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Abstract. Vitamin  D (VD) is not only associated with 
bone growth and development, but is also closely associ‑
ated with numerous other pathological conditions. The 
present study aimed to investigate the effect of microRNA 
(miRNA/miR)‑378d on ovarian granulosa cells by regulating 
the round spermatid basic protein 1 (Rsbn1) in the absence of 
VD. The abnormal expression of miRNAs in ovarian tissues 
of the VD‑deficient mouse was analyzed using transcriptome 
sequencing. miR‑378d, glucose transporter  4 (Glut4) and 
aromatase  (Cyp19a) expression levels were examined via 
reverse transcription‑quantitative  (RT‑q)PCR and western 
blotting. The expression levels of Rsbn1, Glut4 and Cyp19a 
were detected in transfected mouse ovarian granulosa cells. 
The targeting regulation between miR‑378d and Rsbn1 was 
verified using double reporter gene assay and functional rescue 
experiments. Among the 672 miRNAs that were differentially 
expressed, cluster analysis revealed that 17  were signifi‑
cantly upregulated and 16 were significantly downregulated. 
Moreover, miR‑378d showed significant upregulation, which 
was further verified via RT‑qPCR. It was identified that the 
protein expression level of Rsbn1 was significantly downregu‑
lated. Furthermore, Glut4 mRNA expression was significantly 
decreased in the mimic group but markedly increased in the 
inhibitor group. By contrast, the mRNA expression levels of 
Rsbn1 and Cyp19a did not demonstrate any significant differ‑
ence. The western blotting results indicated that the protein 
expression levels of Rsbn1 and Glut4 were decreased and 
increased, respectively, while Cyp19a did not show any signifi‑
cant change. In addition, the double reporter gene experiments 
confirmed that Rsbn1 was the target gene of miR‑378d. 
Collectively, the present results demonstrated that miR‑378d 

was abnormally overexpressed in the ovarian tissues of the 
VD‑deficient mice, and that miR‑378d could inhibit Glut4 
production by targeting Rsbn1, which may lead to insulin 
resistance.

Introduction

Over recent years, numerous studies have suggested that 
vitamin D (VD) is not only associated with bone growth 
and development (1,2) but that it is also closely associated 
with the cognitive functioning in psychotic disorders  (3), 
autoimmune diseases  (4), cardiovascular diseases  (5) and 
metabolic diseases (6,7). According to the data on standard 
VD requirements, VD insufficiency or deficiency is glob‑
ally widespread, and is present in 50‑80% of the total global 
population (8). Previous studies have reported that the VD 
receptor (VDR) is present in the human placenta (9), uterine 
decidua, pituitary (10) and ovarian granulosa cells (11,12). VD 
can promote the production of estradiol, estrone, progesterone 
and insulin‑like growth factor binding protein 1 in the ovary, 
and these hormones and growth factors have positive roles in 
the development of follicles and embryos (12). Moreover, VD 
deficiency can reduce endometrial receptivity, which can, in 
turn, affect reproductive functions (13). Jiang et al (14) have 
revealed that 1,25(OH)2D3 can upregulate the mRNA and 
protein expression levels of homeobox gene A10 (Hoxa10) 
by binding with endometrial stromal cell receptors. Hoxa10 
is essential for female fertility and embryo implantation, 
and lack of VD could reduce the expression level of Hoxa10, 
thus affecting female fertility. Furthermore, Wei et al  (15) 
have reported that VDR is a key regulator of inflammatory 
responses and β‑cell survival.

Several studies have repor ted that microRNAs 
(miRNAs/miRs) are abundant in the female reproductive 
system, among which miR‑26a and miR‑125b are most abun‑
dantly expressed in the ovaries (16). miR‑378d is a member 
of the miR‑378 family, which has eight members (miR‑378 
a/b/c/d/e/f/h/i). As these share similar seed sequences, such 
as a sequence of 6‑8 nucleotides that are critical for mRNA 
target recognition, they are considered to have similar activity 
and targets (17). Research has mainly focused on tumor, heart 
and liver diseases, where miR‑378a is the most widely studied 
member, and miR‑378d the much less studied factor (18‑21). 
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Ishida et al (22) reported that miR‑378 was closely associated 
with adiponectin expression. Gungormez et al (23) revealed 
that the expression levels of miRNAs from the miR‑378 family 
are decreased in the tumor tissues of patients with stage II 
colon cancer compared with the normal tissues, which could 
be used as a biomarker for early colon cancer. Moreover, 
miR‑378d‑2 has been reported to be closely associated with 
tumor generation in obese patients with breast cancer (24).

The present study aimed to examine miR‑378d, Glut4 and 
aromatase (Cyp19a) expression levels in mouse ovarian tissues. 
GLUT4 is a member of the facilitative GLUT family, charac‑
terized by preferential expression in muscle and adipose tissue, 
and is responsible for insulin‑stimulated glucose uptake (25). 
The CYP19 gene, which is widely known to encode aromatase, 
is the key enzyme for estrogen production (26).

