light pollution environment and rats in a normal 
light environment. Rats in the control group were exposed 
to 12-h light/dark cycles, while rats in the model group 
were continuously exposed to 24‑h light. The ovaries were 
extracted from the two groups of rats, and Illumina HiSeq 
2500 high‑throughput sequencing technology was used to 
detect the differences in microRNA (miRNA) expression 
among the two groups. Fluorescence quantitative reverse 
transcription‑polymerase chain reaction was used to verify 
the differential expression of miRNA. The present study was 
designed to experimentally validate the interaction between 
miR‑421‑5p and mitogen‑activated protein kinase (MAPK) 7 
by using the dual‑luciferase reporter system, and to explore 
the expression of proteins in the MAPK signaling pathway 
with a lentiviral vector‑mediated small hairpin RNA inter-
ference against microRNA‑421‑5p. The expression of 45 
miRNAs was significantly different. In total, 13 miRNAs 
were upregulated, of which 5 miRNA sequences were known 
and 8 were predicted. Furthermore, 32 miRNAs were down-
regulated, of which 11 miRNA sequences were known and 
21 were predicted. The results of the luciferase reporter assay 
confirmed the targeting association between miR‑421‑5p and 
MAPK7. The expression levels of MAPK and genes in its 
downstream signaling pathways, including c‑Fos, CREB and 
c‑Myc, were downregulated when miR‑421‑5p was overex-
pressed and upregulated when miR‑421‑5p was silenced. The 

differential expression of miRNAs may serve an important 
role in the development of the ovary in a light pollution 
environment. miR‑421‑5p may regulate ovarian growth and 
development by targeting the MAPK signaling pathway in 
light polluted rat ovaries.

Introduction

In recent years, the extensive application of artificial light 
has brought great convenience for people. However, at the 
same time, it has become a new source of pollution. Light 
pollution generates a marked adverse effect on the envi-
ronment and on human life (1,2). There is an increasing 
population who work under different shift schedules, stay 
up late or have irregular schedules. This has disrupted the 
conventional sleep pattern of getting up at sunrise and going 
to bed at sunset, thus causing certain harm on the human 
body to a variable extent and increasing the risk of incidence 
of a series of diseases, as manifested by female reproduc-
tive system diseases, such as menstrual disorders, ovulatory 
disorders, infertilitas feminis, spontaneous abortion and 
dysmenorrhea (3,4). 

MicroRNAs (miRNAs) are a type of non-coding RNA 
with a length of ~22 nt, which are extensively present in 
eukaryotes, such as mammals. miRNAs may cause the 
degradation of their target messenger RNA (mRNA) 
or suppress its translation by specific base pairing with 
the target mRNA, allowing these genes to be regu-
lated post‑translationally. As an important mode of 
post‑translational regulation, miRNAs serve an important 
role in the regulation of the development of numerous 
diseases, including processes such as cell proliferation and 
apoptosis, endocrinosity, metabolism, lipid metabolism and 
neural differentiation (5‑11). Numerous studies on impor-
tant biological processes have reported that a differential 
expression of miRNAs is present in a variety of diseases. 
The present study established a continuous light‑induced 
rhythm disturbance rat model to simulate a light polluted 
environment. The effect of this environmental factor was 
then examined on rat ovary microRNAs and signaling path-
ways by analyzing the rat ovary miRNA expression profile 
via sequencing and the association between miRNA and 
signaling pathways, thus providing an experimental basis 
for clinical treatment and prevention.
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Materials and methods

Experimental animals. Two‑month old Sprague Dawley rats 
(Beijing Wei Tong Li Hua Experimental Animal Technology 
Co., Ltd., Beijing, China) weighting 200±20 g were used for the 
experiments. Rats were housed at room temperature (22‑24˚C) 
with a humidity of 55‑70%, and were provided standard granu-
lated food and water. All experimental protocols involving 
animals were approved by the Ethics Committee of Zhenjiang 
Hospital of Traditional Chinese Medicine (Zhenjiang, China).

