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ARTICLE INFO ABSTRACT

Keywords: MicroRNAs (miRNAs) play crucial roles in gametogenesis and embryo development. The present study was
microRNAs undertaken to identify differentially expressed miRNAs and explore their functions in oocyte vitrification. Small
Oocyte ‘{itriﬁcation RNA sequencing data revealed that 22 miRNAs were differentially expressed in vitrified oocytes compared with
IS)eTCII;I‘\;’“cmg that of the fresh counterparts. The potential target genes for the differentially expressed miRNAs were enriched

in “anatomical development” in biological process, “cell” in cellular components, and “protein binding” in
molecular functions by gene ontology annotation analysis. In addition, “endometrial cancer” and “metabolic
pathway” were the two pathways enriched in KEGG with the lowest p-value and highest count number genes,
respectively. RT-qPCR data showed that miR-134-5p, miR-210-5p, and miR-21-3p were significantly up-regu-
lated (P < 0.01), whereas miR-465c-5p was dramatically down-regulated (P < 0.01) in vitrified oocytes,
which were consistent with that of the sequencing result. Moreover, the expression of potential target PTEN was
significantly reduced both at transcriptional (P < 0.01) and post-transcriptional level (P < 0.01) in vitrified
oocytes. The expression pattern of PTEN was negatively correlated with that of miR-21-3p. Dual-luciferase re-
porter assay further demonstrated that miR-21-3p could down-regulate PTEN by targeting its 3’UTR. In con-
clusion, our results demonstrated that specific miRNAs were differentially expressed in warmed oocytes, and
decreased expression of PTEN was involved in response to vitrification stress.

1. Introduction

Oocyte vitrification provides great opportunity for female fertility
preservation and has extensive applications in assisted reproductive
medicine (Cil and Seli, 2013). Although pronounced achievements have
been made in recent years (Practice Committees of American Society
for Reproductive and Society for Assisted Reproductive, 2013; Rienzi
et al., 2017), wide application of the technique has been limited by the
decreased developmental potential of thawed oocytes (Goldman et al.,
2013; Braga et al., 2016; Succu et al., 2018).

MicroRNAs (miRNAs), a subset of non-coding RNA class, have
emerged as pivotal regulators in gene expression (Lim et al., 2005).
Previously, significant shifts in miRNA expression profile were found in
warmed blastocysts (Zhao et al., 2015) and sperm (Capra et al., 2017).
It was also discovered that suppression of miR-762 was beneficial for
vitrified oocytes’ survival and developmental capacity (Wang et al.,
2018b). Systematic investigation on the dynamic alterations of miRNAs
after oocyte vitrification has not yet been conducted. Study revealed
that miR-21 was distinctly increased in porcine MII oocytes compared
with that of the GV ones (Song et al., 2016). And significantly increased
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miR-21 was detected at the end of in vitro maturation of bovine oocytes,
although pre-miR-21 transcript was not statistically changed between
immature and in vitro matured oocytes (Tscherner et al., 2018). MiR-21-
3p along with miR-21-5p originates from the same precursor, pre-miR-
21. Up-regulated miR-21-5p while down-regulated miR-21-3p was
found in cumulus cells from poor responders (Karakaya et al., 2015). By
far, the function of miR-21-3p in vitrified oocytes remains unknown.
Therefore, the present study was aimed to determine miRNAs ex-
pression profiles in fresh and vitrified oocytes by small RNA sequencing
method, and RT-qPCR was applied to validate the sequencing results.
Finally, the target gene for miR-21-3p was identified, with the purpose
to explore the biological role of miRNAs played in oocyte vitrification.

2. Material and methods
2.1. Mouse experimental procedures
The experimental protocols and animal handling procedures were
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Cumulus oocyte complexes (COCs) were obtained from oviduct
ampullae of super ovulated Kunming mouse. After incubation with 80
IU/mL hyaluronidase (Vitrolife, Gothenburg, Sweden) for less than
1 min, denuded oocytes were obtained and transferred into G-IVF plus
medium (Vitrolife, Gothenburg, Sweden). The denuded oocytes were
randomly divided into control (fresh oocytes) and vitrified group. In the
vitrified group, fresh oocytes were vitrified and thawed according to the
manufacturer’s instruction (Kitazato BioPharma Co., Shizuoka, Japan).
After thawing, survived oocytes with intact zona pellucida and re-
fractive ooplasm were transferred into G-IVF plus medium at 37 °C
contained 6% CO- in humidified air. Fresh and vitrified oocytes were
collected and immediately stored in liquid nitrogen for further use.