The effect of VD on the reproductive system in female mice 
is achieved by the differential expression of miRNAs (27). In 
the present study, a mouse model of VD deficiency was estab‑
lished to investigate the molecular mechanisms underlying the 
effects of miRNAs on ovarian granulosa cells in female mice 
with VD deficiency.

Materials and methods

Animals. Female C57BL/6  J mice (age, 3  weeks; weight, 
12‑18 g) were obtained from the Carvens Animal Laboratory 
Technology Company [http://www.cavens.com.cn/index.php; 
animal certificate no. SCXK(SU)2016‑0010]. All procedures 
related to animal use were approved by the Animal Care and 
Use Committee of Nanjing Medical University. This study was 
carried out in strict accordance with the recommendations in 
the Guide for the Care and Use of Laboratory Animals of 
the National Institutes of Health (28). Mice were housed in 
a specific pathogen‑free environment under standard housing 
conditions with controlled temperature (22±1˚C) and humidity 
(52±5%). Mice were exposed to a 12‑h light/dark cycle and had 
ad libitum access to the assigned food and water. Mice were 
weighed weekly and monitored for changes in health status.

After acclimatization for 1 week, the mice were random‑
ized to VD‑deficient (25 IU VD3/kg; cat. no. Dyets D 119289) 
or control diet (5,000 IU VD3/kg; cat. no. Dyets D 119290) 
groups for 8 weeks. All diets were procured from Dyets, Inc.

In the present study a total of 16 mice were used, of which 
5 were the control group and 6 were VD deficient group, and 
the remaining 5 were used to extract mouse ovarian granulosa 
cells. After 8 weeks, mice from each group were abdominally 
anesthetized with 4% chloral hydrate (370‑400 mg/kg) and 
then bled from the retro‑orbital venous plexus, after which 
they were sacrificed by cervical dislocation; efforts were 
made to minimize animal suffering (28). The blood (20‑50 µl 
per mouse) was centrifuged at 1,000 x g for 10 min at room 
temperature, and the serum was collected for 25‑(OH) D3 
analysis. Serum 25‑(OH) D3 levels were measured using an 
ELISA kit (cat. no. AC‑57SF1; Immunodiagnostic Systems, 
Ltd.) to confirm VD deficiency. Ovarian tissues were collected 
for RNA sequencing, reverse transcription‑quantitative (RT‑q) 
PCR and western blot analysis.

In order to confirm whether miR‑378d post‑tran‑
scriptionally regulates Rsbn1 in ovaries, normal mouse 
granulosa cells were isolated from ovarian follicles and 

cultured. The granulosa cells were cultured in DMEM/F‑12 
(1:1; cat.  no.  11330–057) supplemented with 10%  fetal 
bovine serum (cat. no. 10270) and 100 U/ml penicillin plus 
100 µg/ml streptomycin (cat. no. 15140; all Thermo Fisher 
Scientific, Inc.) at 37˚C with 5% CO2. The miR‑378d mimic 
(5'‑ACUGGCCUUGGAGUCAGAAGGU‑3'), inhibitor 
(5'‑ACCUUCUGACUCCAAGGCCAGU‑3') and their control 
sequences were synthesized by Shanghai GenePharma Co., 
Ltd. Once cells reached 80% confluency, they were digested 
by 0.25% trypsin (Thermo Fisher Scientific, Inc.) at room 
temperature for 2 min, counted by Countess 3 Automated 
Cell Counters (Thermo Fisher Scientific, Inc.) and seeded 
into 6‑well plates in growth medium without antibiotics at 
a density of 2.0x105 cells/well. After culturing at 37˚C for 
18‑24 h when 70% confluency was reached, cells were trans‑
fected with 50 nM miR‑378d mimic or miR‑378d inhibitor 
using Lipofectamine®  RNAi MAX reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufactur‑
er's protocol. At 48 h post transfection, cells were harvested for 
RNA isolation or protein extraction. Transfection efficiency 
was measured by RT‑qPCR for miR‑378d. All transfection 
experiments were performed in duplicate wells and repeated 
three times before protein and mRNA expression levels of 
Rsbn1, Glut4 and Cyp19a were assessed.

RNA sequencing. The total RNA of each sample was 
extracted using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) and an miRNeasy Mini kit (Qiagen, Inc.), and 
was quantified using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Inc.), NanoDrop system (Thermo  Fisher 
Scientific Inc.) and 1% agarose gel. A total of 2 µg total RNA 
with RNA integrity number >7.5 was used for subsequent 
library preparation. Next‑generation sequencing library 
preparations were constructed according to the manufacturer's 
protocol (NEBNext® Multiplex Small RNA Library Prep Set 
for Illumina®; Illumina, Inc.). The 3' SR Adaptor for Illumina 
was ligated to the small RNA using 3'Ligation Enzyme. To 
prevent adaptor‑dimer, the excess of 3'  SR Adaptor was 
hybrid with SR RT Primer for Illumina. The 5' SR Adaptor 
for Illumina was ligated to the small RNA using 5'Ligation 
Enzyme, and the first‑strand cDNA was synthesized using 
ProtoScript II Reverse Transcriptase (New England Biolabs). 
Each sample was then amplified by PCR for 12 cycles using P5 
(GTTCAGAGTTCTACAGTCCGACGATCNNNN) and P7 
(NNNNTGGAATTCTCGGGTGCCAAGG; both NextFlex) 
primers, with both primers carrying sequences that can anneal 
with the flow cell to perform bridge PCR, and the P7 primer 
carrying a six‑base index allowed for multiplexing. PCR was 
performed under the following conditions: Initial denaturation 
at 94˚C for 30 sec, followed by 12 cycles of 94˚C for 15 sec, 
62˚C for 30 sec and 70˚C for 15 sec and final extension at 70˚C 
for 5 min.