Reagents and instruments. The reagents and instruments used 
in the study were as follows: Agilent 2100 Bioanalyzer (Agilent 
Technologies, Inc., Santa Clara, CA, USA), NanoDrop (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), NEBNext Multiplex 
Small RNA Library Prep Set for Illumina kit (cat. no. E7300L; 
New England BioLabs, Inc., Ipswich, MA, USA), TRIzol 
(cat. no. 15596018; Thermo Fisher Scientific, Inc.), PrimeScript 
RT‑PCR kit (cat. no. RR014A; Takara Biotechnology Co., Ltd., 
Dalian, China), Premix EX Taq (cat. no. DRR041A; Takara 
Biotechnology Co., Ltd.), a nucleic acid and protein concentra-
tion analyzer (cat. no. SMA4000; Merinton Instrument, Inc., 
Ann Arbor, MI, USA), 40‑W commercially available incan-
descent lights for daily use (cat. no. E27; Kedao, Hangzhou, 
china), Olympus cX22 microscope (Olympus corporation, 
Tokyo, Japan), Simmah high‑precision light intensity detector 
(Yuan Hengtong, Shenzhen, China), DNA Gel Extraction kit 
(cat. no. D2500‑02; Omega Bio‑Tek, Inc., Norcross, GA, USA), 
T vector (cat. no. D2006; Bi Yun Tian, Shanghai, China), T4 
DNA ligase (cat. no. 2011A; Takara Biotechnology Co., Ltd.), 
Plasmid Extraction kit (cat. no. D6943‑01; Omega Bio‑Tek, 
Inc.), restriction endonucleases XhoI (cat. no. 1094; Takara 
Biotechnology Co., Ltd.) and NotI (cat. no. 1166; Takara 
Biotechnology Co., Ltd.), Lipofectamine 2000 transfection 
reagent (cat. no. 11668‑027; Thermo Fisher Scientific, Inc.), fetal 
bovine serum (cat. no. Sh30084.03; Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA), RPMI 1640 culture medium 
(cat. no. 10‑040‑CRV; Corning Incorporated, Corning, NY, 
USA), microplate reader (Genios Pro F50; Tecan Group, Ltd., 
Mannedorf, Switzerland), 293T cells (Mei Xuan, Shanghai, 
China), Dual‑Luciferase Assay kit (cat. no. E1910; Promega 
Corporation, Madison, WI, USA), rat ovarian luteal granulosa 
cells (cat. no. 23241; Mei Xuan), pLVshRNA‑EGFP (2A) Puro 
(cat. no VL3103; Ying Mao Sheng Ye, Beijing, China), pack-
aging plasmids pH1 and pH2 (Ying Mao Sheng Ye), serum‑free 
Dulbecco's modified Eagle medium (cat. no. 10‑040‑CRV; 
Corning Incorporated), polybrene (cat. no. H9268; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany), strip-
ping buffer (cat. no. sw3020; Solarbio Science & Technology 
Co., Ltd., Beijing, China), dithiothreitol (cat. no. 233155; 
Merck KGaA), bovine serum albumin (BSA; cat. no. 735094; 
Roche Diagnostics, Basel, Switzerland), BCA protein assay 
kit (cat, no. P0010; Bi Yun Tian), pre‑stained protein marker 
(intermediate molecular weight; cat. no. SM0671; Fermentas; 
Thermo Fisher Scientific, Inc.), radioimmunoprecipitation 
assay (RIPA) lysis buffer (cat. no. P0013; Bi Yun Tian), 
enhanced chemiluminescence (cat. no. WBKLS0500; EMD 
Millipore, Billerica, MA, USA), Mini‑PROTEAN Tetra Cell 
(cat. no. 165‑8001; Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA), MultiSkan3 ELISA reader (Multiskan MK3; 

Thermo Fisher Scientific, Inc.), primary antibodies against 
GAPDH (cat. no. ab8245; Abcam, Cambridge, MA, USA), 
mitogen-activated protein kinase (MAPK) 7 (cat. no. 12950; 
Cell Signaling Technology, Inc., Danvers, MA, USA), 
MYC proto‑oncogene (c‑Myc; cat. no. ab56; Abcam), Fos 
proto‑oncogene (c‑Fos; cat. no. ab134122; Abcam), cAMP 
responsive element binding protein 1 (CREB; cat. no. 4820; 
Cell Signaling Technology, Inc.) and phosphorylated (p‑) 
CREB (cat. no. 9198; Cell Signaling Technology, Inc.), 
and goat anti‑rabbit (cat. no. ab6721; Abcam) and mouse 
(cat. no. ab6789; Abcam) immunoglobulin G (heavy + light 
chains) conjugated to horseradish peroxidase secondary 
antibodies.

Experimental methods. A total of 46 female rats were 
randomly divided into two groups: 23 rats in the control group 
and 23 rats in the model group. The 23 rats in the control group 
were exposed to 12‑h light/dark cycles, while the 23 rats in 
the model group were continuously exposed to 24‑h light. 
The protocols used to generate the experimental rat model of 
continuous light exposure were based on previously published 
studies (12,13). The selected light intensity was 300±20 lux, 
and the modeling time was 50 days. We selected 300±20 lux 
in accordance with China's regulations on the ambient illu-
mination and photoperiod indexes for experimental rats (14). 
The work illumination was 150‑300 lux. The criterion for 
successful modeling was 10 days of continuous keratin-
ized epithelium manifestation of rat vaginal smear. In total, 
3 rats did not meet the criterion and were excluded from the 
experiment, while the remaining 20 rats were assigned as the 
model group. During the experiment, the rats' estrus cycles, 
observed by the rats' vaginal smears, were recorded from 9 am 
to 10 am every morning. The rats were sacrificed at the end 
of the experiment. Rats were administered an intraperitoneal 
injection of 10% chloral hydrate (350 mg chloral hydrate/kg 
rat body weight) for anesthesia. All rats showed no signs of 
peritonitis following administration of 10% chloral hydrate. 
The abdomen of these rats was immediately opened, and the 
ovaries were collected, placed in frozen tubes and stored in a 
refrigerator at ‑80˚C for further analyses.

RNA extraction and quality control. Total RNA was extracted 
from the ovary tissues obtained from rats of the control and 
model groups with TRIzol, according to the supplier's instruc-
tions. Then, the quality of the RNA was examined using the 
Agilent 2100 Bioanalyzer. Quality detection was performed in 
order to avoid contamination by any degradation product and 
to ensure that the total RNA concentration and integrity met 
the sequencing requirements. The extracted RNA was stored 
in a refrigerator at ‑80˚C for further use.

Library construction and sequencing. According to the 
instructions of the NEBNext Multiplex Small RNA library 
Prep Set for Illumina kit, 2 µg of total RNA (RIN>8) was used 
for library construction. The constructed library was purified 
by PAGE, and 140 bp segments were recovered. Agilent 2100 
Bioanalyzer was used to detect the library quality, and Qubit 
2.0 Fluorometer was used to quantify the library. Upon mixing 
the different index marked DNA libraries, 50 bp single‑end 
sequencing was performed, according to the instructions of the 
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Illumina HiSeq instrument. The sequence information was read 
with the HiSeq Control Software + OLB + GAPipeline‑1.6 
(Illumina) provided in the HiSeq instrument.