2.2. Small RNA sequencing

Total RNA was extracted from fresh and vitrified oocytes using
miRNeasy kit (Qiagen, Hilden, Germany). Sequencing library was pre-
pared according to TruSeq Small RNA Sample Prep Kits (Illumina, San
Diego, USA) and six libraries were constructed with three duplicates in
each sample. In brief, 3’ and 5’ adapters were sequentially connected to
small RNA ends by T4 ligase 2, RT-PCR was then performed to create
cDNA constructs. Following the purification of suitable cDNA fragments
in the length of 140-160bp, the small RNA library was constructed and
then sequenced by Illumina Hiseq 2000/2500 (Illumina, San Diego,
USA), the read length was 50 nt with single end sequencing pattern.

2.3. Sequencing data analysis

A proprietary pipeline script, ACGT101-miR version 4.2 (LC
Sciences, Houston, TX, USA) was used for sequencing data analysis. The
raw RNA reads were processed to remove adapters, junk reads, and
impurity sequences. High-quality reads ranged from 18nt-25nt were
subjected to remove protein coding genes, rRNA, tRNA, snRNA,
snoRNA, and repeat sequences. Finally, remaining clean reads were
mapped to the latest miRBase version 22.0 (http://www.mirbase.org),
using Bowtie aligner to identify known mouse (Mus musculus) miRNAs.

Differentially expressed miRNAs were determined by student’s t-test
with P < 0.05. The norm data were transformed to Z value and hier-
archical clustering was performed in TIGR MultiExperiment Viewer 4.0
(MeV 4.0) software program (http://www.tm4.org/mev.html).

2.4. Gene function and pathway analysis

MiRanda and Targetscan were used to predict target genes for dif-
ferentially expressed miRNAs. The enrichment of predicted genes in
cellular component, molecular function, and biological process was
analyzed through Gene Ontology (GO) database (http://www.
geneontology.org). The pathway analysis of potentially differently ex-
pressed proteins was based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://www.genome.jp/kegg/mapper.
html) and significantly enriched pathways enriched in target gene
candidates were identified using hyper geometric test where genes in
the whole genome were set to be background.

2.5. RT-qPCR validation

Matured miRNAs from 200 oocytes were isolated by miRNeasy kit
(Qiagen, Hilden, Germany) and reverse transcription was performed
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The primer sequences were presented
in Table 1. Quantitative real-time PCR analysis was performed with the
iQ™ SYBR® Green Supermix kit (Bio-Rad, Hercules, CA, USA) and the
conditions were as follows: 95 °C for 2 min followed by 40 cycles of
95 °C for 10 s and 60 °C for 30 s. The expression levels of miRNAs were
normalized to that of U6 as previously reported (Wang et al., 2017),
and all experiments were repeated at least three times. The relative

International Journal of Biochemistry and Cell Biology 112 (2019) 134-140

expression levels were calculated based on the 2~ *4* method.
2.6. Quantification of gene expression

Messenger RNA was extracted from 200 oocytes using miRNeasy kit
(Qiagen, Hilden, Germany). After eliminated genomic DNA, the isolated
mRNA was used as template for reverse transcription with Primescript
RT reagent kit with gDNA Eraser (Takara, Tokyo, Japan). The PCR
reaction was conducted using QuantiTect SYBR Green PCR reagents on
a Light Cycler 480 (Roche, Basel, Switzerland) with the following
program: 95 °C for 10 min, followed by 40 cycles of 95°C 105, 60 °C
15s, and 72°C 20s. All PCR reactions were conducted in triplicate.
GAPDH was used as internal control as indicated previously (Gao et al.,
2017) and fold changes were calculated with the 2~ *4“* method. Pri-
mers used in the RT-qPCR are shown in Table 1.

2.7. Western blot

A pool of 1000 oocytes was lysed in RIPA lysis buffer (Beyotime,
Shanghai, China). Proteins were separated by SDS-PAGE and electro-
phoetically transferred to PVDF membranes. After transfer, membranes
were blocked in TBST containing 5% (w/v) non-fat powdered milk for
1h, and then incubated with the primary antibodies against PTEN
(1:1000, Proteintech Group, Wuhan, China) and GAPDH (1:3000,
Atagenix, Wuhan, China) overnight at 4 °C. After three washes with
TBST 10 min each, then incubation with HRP-conjugated secondary
antibody (1:5000, Proteintech Group, Wuhan, China), the protein
bands were visualized by ChemiDoc™XRS + system (Bio-Rad, Hercules,
CA, USA). Each protein expression level was normalized to that of
GAPDH.