RT was performed according to the instructions of the 
Vazyme RT kit (cat. no. R223‑01; Vazyme Biotech Co., Ltd.). 
The reactants (volume, 10 µl) were added into 1.5 ml centrifuge 
tube in the following order: 5X HiScript II Select qRT SuperMix 
(2 µl), Oligo(dT) (1 µl), Total RNA (1 µl) and RNase Free H2O (add 
water to 10 µl). PCR reaction condition were as follows: Initial 
denaturation at 95˚C for 30 sec, followed by 40 cycles at 95˚C 
for 10 sec, 60˚C for 20 sec and 72˚C for 1 min. The RT primer 
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sequence was 5'‑GTCGTATCCAGTGCAGGGTCCGA 
GGTATTCGCACTGGATACGACACCTTC‑3'. Further 
details of the primers are provided in Table I.

The PCR products of ~140  bp were validated using 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.), 
and quantified using a Qubit 2.0 Fluorometer (Invitrogen; 
Thermo Fisher Scientific, Inc.). Then, libraries with different 
indexes were multiplexed and loaded on an Illumina 
HiSeq instrument according to the manufacturer's instruc‑
tions (Illumina, Inc.). Sequencing was performed using 
a 1x50  single‑end (SE)/2x150 paired‑end configuration; 
image analysis and base calling were conducted using the 
HiSeq Control Software v2.2.58 + OLB + GAPipeline‑1.6 
(Illumina, Inc.) on the HiSeq instrument. The sequences were 
processed and analyzed by Genewiz, Inc. Libraries were 
sequenced, and ovaries tissue miRNA RNA sequences were 
generated with the Illumina HiSeq X sequencing platform by 
Cofactor Genomics, Inc.

Gene Ontology (GO)‑TermFinder (https://metacpan.
org/pod/GO::TermFinder) was used to identify GO terms that 
annotate a list of enriched genes with a significant P<0.05. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) is a 
collection of databases dealing with genomes, biological path‑
ways, diseases, drugs and chemical substances (https://www.
genome.jp/kegg). In‑house scripts were used to enrich signifi‑
cant differentially expressed genes in KEGG pathways.

Prediction of target genes and luciferase reporter 
assays. Using miRNA target gene prediction programs 
TargetScan 7.2 (targetscan.org/vert_72/) and miRDB (mirdb.
org/cgi‑bin/search.cgi), the putative miR‑378d binding sites 
at the 3'untranslated region  (UTR) of potential miR‑378d 
target genes in mouse were analyzed. Based on the seed 
region sequences of the candidate target genes provided by 
the National Center for Biotechnology Information, primers 
targeting the gene segments containing the seed sequences 
were designed with SpeI‑HindIII restriction enzyme sites 
incorporated. In addition, mutagenic primers were designed 
to specifically mutate 3‑5 bases in the seed region of the 
candidate target genes. The primer sequences are listed in 
Table I. After primer annealing, candidate target sequences 
containing wild‑type (WT) and mutant (MUT) seed regions 
were synthesized. The WT and MUT sequences were cloned 
into pMIR‑Report Luciferase [General Biosystems (Anhui) 
Co. Ltd.] to construct WT and MUT reporter plasmids, respec‑
tively.

The WT and MUT sequences of the 3'UTR of round 
spermatid basic protein  1 (RSBN1) were developed and 
named RSBN1‑3'UTR WT and RSBN1‑3'UTR MUT. Next, 
100 ng RSBN1‑3'UTR WT or RSBN1‑3'UTR MUT and 0.25 µl 
miR‑378d mimic and inhibitor (20 µM), or suitable negative 
controls (NC) were mixed with LipoPlus (B. Braun Medical 
Indonesia) following the manufacturer's instruction. Following 
the plasmid mixture into the transfected media, the plasmid 
was co‑transfected into the C57B/L6 mouse granulosa cell line. 
The cells were cultured at 37˚C with 5% CO2 for 48 h. When 
the cells reached 70‑80% confluence, they were harvested 
for further analysis. After the cells were harvested, Renilla 
luciferase and firefly luciferase activities were measured using 
a luciferase assay kit (Thermo Fisher Scientific, Inc.) and a 
chemiluminescence reader (FL600 Fluorescence Microplate 
Reader; BioTek Instruments, Inc).