Bioinformatics analysis pipeline. miRNA sequencing 
provided the original data. Next, filtration was performed to 
remove the contamination and connection sequences, and the 
length of the determined sequence, reads and data output were 
then collected and calculated. The sequences obtained were 
compared with the known miRNAs in the miRBase v20 data-
base, and annotations were performed on known miRNAs. In 
addition, the sequences were compared with the Rfam data-
base, and analysis was performed to obtain the distribution of 
non‑coding RNAs in the small RNAs. Next, the experimental 
sequences obtained by sequencing were compared with 
the complete genome sequence of a specific species, and 
new miRNAs were predicted with the folding model (15). 
Subsequently, the differential expression of miRNAs between 
different samples was analyzed, and clustering model analysis 
was performed using R (16).

Analysis of the differential expression of miRNAs. DESeq 
(v1.18.0) software (17) was used to perform the statistical anal-
ysis of the differential expression of known miRNAs in the 
samples of the two groups. The DESeq results were screened 
according to the criterion of significant difference (miRNA 
expression ≥2‑fold difference; P≤0.05), and the upregulation 
and downregulation of significantly differential expression of 
miRNAs was calculated.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) significance enrichment analysis. GO is an 
international standard gene classification system. It comprises 
of three ontologies: Description of a gene's molecular func-
tion, cell composition and bioprocesses involved. The main 
biological function of these differential expression miRNA 
target genes was determined through the GO function 
Significance Enrichment Analysis (18). KEGG is the main 
public database of these pathways. The significance enrich-
ment analysis of KEGG can predict the signaling pathways 
of significant enrichment in the target genes of differentially 
expressed miRNAs.

Validation of the dif ferential expression of miRNAs. 
Fluorescence‑based reverse‑transcription polymerase chain 
reaction (RT‑qPCR) was used to detect the differential 
expression of miRNAs, and to validate the results from the 
high‑throughput sequencing. All reactions were performed in 
a total volume of 20 µl, using the PrimeScript RT‑PCR kit, 
according to the manufacturer's instructions. Upon termina-
tion of the reaction, the quantitative cycle (Cq) values were 
determined. The mean Cq value from three replicates was 
measured, and ∆Cq was the difference between the Cq value 
of the target gene and the Cq value of the internal reference. 
The thermocycling conditions were denaturation at 95˚C 
for 30 sec, 40 cycles of 95˚C for 5 sec and 60˚C for 34 sec, 
and end stage 95˚C for 15 sec, 60˚C for 1 min and 95˚C for 
15 sec. Relative fold changes in expression were calculated 
using the formula 2-ΔΔCq (19). The ribosomal RNA U6 gene 
was used as the internal reference (primers, forward TGA 

CAC GCA AAT TCG TGA AGC GTT C and reverse CCA GTC 
TCA GGG TCC GAG GTA TTC). The forward primers for the 
miRNAS were: miR‑344a, GCG GCG GUC AGG CUC CUG 
GCU A; miR‑466b‑5p, GGC GGU AUG UGU GUG UGU AU 
G UC; miR‑466c‑3p, GCG GCG GUA UAC AUG CAC ACA 
UAC; and miR‑421‑5p, CGG CGG GGC CUC AUU AAA UG 
U UU. The downstream generalized primer sequence is CAG 
TGC AGG GTC CGA GGT AT.

Dual‑luciferase reporter assay. Cryopreserved cells were 
thawed using the rapid thawing method. Briefly, cells were 
quickly removed from the ‑80˚C ultra‑low temperature freezer, 
immediately plunged into a 37.5˚C thermostatic water bath, 
and rapidly thawed with continuous agitation. The cells were 
then cultured, and the medium was changed after ~48 h. The 
cells were cultured until 80% confluence, and the medium was 
then removed and 1 ml trypsin was added into the culture flask. 
The cells were incubated in a 37˚C incubator for ~30 min and 
pipetted into a 25 ml centrifuge tube, followed by centrifugation 
at 4˚C and 111.8 x g for 6 min. Cell debris was collected and 5 ml 
pre‑warmed complete medium was added. The cell suspension 
was then transferred into a new cell culture flask and cultured in 
an incubator. Dimethyl sulfoxide:fetal bovine serum:cell culture 
medium (1:2:7) was mixed to prepare the cell freezing medium. 
Cells were digested when reaching 100% confluence and 
collected in a centrifuge tube. Following centrifugation at 4˚C 
and 111.8 x g for 6 min, the cells were collected and suspended 
in 1.5 ml freezing medium in a cryotube by gentle pipetting. 
The cell name, freezing time and operator name were labelled 
on the tube. A total of 1 ml cell suspension was placed onto a 
hemocytometer, covered with a cover glass and incubated for 
~2 min until the cell suspension was evenly distributed. Cell 
numbers were counted under a microscope.

The 3'‑untranslated regions (UTRs) of the target gene 
MAPK7 were designed and manufactured. TargetScan bioin-
formatics analysis software (7) was employed, which predicted 
that bases 168‑274 at the 3'‑UTR of the MAPK7 gene may 
complementarily pair with microRNA‑421‑5p. Therefore, 
313‑nt fragments containing potential complementary binding 
sites for microRNA‑421‑5p were designed and synthesized 
by Sangon Biotech Co., Ltd. (Shanghai, China). Restriction 
recognition sites for XhoI and NotI were added at the 5' and 
3' ends of the fragments, respectively. To anneal the MAPK 
3'‑UTR fragment to form double‑stranded DNA, the 3'‑UTR 
sense sequence and 3'‑UTR antisense sequence of MAPK7 
were dissolved in TE buffer (pH 8.0) at a final concentration of 
100 µM. The samples were denatured at 95˚C for 2 min, and 
the temperature was then reduced at a rate of 1˚C per 90 sec to 
25˚C and incubated for 30 min. The annealing products were 
stored at 4˚C or frozen at ‑20˚C for later use. The products 
were diluted to 200 nM for the subsequent ligation reaction.