2.8. Luciferase activity assay

Two luciferase reporter plasmids (pGL-PTEN-646-652-wt and pGL-
PTEN-5576-5582-wt) as well as the corresponding mutant forms (pGL-
PTEN-646-652-mut and pGL-PTEN-5576-5582-mut) were constructed
and inserted into the pGL-3 vector (Promega, Madison, WI, USA), for
that two sequences in the 3"UTR of PTEN were predicted as the binding
sites for miR-21-3p by TargetScan. The HEK293 T cell line was sub-
jected to a co-transfection of pGL-PTEN-646-652-wt/ pGL-PTEN-646-
652-mut with miR-21-3p mimic/miR-21-3p negative control, or pGL-
PTEN-5576-5582-wt/ pGL-PTEN-5576-5582-mut with miR-21-3p
mimic/miR-21-3p negative control. The cells were transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Cells were collected after 48h of trans-
fection and luciferase activity was determined by dual-luciferase re-
porter assay system (Promega, Madison, WI, USA). The luciferase ac-
tivity was calculated as the ratio of firefly luciferase to renilla luciferase
activity in the corresponding well and further normalized against the
pGL3 vector.

2.9. Statistical analysis

Data were analyzed by Student’s t test using SPSS 21.0 statistical
software (IBM, Chicago, IL, USA). Each experiment was repeated at
least three times and P < 0.05 was considered statistically different.

3. Results
3.1. Differed miRNAs expression profile in vitrified oocytes

A number of 914,675 and 1,016,385 unique reads were acquired
from the fresh and vitrified oocytes, respectively. The distribution of
unique reads were mainly within the length of 21-24nt (Fig.1), ac-
counted for 66.72% and 63.29% of the total unique reads in oocytes
from the control and vitrified groups, respectively. In total, 520
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Table 1
Sequences of primers used in RT-qPCR.
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Name of primer

Sequence (5-3")

Stem loop primers

miR-21-3p GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACGACAGCCC
miR-465c¢-5p GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCAGATCAG
miR-210-5p GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCAGTGTGC
miR-134-5p GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCCCCTCTG
U6 GAATTTGCGTGTCATCCTTG
qPCR primers
miR-21-3p F: TGCGCCAACAGCAGTCGATGAC
miR-465c-5p F: TGCGCTATTTAGAATGGCGCAG
miR-210-5p F: TGCGCAGCCACTGCCCACCCAG
miR-134-5p F: TGCGCTGTGACTGGTTGACCCC
miR-universal-Reverse R: CAGTGCGTGTCGTGGAGT
U6 F: GCTTCGGCAGCACATATACTAAAAT
R: CGCTTCACGAATTTGCGTGTCAT
PTEN F: CCCACCACAGCTAGAACTTATC
R: CGTCCCTTTCCAGCTTTACA
GAPDH F: TGTTTCCTCGTCCCGTAGA
R: GATGGCAACAATCTCCACTTTG
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Fig. 1. Length distribution of small RNA sequences. CT, fresh oocytes; VT, vi-

trified oocytes.
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Table 2
Summary of differentially expressed miRNAs.
miR_name miR _seq Fold P value
change
(VT/CT)

miR-465c-5p TATTTAGAATGGCGCTGATCTG 0.58 2.38E-03
miR-134-5p TGTGACTGGTTGACCAGAGGGG 291 5.13E-03
miR-21-3p CAACAGCAGTCGATGGGCTGTC 2.34 1.11E-02
miR-345-5p L+1R-1 TGCTGACCCCTAGTCCAGTGCT 1.64 1.40E-02
miR-741-3p_R-1 TGAGAGATGCCATTCTATGTAG 0.70 1.54E-02
miR-132-5p L-1R+1  ACCGTGGCTTTCGATTGTTACT 1.35 1.55E-02
miR-191-5p_R-1 CAACGGAATCCCAAAAGCAGCT 1.25 1.59E-02
miR-132-3p TAACAGTCTACAGCCATGGTCG 1.46 1.88E-02
miR-181a-1-3p ACCATCGACCGTTGATTGTACC 1.98 1.92E-02
miR-149-5p TCTGGCTCCGTGTCTTCACTCCC 1.23 1.97E-02
miR-532-3p CCTCCCACACCCAAGGCTTGCA 1.53 2.59E-02
miR-26a-5p_L+1 CTTCAAGTAATCCAGGATAGGCT 0.54 2.67E-02
miR-210-5p AGCCACTGCCCACCGCACACTG 3.57 2.75E-02
miR-296-3p GAGGGTTGGGTGGAGGCTCTCC 2.03 3.11E-02
miR-27b-5p R+1 AGAGCTTAGCTGATTGGTGAACA inf 3.50E-02
miR-190a-5p R +1 TGATATGTTTGATATATTAGGTT 0.63 3.73E-02
miR-3068-5p TTGGAGTTCATGCAAGTTCTAACC  0.32 4.03E-02
miR-664-3p R+1 TATTCATTTACTCCCCAGCCTAC 0.53 4.08E-02
miR-324-3p_ L-2R+3  ACTGCCCCAGGTGCTGCTGGT 1.68 4.30E-02
miR-465a-5p TATTTAGAATGGCACTGATGTGA 0.67 4.31E-02
miR-433-3p ATCATGATGGGCTCCTCGGTGT 1.62 4.63E-02
miR-99b-5p CACCCGTAGAACCGACCTTGCG 1.32 4.88E-02
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miRNAs were identified in oocytes, and among them, 22 miRNAs were
significantly different expressed in vitrified oocytes compared with that
of the fresh counterparts (P < 0.05, Table 2). Unsupervised hier-
archical clustering analysis was performed to elucidate the distinctions
between different samples and their biological relevance. Two groups,
fresh and vitrified oocytes, were divided according to the miRNAs ex-
pression profiles (Fig.2).