In order to evaluate the ability of miR‑378d binding to 
the 3'UTR of RSBN1 in mouse, a luciferase reporter assay 
was conducted in mouse granulosa cells. Female C57BL/6 
mice (age, 21 days; weight, 12‑18 g) were injected intraperi‑
toneally (i.p.) with 5 IU pregnant mare serum gonadotropin 
(PMSG; Prospec‑Tany TechnoGene, Ltd.) to initiate follicular 
development. Mice were then euthanized by cervical dislo‑
cation 48  h after PMSG injection, then the ovaries were 
removed. Granulosa cells were obtained from the ovarian 
tissue via follicular puncture and placed in PBS. The cell 
suspension was filtered through a 70‑µm mesh sieve three 
times to remove oocytes and centrifuged at 1,000 x g for 
5 min at room temperature. The pellet was re‑suspended in 
serum‑free DMEM F12 insulin‑transferrin‑sodium selenite 
(Sigma‑Aldrich; Merck KGaA).

PMSG injection to initiate follicular development. Next, 
the miR‑378d binding capability to the 3'UTR of RSBN1 
was examined in mice, and a luciferase reporter assay was 
conducted in mouse granulosa cells. Female C57BL/6 mice 
(age, 21 days; weight, 12‑18 g) were injected i.p. with 5 IU 
PMSG (Prospec‑Tany, TechnoGene, Ltd.) to initiate follicular 
development. Next, the mice were sacrificed by cervical 
dislocation 48 h later after PMSG injection, after which the 
ovaries were removed, using a 1 ml syringe with a needle. The 
PMSG injection was performed by the method as described 
previously (29).

Rescue experiments. To construct Rsbn1 overexpression 
plasmid, RSBN1 forward and reverse (RSBN1 forward, 

Table I. List of forward and reverse primers.

Gene	 Forward primer 	 Reverse primer

GAPDH	 5'‑AACGACCCCTTCATTGAC‑3'	 5'‑TCCACGACATACTCAGCAC‑3'
Rsbn1	 5'‑AGGTCTCAGAGCGATGACGG‑3'	 5'‑GGGTTCACTTGTCCGAGGTAG‑3'
Glut4	 5'‑TGGCCTTCTTTGAGATTGGC‑3'	 5'‑AACCCATGCCGACAATGAAG‑3'
Cyp19a	 5'‑AACAACAACCCGAGCCTTTG‑3'	 5'‑AATGCTGCTTGATGGACTCC‑3'
U6	 5'‑CTCGCTTCGGCAGCACA‑3'	 5'‑AACGCTTCACGAATTTGCGT‑3'

Glut4, glucose transporter 4; Cyp19a, aromatase; Rsbn1, round spermatid basic protein 1.
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5'‑TAAGCTTGGatgttcatctctggacga‑3' and reverse, 5'‑TGGAT 
CCGAGtaaaggacaaatcagact‑3') primers were used to amplify 
the RSBN1 sequence. The amplified product was digested by 
HindIII and NotI enzymes and connected with pcDNA3.1 (+) 
digested by the same enzymes to form a recombinant plasmid. 
The recombinant plasmid was transformed into E. coli to 
obtain stable Rsbn1 overexpression plasmid strain.

For the rescue experiments, mouse granulosa cells were 
first transfected using Lipofectamine™ 2000 transfection 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions with Rsbn1 small interfering 
(si)RNA(5'‑GCAUACAUGGACGAACUCUTT‑3', Shanghai 
GenePharma Co., Ltd.), negative control (NC; 5'‑GTCCAGAA 
CGAATTTATAAGT‑3', Shanghai GenePharma Co., Ltd.), 
miR‑378d mimic, miR‑378d inhibitor (50 pmol/ml)or Rsbn1 
OE (1.67 µg/ml) at 37˚C for 4 h. The following groups were 
established in the C57B/L6 mouse granulosa cells: 
NC  +  control vector, miR378d mimic  +  control vector, 
NC + Rsbn1 OE, miR378d mimic + Rsbn1 OE, inhibitor 
NC + siRNA NC, miR‑378d inhibitor + siRNA NC, inhibitor 
NC + Rsbn1 KD, miR‑378d inhibitor + Rsbn1 KD. After 
another 48 h, cells were harvested for qPCR and western blot 
analysis.

RT‑qPCR. Total RNA was isolated from ovary tissue 
or cultured cells and extracted using TRIzol®  reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. The concentration of total RNA 
was measured by Ultraviolet Spectrophotometer at 260 nm 
(Thermo  Fisher Scientific, Inc.). cDNA was synthesized 
from 1 µg total RNA using an All‑in‑one TM miRNA qPCR 
Detection kit (GeneCopoeia, Inc.) or from 500 ng total RNA 
using a HiScript II RT SuperMix according to the manufac‑
turer's instructions (Vazyme Biotech Co., Ltd.). qPCR analysis 
was performed using AceQ qPCR SYBR Green master mix 
(Vazyme Biotech Co., Ltd.) on an ABI ViiA 7 Real‑Time 
PCR system (ABI, USA). The qPCR was performed under the 
following conditions: Initial denaturation at 95˚C for 30 sec, 
followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 
72˚C for 1 min. U6 snRNA was used as an internal control 
for miR‑378d and GAPDH was used as an internal control for 
other genes. Experimental data were analyzed using a rela‑
tive quantification method (2‑∆∆Cq) (30). All experiments were 
repeated three times. The RT‑qPCR primers are described in 
detail in Table II.