Next, psiCHECK2‑MAPK7 3'‑UTR was constructed. 
The vector psiCHECK2 contained restriction sites for XhoI 
and NotI in its multiple cloning site (MCS), and was therefore 
linearized by digestion with XhoI and NotI. The psiCHECK2 
vector was digested in a 37˚C water bath for 2 h and then 
incubated at 70˚C for 5 min to stop the reaction.

DNA products of the double digestion were recovered 
following agarose gel electrophoresis. The MAPK7 3'‑UTR was 
ligated with the psiCHECK2 vector. Next, E. coli competent 
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cells were prepared and transformed with the recombinant 
plasmid. Then, recombinant plasmids were extracted for identi-
fication of recombinant clones. Subsequently, a dual‑luciferase 
activity assay of the regulation of miR‑421‑5p on the target 
gene MAPK7 was performed.

The psiCHECK2 vector is used primarily to detect the 
activity of the miRNA of interest. In the dual‑luciferase assay, 
the target mRNA of the miRNA is inserted into the MCS 
downstream of the firefly luciferase reporter gene, which is the 
major reporter. If the exogenous miRNA binds to the mRNA of 
the target gene, the expression of the firefly luciferase gene will 
be inhibited, and the fluorescence value will be reduced. The 
Renilla luciferase reporter gene is used as an internal reference 
gene to normalize the results and reduce experimental errors.

In the present study, the two target gene fragments were 
designed and cloned into the MCS downstream of the firefly 
luciferase reporter gene in the psiCHECK2 vector. The miRNA, 
if present, would bind to the mRNA of the firefly luciferase gene 
to degrade the mRNA and inhibit the transcription and subse-
quent translation of the firefly luciferase gene, thus resulting in a 
reduced fluorescence value. By contrast, if the miRNA is absent, 
the mRNA of the firefly luciferase gene would not be degraded, 
and its transcription and translation would continue normally. 
Therefore, the fluorescence value would be higher. To test this 
hypothesis, transfection of recombinant vectors into 293T cells 
and dual‑luciferase reporter gene activity assay were conducted.

The plasmid psiCHECK2 was t ransfected into 
293T cells with Lipofectamine 2000, and luciferase 
activity was examined with the Promega Dual‑Luciferase 
Assay kit. Experimental groups were as follows: Group 1, 
miR‑421‑5p + psiCHECK2‑MAPK7; group 2, miR‑4
21‑5p + psiCHECK2‑MAPK7‑mutant (mut); group 3, 
negative miRNA + psiCHECK2‑MAPK7; group 4, nega-
tive miRNA + psiCHECK2‑MAPK7‑mut; group 5, 
miR‑421‑5p + psiCHECK2; group 6, let7 + EZH1; and group 7, 
psiCHECK2. Three replicates were analyzed in each group.

Effect of miR‑421‑5p regulation on ovarian granulosa cells in 
rats. Rat ovarian luteal granulosa cells were used to examine 
the effect of miR-421-5p in vitro. Cells in the normal group 
were not treated, while those in the overexpression, silenced 
and control groups were transfected with virus overexpressing 
miR‑421‑5p, virus with silenced miR‑421‑5p expression and 
empty vector control virus, respectively.

Sequences of small hairpin RNA (shRNA) were designed 
using dedicated software and synthesized in full length for 
overexpression and silencing. The target fragments mentioned 
above were ligated into the pLVshRNA‑EGFP (2A) Puro 
vector, and then amplified and sequenced. Lentiviruses were 
prepared and transfected into host cells. The expression 
of downstream proteins was detected by western blotting. 
Samples were processed, and the extracted proteins were mixed 
with loading buffer and boiled for 10 min. Upon cooling down 
slowly to room temperature, the samples were centrifuged 
briefly and stored at ‑20˚C for testing. Then, the proteins were 
quantified and the protein concentration was determined by 
the BCA method. Next, western blotting of the target protein 
and the internal reference protein was performed. In addition, 
MAPK7, c‑Fos, c‑Myc and CREB expression in the ovaries of 
the two groups of rats was also determined by RT‑qPCR. 

Western blotting. Total protein was extracted from samples 
using RIPA lysis buffer, via boiling for 10 min. Protein 
quantification experiments were performed via BCA (3). 
Subsequently, 20 µg protein per lane were separated by 
SDS‑PAGE (12% separation gel and 5% concentrated gel), 
and transferred to polyvinylidene difluoride membranes. 
The membrane was blocked in 3% BSA with TBS‑Tween‑20 
(TBST) overnight at 4˚C. The membrane was incubated with the 

Table I. Estrus cycle comparison of the two rat groups.

Group Proestrus Estrus Metestrus Diestrus

Model (n=23) 121 115a 118a 134a

control (n=23) 38 428 10 12

Data are presented as n. aP<0.05.

Figure 1. Distribution of ovarian RNA sequences in the (A) control and 
(B) model group of rats.
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following primary antibodies at room temperature for 30 min: 
GAPDH (1:10,000), MAPK7 (1:1,000), c‑Myc (1:1,000), 
c‑Fos (1:1,000), CREB (1:1,000) and p‑CREB (1:1,000).

The membrane was then washed with TBST 5 times, 
each time for 3 min and incubated with goat anti‑rabbit and 
anti‑mouse secondary antibodies (both 1:3,000) at room 
temperature for 40 mins. Protein bands were visualized 
using enhanced chemiluminescence. Quantity One software 
(v.4.6.6; Bio‑Rad Laboratories, Inc.) was used for densitometry 
analysis.

RT‑qPCR. TRIzol was used for total RNA extraction from 
ovarian tissue. PrimeScript RT‑PCR kit and Premix EX Taq 
were applied for the RT and qPCR reactions, respectively. 
Primers were designed by Sangon Biotech Co., Ltd. RT was 
conducted in accordance with the manufacturer's protocol for 

the PrimeScript RT‑PCR kit. qPCR was subsequently performed 
with the following thermocycling conditions: Denaturation at 
95˚C for 30 sec, 40 cycles of 95˚C for 5 sec and 60˚C for 34 sec, 
and end stage 95˚C for 15 sec, 60˚C for 1 min and 95˚C for 15 sec. 
The following primer sequences were used: MAPK7 forward, 
5'‑GCT CCT TCG ACG TGA CCT TT‑3' and reverse, 5'‑TCC 
AGT ACC ACG TAG ACA GA‑3'; C‑MYC forward, 5'‑TGG AGT 
GAG AAG GGC TTT GC‑3' and reverse, 5'‑GTG AGA AGT GTC 
TGC CCG TT‑3'; C‑FOS forward, 5'‑GGG AGC TGA CAG ATA 
CGC TC‑3' and reverse, 5'‑TCA AGT CCA GGG AGG TCA CA‑3'; 
CREB forward, 5'‑CCC CAG CAC TTC CTA CAC AG‑3' and 
reverse, 5'‑TTA AGC ACT GCC ACT CTG TTC‑3'; and GADPH 
forward, 5'‑AGT GCC AGC CTC GTC TCA TA‑3' and reverse, 
5'‑GGT GAT GGG TTT CCC GTT GA‑3'. mRNA levels were 
quantified using the 2-ΔΔCq method.

Statistical analysis. SPSS 24.0 software was used for data 
processing (IBM Corp., Armonk, NY, USA) (20). Differences 

Table II. Number of reads of small RNAs in the ovaries of the two rat groups.

Group rRNA snoRNA miRNA tRNA snRNA Others

Control 184,370 106,251 432,305 4,073,512 11,620 72,044
Model 135,613 133,589 671,118 2,789,467 11,777 49,077

Figure 3. Distribution of GC base content of (A) control and (B) model rats.
Figure 2. Average distribution of base sequence of (A) control and (B) model 
rats.
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between two groups were examined with the t‑test. 
Differences between multiple groups were examined with 
one‑way analysis of variance for those that complied with a 
homogeneity of variance post hoc test. Non‑parametric test 
was adopted for those that did not comply with homogeneity 
of variance. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Rat estrus cycles. The number of rats in the control group 
at the stage of proestrus, metestrus and diestrus was higher 
compared with the model group (Table I). The number of 
estrous period in the model group was higher compared with 
the control group (Table I). These findings suggest that light 
pollution may lead to disorders of the estrus cycle in rats, 
prolong the estrus period and shorten the stages of proestrus, 
metestrus and diestrus.

High‑throughput sequencing data. Upon data processing of 
the original sequences, the number of small RNA sequences 
was counted in the two groups of rat ovary samples, 

Table III. Differential expression of known microRNAs.

 Expression quantity of microRNAs
 -----------------------------------------------------------------------------------------------
MicroRNA control group Model group Expression change

miR‑421‑5p 0 211.5 Upregulated
miR‑326‑5p 0 124.5 Upregulated
miR‑132‑5p 2,517.7 388.8 Downregulated
miR‑146b‑5p 26,466.9 5,636.8 Downregulated
miR‑466c‑3p 451.1 87.5 Downregulated
miR‑212‑5p 409.1 49.1 Downregulated
miR‑466b‑5p 51.0 0 Downregulated
miR‑21‑5p 1,527,937.3 46,7145.7 Downregulated
miR‑208a‑5p 5.6 83.6 Upregulated
miR‑6329 1,116.7 536.8 Downregulated
miR‑338‑5p 133.7 362.4 Upregulated
miR‑96‑5p 903.7 388.9 Downregulated
miR‑344a 26.3 0 Downregulated
miR‑31a‑5p 5,469.7 2,043.8 Downregulated
miR‑541‑5p 38.3 144.8 Upregulated
miR‑877 57.4 6.3 Downregulated

Figure 4. In the differential microRNA volcano plot for significantly differen-
tially expressed microRNAs, the red color represents upregulated expression, 
while the blue color represents downregulated expression. The X‑axis is the 
fold‑change in expression for microRNAs in different samples, while the 
Y‑axis is the statistical significance of the difference in the expression change 
of microRNAs. The dot image of plus or minus infinity is not shown.

Figure 5. Comparison of microRNA expression in the control and model 
groups.
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and those suitable for analysis contained 1,6733,978 and 
1,3724,423 reads, respectively. The statistical analysis 
of the distribution of sequences with a length of 18‑32 nt 
revealed that the reads of the obtained sequences of 18-32 nt 
mainly corresponded to 20-24 nt and reached a peak at 22 
nt (Fig. 1A and B), which met the characteristic length of 
microRNAs. The present results demonstrated that the 
sequencing data were accurate and reliable, and could be used 
in subsequent bioinformatics analyses.