Western blotting. The mouse ovary tissue and granulosa cells 
were rinsed with PBS, treated with 0.25% trypsin (Gibco; 
Thermo Fisher Scientific, Inc.) for 2 min at 37˚C, harvested 
and transferred to centrifuge tubes. Cellular proteins were 
extracted using the RIPA lysis buffer (cat. no. R0020; Beijing 
Solarbio Science & Technology Co., Ltd.) and the protein 
concentration was measured using a BCA kit (cat. no. P0012S; 
Beyotime Institute of Biotechnology), after which 50  µg 
protein samples were separated via SDS‑PAGE on a 12% gel 
and transferred to a PVDF membrane (cat. no. 3010040001; 
Sigma‑Aldrich; Merck KGaA). The membrane was blocked for 
2 h with blocking buffer (cat. no. P0023B; Beyotime Institute 
of Biotechnology) at room temperature and then incubated 
with the following primary antibodies (all 1:1,000) diluted with 
primary antibody dilution buffer (cat. no. P0023A; Beyotime 
Institute of Biotechnology): Anti‑Rsbn1 rabbit polyclonal IgG 
(cat. no. NBP1‑57724; Novus Biologicals, LLC), Ras‑related 
nuclear‑binding protein 10 (RANBP10) rabbit polyclonal IgG 
(cat. no. ab172730; Abcam) or GAPDH mouse monoclonal 
IgG1 (cat.  no.  G8795; Sigma‑Aldrich; Merck  KGaA) for 
12 h at 4˚C on a shaker. The membrane was then incubated 
with corresponding secondary antibodies (goat anti‑rabbit 
IgG‑HRP, cat. no. AP307P, Sigma‑Aldrich; Merck KGaA; or 
goat anti‑mouse IgG‑HRP, cat. no. ab97023, Abcam; 1:5,000) 
at room temperature for 1 h. The protein was detected by 
chemiluminescence using Pierce ECL Western Blotting 
Substrate (Thermo Fisher Scientific, Inc.). The optical density 
of protein fragments was quantified by ImageJ (version 1.25p; 
National Institutes of Health).

Statistical analysis. GraphPad Prism 5.01 (GraphPad Software, 
Inc.) and ImageJ (National Institutes of Health) were used 
for raw data analysis. Data are presented as the means ± SD 
(n=3). The differences between two groups were analyzed 
using unpaired Student's t‑test. For multiple groups, one‑way 
ANOVA followed by Bonferroni test was used. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Mouse model of VD deficiency. C57BL/6J mice that were nutri‑
tionally deficient in VD were established as previously described 
(27). After 8 weeks on a diet, VD‑mice (n=6) had 25‑(OH) D3 
levels of 5.99±2.30 ng/ml compared with control mice (n=5) 
that had 25‑(OH) D3 levels of 46.70±10.17 ng/ml (P<0.0001; 

Table II. Primers targeting the seed region of the candidate target genes.

Gene	 Sequence

3'UTR sequence of Rsbn1	 5'‑ACTAGTAGCAGATGCCATCCTGTCATCTAAGCTGGTCATTACTAA 
	 TACACAAGGAGACTGTCTCCTGACAGCCAGCACTGTGCAATCA
	 CTCAGGAACCAGCGGATCTGCAAAGACCAAGCTT‑3'
Mutation sequence of Rsbn1	 5'‑ACTAGTAGCAGATGCCATCCTGTCATCTAAGCTGGTCATTACTA
	 ATACACAAGGAGAGTCTGTGCTGACACCGACCACTGTGCAAT
	 CACTCAGGAACCAGCGGATCTGCAAAGACCAAGCTT‑3'

Rsbn1, round spermatid basic protein 1; UTR, untranslated region.
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Table SI). No significant changes were observed in serum calcium 
and phosphorus concentrations at 8 weeks on VD‑deficient or 
control diet (data not shown). The average weight was similar in 
mice on VD‑ and control chow over the 8 weeks (Table SI).

Functional enrichment analysis and transcriptional signature 
analysis of ovary tissues from VD‑ and control mice. RNA 
sequencing was conducted using total RNA isolated from 
ovary tissues of control and VD‑mice at the age of 11 weeks. 
A total of 672 differentially expressed miRNAs were identi‑
fied, while transcripts per million (TPM) values of >4 in both 
libraries were retained for further analysis (Fig. 1A). Among 
them, 33 miRNAs were reported having log2‑fold change and 
false discovery rate ≤0.05) in upregulation or downregulation, 
regardless of miRNA abundance (Table SII). Furthermore, 
17 miRNAs were significantly upregulated, while 16 miRNAs 
were downregulated in the ovarian tissue of VD‑mice 
compared with the control (Fig. 1B).