Classification and annotation of small RNA sequences. 
The comparison of sequences with the rat genome revealed 
that rat samples in the model group totally matched those 
of rat genome sequences that had 3,790,640 reads, while rat 
samples in the control group totally matched the rat genome 
sequences that had 4,880,102 reads. For comparison of these 
matched sequences with various types of small RNAs, the 
rat mRNAs in the Rfam database were used, since they 
provided the number of reads of different types of small 
RNA (Table II).

Average distribution of base sequences. In the average distri-
bution of sample base sequences, the X‑axis corresponds to the 
average quality value of the base sequence, while the Y‑axis is 
the number of sequences. Fig. 2A and B represent the average 
quality peak value for the majority of base sequences, which 
was >30 in general, suggesting a good quality of the sequences.

Distribution of GC base content. The GC base content test 
determines any separation of AT or GC. The X‑axis is the base 
position of the reads, while the Y‑axis is the % of a single 
base. Different colors represent different base types. It can be 
observed in Fig. 3A and B that the sample GC base content 
was balanced and there was no separation in the AT or GC 
base pairs.

Analysis of the differential expression of miRNAs. When 
comparing the control with the model group, the expression 
of 45 miRNAs was significantly different. Among these 45 
miRNAs, 13 were upregulated, of which 5 miRNA sequences 
were known and 8 were predicted. Furthermore, 32 miRNAs 

Table IV. Unknown differentially expressed microRNAs.

 Expression quantity of microRNAs
 --------------------------------------------------------------------------------------------
MicroRNA control group Model group Expression change

NovelmiRNA‑117 1,026.7 319.1 Downregulated
NovelmiRNA‑118 0 241.5 Upregulated
NovelmiRNA‑122 0 317.3 Upregulated
NovelmiRNA‑131 451.1 87.5 Downregulated
NovelmiRNA‑132 2,885.9 0 Downregulated
NovelmiRNA‑135 388.8 0 Downregulated
NovelmiRNA‑14 34.22 0 Downregulated
NovelmiRNA‑140 137.2 44.6 Downregulated
NovelmiRNA‑17 872.0 0 Downregulated
NovelmiRNA‑198 215.5 0 Downregulated
NovelmiRNA‑256 196.8 0 Downregulated
NovelmiRNA‑259 0 271.2 Upregulated
NovelmiRNA‑276 0 7,559.6 Upregulated
NovelmiRNA‑318 0 266.3 Upregulated
NovelmiRNA‑327 879.4 0 Downregulated
NovelmiRNA‑338 902.6 0 Downregulated
NovelmiRNA‑34 346,855.7 0 Downregulated
NovelmiRNA‑348 25.1 0 Downregulated
NovelmiRNA‑405 78.5 0 Downregulated
NovelmiRNA‑406 258.4 0 Downregulated
NovelmiRNA‑446 14,8717.1 0 Downregulated
NovelmiRNA‑483 1,646.4 422.6 Downregulated
NovelmiRNA‑495 81.6 9.6 Downregulated
NovelmiRNA‑512 0 412,320.7 Upregulated
NovelmiRNA‑58 197.1 0 Downregulated
NovelmiRNA‑60 0 414.7 Upregulated
NovelmiRNA‑62 2,104.2 0 Downregulated
NovelmiRNA‑71 0 398.3 Upregulated
NovelmiRNA‑91 2,104.2 0 Downregulated



MA et al:  MAPK PATHWAY REGULATION BY miRNA-421-5p 3336

were downregulated, of which 11 miRNA sequences were 
known and 21 were predicted (Tables III and IV).

The differential miRNA volcano plot for significantly 
differentially expressed miRNAs is shown in Fig. 4. The 
comparison of miRNA expression in the control and model 
groups is shown in Fig. 5. The differential miRNA clusplot 
for clustering log2 TPM (TPM=microRNA reads x106/total 
reads) values is shown in Fig. 6. The red color represents high 
expression of miRNAs and the green color represents low 
expression of miRNAs. Cluster analysis was used to calculate 
the similarity of the data and to classify them accordingly in 
order to cluster miRNAs with the same function or a close 
association. In this manner, it may be possible to recognize 
the function of miRNAs and deduce whether they participate 

in the same metabolic process or cell pathways. Regions 
with different colors represent different cluster information. 
Patterns expressed by miRNAs in the same group are similar 
and may have similar functions or participate in the same 
biological process. 

GO and KEGG function significant differences. Representation 
of the differential expression of miRNA target genes in the 
GO enrichment bar graph displayed the count distribution of 
differential miRNA target genes in a biological process, cell 
composition and molecular function-enriched GO enrich-
ment. GO analysis also revealed that the samples were mainly 
enriched in biological regulation, the process of growth and 
molecular binding in terms of enriched molecular functions 

Figure 6. In the differential microRNA expression clusplot for clustering log2 TPM values, the red color represents high expression of microRNAs whereas the 
green color represents low expression of microRNAs. 
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(Fig. 7). Scatter plots are used as a method of graphically 
demonstrating the KEGG enrichment analysis results. In this 
graph, KEGG enrichment level is measured using the rich 
factor, also known as Q‑value, as well as the number of genes 
enriched in this pathway. The rich factor refers to the ratio 
of the number of genes located in this pathway term versus 
the differentially expressed miRNA target genes from the 
all annotated genes. The greater the rich factor, the higher 
the enrichment level. The Q‑value refers to the P‑value upon 
correction by the multiple hypothesis testing, which ranges 

from 0 to 1. The closer to 0 this value is, the more signifi-
cant the enrichment becomes. KEGG Pathway Enrichment 
Analysis revealed that pathways involving miRNA‑regulated 
target genes were mainly enriched in the interaction of nerve 
tissue receptors, cancer, estrogen and MAPK‑associated 
signaling pathways (Fig. 8).

Validation by RT‑qPCR. Four significantly differentially 
expressed miRNAs (miR‑344a, miR‑466b‑5p, miR‑466c‑3p 
and miR‑421‑5p) were validated by RT‑qPCR. The results 

Figure 7. GO enrichment histogram. The X‑axis is the enrichment of GO term and the Y‑axis is the number of different microRNA target genes in this term. 
Different colors are used to distinguish biological processes, cell components and molecular functions. GO, Gene Ontology.
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revealed that the expression changes of the above four 
microRNAs were consistent with the results from the 
high‑throughput sequencing, further corroborating the 
accuracy of the sequencing results (Fig. 9).

Dual‑luciferase reporter gene assay. The comparison of the 
fluorescence activity of different carrier plasmids is displayed 

in Table V. The silencing efficiency of let7 on the EZH1 gene 
in the positive control group (group 6) was 65.62%, while that 
of the control group was within the range of allowable error, 
thus suggesting that these experimental data were reliable. 
The silencing efficiency of miR‑421‑5p on MAPK7 gene was 
56.36%. The present results suggest that miR‑421‑5p exhibited 
good regulation effects on MAPK7.

Figure 8. Different microRNA target genes of the Kyoto Encyclopedia of Genes and Genomes rich scatter plot. The Y‑axis is the pathway name, while the 
X‑axis shows the rich factor. The size of the points shows the number of differentially expressed microRNA target genes in this pathway, while the color of 
the points corresponds to the Q‑value range.
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Effect of miR‑421‑5p on target protein expression in rat 
ovarian granulosa cells. Rat ovarian granulosa cells were 
transduced with lentiviral constructs to either silence or over-
express miR‑421‑5p. Then, the protein expression levels of 
MAPK7, c‑Fos, c‑Myc, CREB and p‑CREB were assessed by 
western blotting (Fig. 10)

MAPK7 protein expression in the overexpression group 
was considerably lower compared with the normal, silenced 
and control groups (P<0.05). MAPK7 protein expression in 
the silenced group was higher compared with the normal and 
control groups (P<0.05).

c‑Fos protein expression in the overexpression group 
was markedly lower compared with the normal, silenced 
and control groups (P<0.05). c‑Fos protein expression in the 
silenced group was higher compared with the normal and 
control groups (P<0.05). c‑Myc protein expression in the 
overexpression group was markedly lower compared with the 
normal, silenced and control groups (P<0.05). c‑Myc protein 
expression in the silenced group was higher compare with the 
normal and control groups (P<0.05).

CREB protein expression in the overexpression group 
was markedly lower compared with the normal, silenced and 
control groups (P<0.05). CREB protein expression in the 
silenced group was higher compared with the normal and 

control groups (P<0.05). The protein expression of p‑CREB 
in the overexpression group was remarkably lower compared 
with the normal, silenced and control groups (P<0.05). The 
protein expression of p‑CREB in the silenced group was 
higher compared with the normal and control groups (P<0.05).

Expression of ovarian MAPK7, c‑Fos, c‑Myc and CREB, as 
detected by RT‑qPCR. The expression of ovarian MAPK7 in 
the control group was significantly higher compared with the 
model group (P<0.05; Fig. 11). The expression of ovarian c‑Fos 
in the control group was significantly higher compared with 
the model group (P<0.05; Fig. 11). The expression of ovarian 
c‑Myc in the control group was significantly higher compared 
with the model group (P<0.05; Fig. 11). The expression of 
ovarian CREB in the control group was significantly higher 
compared with the model group (P<0.05; Fig. 11).

Discussion

In recent years, the extensive application of artificial light 
has brought great convenience in people's life. However, 
prolonged night-time illumination may extend the exposure 
time and intensity of the human body to light, which may 
cause endocrine disorders, circadian rhythm disorders and 
reproductive dysfunction. It has been reported in the literature 
that night‑shift and shift‑schedule workers have increased 
incidence of diseases such as menstrual disorders and 
infertilitas feminis. Increased illumination over time or over 
intensity could cause hypothalamic‑pituitary‑ovarian axis 
abnormalities, and affect human life and health (21,22).

The present study combines high‑throughput techniques 
with bioinformatics to discuss light pollution‑induced differ-
ential expression of miRNAs and possible target genes, and 
further hypothesizes the mode of action of miRNAs in a 
light‑polluted environment. The results revealed that, among 
the 45 miRNAs exhibiting highly differential expression in 
the light‑polluted group, 13 were upregulated and 32 were 
downregulated. Furthermore, the RT‑qPCR results confirmed 
the miRNA expression changes to be consistent with the 
high‑throughput sequencing.

The target genes of differentially expressed miRNAs 
obtained in the present study are mainly enriched in 
processes such as biological regulation and growth in terms 

Figure 9. Relative expression levels of four microRNAs in the control and 
model groups. #P<0.05. 

Table V. Comparison of fluorescence activity of the carrier plasmid in each group.