KEGG enrichment analysis was used to analyze the 
significant biological processes. Most of the target genes were 
associated with ‘cell binding' and ‘catalytic activity' and were 
involved in multiple functions such as ‘biological regulation' and 
‘molecular process of organelles'. Numerous essential biological 
processes were changed, such as ‘ubiquitin‑mediated prote‑
olysis', ‘cell cycle', ‘Wnt signaling pathway', ‘calcium signaling 
pathway', ‘MAPK signaling pathway' and ‘hypoxia inducible 
factor 1 (HIF‑1) signaling pathway', amongst others (Fig. 1C).

Expression of miR‑378d in mouse ovarian tissue as deter‑
mined via RT‑qPCR. RNA‑seq has demonstrated miR‑378d 
was significantly upregulated in the ovaries of VD mouse 

models (data not shown). Importantly, a recent study reported 
that hsa‑miR‑378d may be a novel and potential biomarker for 
improving the diagnosis of colorectal cancer (31).

miR‑378d expression in VD‑mouse ovarian tissue was 
detected via qPCR and compared with the control group. The 
miR‑378d expression was significantly higher compared with 
that in the control group (P<0.001; Fig. 2A). Bioinformatic 
analysis using the two online prediction algorithms that were 
previously mentioned was first conducted to predict the genes 
targeted by miR‑378d. As a result, a total of 11 potential target 
genes were identified, including methyl‑CpG binding protein 2, 
neurofibromin 1, BICD cargo adaptor 2, ETS proto‑onco‑
gene  1, growth arrest specific  7, GTP binding protein  2, 
LIM domain containing 1, polycomb group ring finger 3, 
RSBN1, SIM bHLH transcription factor 1 and tetraspanin 9. 
The bioinformatic analysis demonstrated that there is a high 
complementary sequence between Rsbn110 3'UTR and 
miR‑378d. Rsbn1 protein expression level was significantly 
downregulated in the VD‑deficiency group compared with the 
control group (P<0.001; Fig. 2C and D), while Rsbn1 mRNA 
expression level was not significantly altered (Fig. 2B).

miR‑378d regulates RSBN1 in mouse granulosa cells. 
RT‑qPCR results identified that the miR‑378d expression 
levels were significantly upregulated in the miR‑378d mimics 
group compared with the NC group (P<0.001). Moreover, the 
miR‑378d expression level was significantly downregulated in 
the miR‑378d inhibitor group compared with the inhibitor NC 
group (P<0.001). These results indicated the successful over‑
expression or knockdown of miR‑378d in mouse granulosa 
cells (Fig. 3A).

Figure 1. Transcriptome sequencing analysis of ovary tissues from VD‑ and control mice. (A) miRNA clustering analysis of VD deficient mice using a heat map 
to show the significantly downregulated gene number. Differential miRNA clustering diagram. The log2 TPM value was used for clustering. Red indicated 
highly expressed miRNAs, while green indicated lowly expressed miRNAs. (B) DESeq test results were screened according to the significant difference 
criteria (differential miRNA expression changes were >2 times and false discovery rate ≤0.05), and the significant downregulation of miRNA expression was 
measured. (C) Scatter plot of KEGG enrichment of differential miRNA target genes. VD, vitamin D; miRNA, microRNA; Con, control.
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Glut4 mRNA expression was significantly decreased 
in the miR‑378d mimic group and significantly increased 
in the inhibitor group, while Rsbn1 and Cyp19a mRNA 

expression levels showed no significant differences (Fig. 3B). 
The western blotting results demonstrated that the expression 
levels of Rsbn1 and Glut4 were decreased after miR‑378d 

Figure 2. Expression levels of miR‑378d and Rsbn1 in VD‑deficient mouse ovaries. (A) miR‑378d expression levels were significantly upregulated in the 
VD‑deficiency group compared with the control group. (B) Relative expression of Rsbn1 mRNA in mouse ovaries, compared with control group. (C) Western 
blot analyses of Rsbn1 and GAPDH expression levels in ovary tissue of VD-group and control group. (D) The optical density of Rsbn1 was quantified by 
ImageJ of (C). ***P<0.001 vs. control. ns, non‑significant; VD, vitamin D; miR, microRNA; Rsbn1, round spermatid basic protein 1.

Figure 3. miR‑378d post‑transcriptionally regulates Rsbn1 in ovaries. (A) Reverse transcription‑quantitative PCR results showed that mir‑378d was significantly 
upregulated in the mimic group and significantly downregulated in the inhibitor group. (B) Glut4 mRNA expression was decreased significantly in the mimic 
group and increased significantly in the inhibitor group, while Rsbn1 and Cyp19a mRNA expression levels showed no significant differences. (C) Western 
blot analyses of Rsbn1, Glut4 and Cyp19a expression levels in mouse granulosa cells transfected with miR‑378d mimics or inhibitors. (D) Expression levels 
of Rsbn1 and Glut4 were decreased after mir‑378d overexpression, and the expression levels of Rsbn1 and Glut4 were increased after mir‑378d inhibition, 
while Cyp19a showed no significant change. ***P<0.001 vs. respective NC. ns, non‑significant; VD, vitamin D; miR, microRNA; Rsbn1, round spermatid basic 
protein 1; NC, negative control; Glut4, glucose transporter 4; Cyp19a, aromatase.
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overexpression, but were increased after miR‑378d inhibition, 
while Cyp19a showed no significant change (Fig. 3C and D). 
These results further verified that miR‑378d directly regulates 
RSBN1 in mouse granulosa cells.

miR‑378d targets 3'UTR of RSBN1 mRNA. WT and MUT 
plasmids of Rsbn1 3'UTR were constructed according to their 
binding sites. After co‑transfection with miR‑378d mimic or 
inhibitor, the results of luciferase reporter gene assays revealed 
the following: WT Rsbn1 3'UTR activity was decreased by 
mir‑378d mimic (P<0.001) and increased by miR‑378d inhib‑
itor, while miR‑378d mimic and inhibitor had no significant 
effect on MUT 3'UTR. These results indicate that miR‑378d 
can interact with Rsbn1 mRNA and bind to Rsbn1 mRNA 
(Fig. 4A and B), thus having a targeting role.

It was then investigated using rescue experiments whether 
the Rsbn1 was a real functional target of miR‑378d in mouse 
granulosa cells. Western blot analysis demonstrated that over‑
expression of miR‑378d could downregulate the expression 
levels of Rsbn1 and Glut4. After overexpression of Rsbn1, the 
protein expression levels of Rsbn1 and Glut4 were significantly 
upregulated. Moreover, after co‑transfection with Rsbn1 OE 
and miR378d mimic, Rsbn1 and Glut4 expression levels 
were not significantly change (Fig. 5A and B). It was found 
that the downregulation of Rsbn1 after the overexpression of 
miR‑378d was reversed by the overexpression of Rsbn1, while 
Cyp19a showed no significant change. Inhibition of miR‑378d 
could upregulate the expression levels of Rsbn1 and Glut4 
(Fig. 5C). After knocking down Rsbn1, the protein expression 

levels of Rsbn1 and Glut4 were significantly downregulated. 
Furthermore, after co‑transfection with Rsbn1 knockdown 
and miR378d inhibitor, the protein expression levels of Rsbn1 
and Glut4 did not significantly change in comparison with NC, 
which may be because of the upregulating ability of miR‑378d 
on Rsbn1 (Fig. 5C). It was identified that Glut4 was decreased 
by the knockdown of Rsbn1, while Cyp19a expression did not 
significantly change (Fig. 5C). In addition, RT‑qPCR results 
demonstrated that, compared with the control group, the 
mRNA expression of Glut4 was significantly decreased after 
overexpression of miR‑378d, while the mRNA expression levels 
of Rsbn1 and Cyp19a did not significantly change (Fig. 5D). 
After the overexpression of Rsbn1, the mRNA expression 
levels of Rsbn1 and Glut4 were significantly increased, but 
Cyp19a mRNA expression did not change (Fig. 5D).

Discussion

Accumulating evidence has suggested that VD is directly or 
indirectly associated with fertility disorders in women (32). 
Moreover, VD deficiency is associated with a decrease in 
calcium and phosphorus. Sun et al (33) reported that when 
calcium and phosphorus are supplemented to the mice with 
VDR or 1‑a hydroxylase gene knockout; their reproductive 
dysfunctions could be corrected, suggesting that the effects of 
VD on the fertility in female mice is achieved by regulating 
the levels of calcium and phosphorus. From a genetic point 
of view, mutations in VD‑related genes in diabetic patients 
may be associated with glucose tolerance and inflammatory 
responses (34). Aghajafari et al (35) conducted a systematic 
review and meta‑analysis, which revealed that VD deficiency 
in pregnant women could increase the risk of gestational 
diabetes, preeclampsia and premature birth. Furthermore, 
VD supplementation can antagonize the negative effects of 
preeclampsia on the number and function of fetal endothelial 
cell colony‑forming cells (36). Another study that performed 
in  vitro fertilization and embryo transfer (IVF‑ET) for 
132  infertile women reported that the 25(OH)D levels in 
the serum and follicular fluid of non‑pregnant women were 
significantly lower compared with those of pregnant women. 
At the same time, implantation rates were also relatively low 
in patients with low VD levels (37). A different study that 
determined the VD levels in the serum and follicular fluid of 
173 women after IVF‑ET showed that there were no signifi‑
cant differences in the gonadotropin dose and endometrial 
thickness between the two groups of women with adequate or 
insufficient 25(OH)D3 levels (13). Moreover, Polyzos et al (38) 
found that VD was associated with pregnancy rates during 
assisted reproductive technology treatment. During the treat‑
ment with ovulation drugs, both the number of formed mature 
oocytes and pregnancy rates were much higher in the patients 
with high VD levels compared with those found in patients 
with low VD levels.