 REN/FIR Standard Residual fluorescence activity Fluorescence
Group mean value deviation compared with group 7 (%) reduction (%) P‑value

1 0.259295 0.019407 43.64 56.36 <0.001
2 0.564539 0.051092 95.01 4.99 0.456
3 0.582167 0.013456 97.98 2.02 0.613
4 0.602215 0.059465 101.35 ‑1.35 0.850
5 0.556680 0.045377 93.69 6.31 0.323
6 0.204253 0.027100 34.38 65.62 <0.001
7 0.594164 0.035435 100.00 0.00 

P‑values are included for differences in each group vs. group 7. REN, Renilla luciferase; FIR, firefly luciferase.
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of GO enriched biological functions; in ionic binding in 
terms of molecular functions; and in the synthesis and 
metabolism of cell parts, macromolecular compounds and 
the cell wall in terms of cell composition. KEGG pathway 
enrichment analysis revealed that pathways involved in 
miRNA-regulated target genes in light-polluted rats are 
mainly enriched in cancer, estrogen and MAPK‑associated 
signaling pathways.

miRNAs, a class of non‑coding short RNAs, serve an 
important regulatory role in cell growth and development, and 

have become a hot spot in the field of biological cytology. The 
MAPK family is an important factor in the signaling path-
ways of cell growth and proliferation. MAPKs are a protein 
kinase family widely distributed in the cytoplasm, with phos-
phorylation capacity on both threonine and serine (23‑25). 
Extracellular‑regulated protein kinases (ERKs) are the first 
type of MAPKs identified. MAPK7, also known as ERK5, is 
a member of the MAPK family and is expressed in a variety 
of tissues. MAPK7 can be regulated by growth factors, cyto-
kines and oxidative stress (26‑29), and regulates numerous 

Figure 10. Protein expression levels were determined by western blotting in rat ovarian granulosa cells, following overexpression or silencing of miR‑421‑5p. 
Untreated cells were the normal group. Cells transduced with empty vector were the control group. &P<0.05, overexpression group vs. normal group; *P<0.05, 
overexpression group vs. silenced group; #P<0.05, overexpression group vs. control group; αP<0.05, normal group vs. silenced group; βP<0.05, silenced group 
vs. control group. MAPK, mitogen‑activated protein kinase; c‑Fos, Fos proto‑oncogene; c‑Myc, MYC proto‑oncogene; CREB, cAMP responsive element 
binding protein 1; p‑, phosphorylated. 
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biological processes, including cell growth, differentiation and 
apoptosis (30‑32).

In the present study, a bioinformatics software was used 
to predict that miR‑421‑5p was able to complementarily 
pair with MAPK7 3'‑UTR. Then, a eukaryotic expression 
vector encoding MAPK7 with miR‑421‑5p was success-
fully constructed and confirmed by restriction endonuclease 
digestion and sequencing. The dual‑luciferase reporter assay 
system revealed that the relative luciferase activity of the 
wild‑type + miR‑421‑5p group was significantly reduced 
compared with the wild‑type + miRNA internal reference 
group, suggesting that miR‑421‑5p directly interacted with the 
MAPK7 3'‑UTR and inhibited the activity of fluorescein. The 
present study therefore demonstrated that miR‑421‑5p was 
involved in the gene regulation of MAPK7 by binding to its 
3'‑UTR. 

In the present study, a lentiviral expression system was 
used as an interference expression vector to obtain a stable 
and reliable gene expression alteration. Granulosa cells are 
closely associated to reproductive endocrine than thecal cells, 
and miR‑421‑5p expression was detected in granulosa cells 
in the early stage. Thus, we selected granulosa cells and not 
thecal cells for studying the effects of miR-421-5p on the 
MAPK signaling pathway. The morphology of rat granulosa 
cells was not significantly changed upon transduction with 
the lentiviruses, and the cells grew as expected. Thus, cells 
with miRNA overexpression or knockdown were generated 
and used to detect the expression levels of the target proteins 
MAPK7, c‑Fos, c‑Myc, CREB and p‑CREB.

MAPK7 is an important member of the MAPK signaling 
pathway, and changes in its expression directly affect the 
signal transduction cascade. MAPK7 mainly affects the func-
tion of the ERK signaling pathway in the MAPK signaling 
pathway, and the ERK pathway serves a decisive role in cell 
proliferation and differentiation (33‑35). In the present study, 
the expression of MAPK7, c‑Fos, c‑Myc and CREB, as well as 
the phosphorylation of CREB, were analyzed by western blot-
ting once miR‑421‑5p was overexpressed or silenced. Protein 
phosphorylation is the most basic and important mechanism to 
regulate and control the activity and function of proteins. The 
present results revealed that the expression levels of MAPK7, 
c‑Fos, c‑Myc, CREB and p‑CREB were decreased when 
miR‑421‑5p was overexpressed. The ERK signaling pathway 
mainly affects the proliferation and differentiation of cells, 
and the expression levels of MAPK7, c‑Fos, c‑Myc, CREB and 
p‑CREB were increased when miR‑421‑5p was silenced. 

In the experimental observation of the animals, it was 
remarked that the rats in the 24‑h light group did not show 
sleep deprivation within the exposure time (50 days), and the 
rats still exhibited normal sleep under the 24‑h light condition. 
Therefore, the conclusions of the present study were caused by 
continuous light exposure, rather than sleep deprivation.

In summary, miR‑421‑5p was demonstrated to bind to 
MAPK7 3'‑UTR, inhibit the expression of MAPK7, and 
significantly reduce the expression of MAPK7, c‑Fos, c‑Myc, 
CREB and p‑CREB, indicating that miR‑421‑5p can target 
the MAPK signaling pathway. These results, together with 
previous experiments, indicate that light pollution may interfere 

Figure 11. mRNA expression levels of target genes in the ovarian tissues of the control and model rats. &P<0.05. MAPK, mitogen‑activated protein kinase; 
c‑Fos, Fos proto‑oncogene; c‑Myc, MYC proto‑oncogene; CREB, cAMP responsive element binding protein 1.
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with ovarian growth and development, and this may be medi-
ated by miR‑421‑5p targeting the MAPK signaling pathway. 
The effects and mechanisms of continuous light exposure on 
the hypothalamus and hypophysis will be explored in future 
studies.
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