The application of VD‑deficient feed combined with a 
UV‑free environment is one of the most commonly used methods 
to establish animal models with VD deficiency, which is also 
in line with the current characteristics of reduced VD levels 
caused by unbalanced diet structure and reduced daylight expo‑
sure (39). The mouse model of VD deficiency was established 
as previously described (28), and transcriptome sequencing 

Figure 4. Luciferase reporter gene activity shows that miR‑378d directly 
targets Rsbn1 in mouse granulosa cells. (A) Predicted target site of miR‑378d 
in 3'UTR of Rsbn1 mRNA of mice. (B) A luciferase activity assay was per‑
formed in the presence of WT Rsbn1 3'UTR or MUT compared with the 
control. (n=3). ***P<0.001. WT, wild‑type; MUT, mutant; UTR, untranslated 
region; miR, microRNA; Rsbn1, round spermatid basic protein 1; NC, nega‑
tive control.
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analysis revealed that miR‑378d was abnormally overexpressed 
in the ovarian tissues of VD‑deficient mice, which was further 
confirmed using RT‑qPCR of the extracted ovarian tissues from 
the mice. At present, there are few studies on the mechanisms 
of miR‑378d, and these mainly focus on the analysis of expres‑
sion differences (40,41). Kurowska et al (42) have reported that 
the downregulation of miR‑378d may be used as a molecular 
marker of arthritis progression. Moreover, spectrum analysis of 
miRNA differences using a microarray platform revealed that 
the expression of miR‑378d was significantly higher in colitis 
mucosa compared with in uninflamed mucosa (43).

The essential aspect of studying the biological functions 
and mechanisms of miRNAs is the accurate identification of 
the target genes of the miRNAs (44). In order to further inves‑
tigate the molecular mechanisms of miR‑378d in the ovaries 
of the VD‑deficient mice, bioinformatics software was used in 
the current to perform prediction analysis, which revealed that 
Rsbn1 may be the target gene of miR‑378d.

Rsbn1 is a potential target gene of HIF‑1α, which may 
be involved in a variety of pathophysiological processes. 
Ohyama et al (45) reported that the expression of Rsbn1 in 
mature testis is a sign of spermatogenesis since its expres‑
sion increases during the development of round spermatids 
in male mice. Rsbn1 is also associated with the expression of 
anti‑Mullerian hormone (AMH), as well as is closely associated 

with the production of steroid hormones (45,46). Herein, it 
was found that, compared with the control group, the protein 
expression levels of Rsbn1 in the ovaries of VD‑deficient mice 
were significantly decreased, while there were no significant 
changes in the mRNA expression levels. Furthermore, the 
double reporter gene experiments confirmed that miR‑378d 
could bind with Rsbn1 mRNA to exert its targeting role. 
Functional rescue experiments demonstrated that overexpres‑
sion of miR‑378d could downregulate the expression levels of 
Rsbn1 and Glut4 proteins. Moreover, knocking down Rsbn1 
could downregulate the protein expression levels of Rsbn1 
and Glut4, while simultaneously inhibiting miR‑378d and 
knocking down Rsbn1 had no significant effect on the protein 
expression levels of Rsbn1 and Glut4. These results suggested 
that in the absence of VD, miR‑378d was abnormally 
increased, and the expression of Rsbn1 protein was downregu‑
lated, thus affecting the expression of downstream molecule 
Glut4, which may lead to insulin resistance. Regardless of 
overexpression or knockdown of miR‑378d, Cyp19a showed 
no obvious changes, therefore suggesting that miR‑378d may 
not be significantly associated with the production of steroid 
hormones. This finding is not in line with a previous study 
reporting that miR‑378d could regulate the production of 
estradiol in pig ovaries by targeting the aromatase (47). At the 
same time, it suggests that there is no clear correlation between 

Figure 5. Rsbn1 is a functional target of miR‑378d in mouse granulosa cells. (A) Western blotting results showed that siRNA 1 interference was the most 
efficient. (B) Western blotting results demonstrated that Rsbn1 expression was upregulated in the overexpression group. (C) Expression levels of Rsbn1, Glut4 
and Cyp19a were detected via western blotting after overexpression or knockdown of miR‑378d. (D) mRNA expression levels of Rsbn1, Glut4 and Cyp19a 
were detected via reverse transcription‑quantitative PCR after miR‑378d interference. ***P<0.001. miR, microRNA; Rsbn1, round spermatid basic protein 1; 
NC, negative control; Glut4, glucose transporter 4; Cyp19a, aromatase; OE, overexpression; siRNA, small interfering RNA; ns, non‑significant.
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VD and AMH, which is consistent with the conclusions of 
Lata et al (48) and Pearce et al (49).

In summary, the present study demonstrated that miR‑378d 
was abnormally upregulated in the ovaries of VD deficient mice, 
which could negatively regulate Rsbn1, eventually affecting the 
expression of its downstream molecule Glut4. Furthermore, this 
study revealed a potential molecular marker for the mechanistic 
studies of VD deficiency, as well as provided novel insights for 
the diagnosis and treatment of insulin resistance.
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