3.2. Target enrichment analysis for differentially expressed miRNAs

GO enrichment found that the potential targets were mainly en-
riched in “anatomical development” in biological process, “cell” in
cellular components, and “protein binding” in molecular functions
(Fig.3). To identify the biological pathway influenced by vitrification,
predicted genes of the differentially expressed miRNAs were assigned to
KEGG pathways with enrichment statistics (Fig.4). The top five en-
richment pathways sorted by p-value were “endometrial cancer”, “in-
sulin signaling pathway”, “acute myeloid leukemia”, “metabolic path-
ways”, and “pathways in cancer”. The pathways with the highest gene

count numbers was sorted as “metabolic pathway”.
3.3. RT-qPCR validated sequencing data

Four dramatically differentially expressed miRNAs (miR-21-3p,
miR-465¢c-5p, miR-210-5p, and miR-134-5p) were selected to be
quantified by RT-qPCR. As shown in Fig.5, the expression level of miR-
465c-5p was significantly down-regulated (P < 0.01) while the ex-
pression levels of miR-21-3p, miR-210-5p, and miR-134-5p were sig-
nificantly elevated in the vitrified oocytes compared with that of the
fresh group (P < 0.01), which were consistent with the sequencing
data.

3.4. Potential functional analysis of miR-21-3p

Dramatically decreased PTEN expression was assessed in vitrified
oocytes in comparison with that of the fresh ones both at transcriptional
(Fig. 6A) and post-transcriptional level (P < 0.01) (Fig. 6B). Moreover,
markedly decreased luciferase activities in both plasmids with pre-
dicted binding sites of PTEN 3'UTR were observed when co-transfected
with miR-21-3p mimic (P < 0.01) (Fig. 7).

4. Discussion

In consistency with the defined length of miRNAs (Ambros, 2004;
Bartel, 2004), the length distribution of sequenced miRNAs in the study
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Fig. 2. Unsupervised hierarchical analysis in fresh and vitrified oocytes. Each row represents an individual miRNA while each column represents a biological
replicate. The dendrogram at the left and top side display similarity expression among miRNAs and replicates, respectively. CT, fresh oocytes; VT, vitrified oocytes.

was mainly in the range of 21-24nt. Our results showed that 22
miRNAs were differentially expressed in vitrified oocytes, indicating
the regulatory role of miRNAs in response to vitrification. Heat-map
analysis demonstrated good reproducibility of oocytes in control and
vitrified group as well as among biological technical repeats. And RT-
qPCR results further verified the accuracy of sequencing data. To our
knowledge, this is the first study elucidating the dynamic changes of
miRNAs expression during oocyte vitrification.

Ultrastructural dysmorphisms, including increased vacuolization,
aberrant dynamic variations in mitochondria-smooth endoplasmic re-
ticulum and mitochondria-vesicle complexes as well as scarce cortical
granules were observed in cryopreserved oocytes (Nottola et al., 2016).

Moreover, disturbed mitochondrial localization was found in vitrified
mouse oocytes (Yan et al., 2010). Additionally, vitrification would in-
duce damages on microtubules, actin filaments and chromosome in-
tegrity in oocytes (Wen et al., 2014). These results were in agreement
with our GO enrichment results where the potential targets for the
differentially expressed miRNAs were preferentially clustered in “ana-
tomical structure development” in biological process, and “cell” in
cellular components, implying that the peculiar structure in oocytes
was one of the main obstacles for successful preservation. Pathway
enrichment analysis identified significantly enriched endometrial
cancer pathway and most assigned metabolic pathway, suggesting vi-
trification may have an impact on oocytes’ viability and metabolic
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Fig. 3. GO analysis of genes potentially targeted by differentially expressed miRNAs. The vertical axis shows the percentage of genes clustered in each GO term.

137



J. Li, et al. International Journal of Biochemistry and Cell Biology 112 (2019) 134-140

Statistics of Pathway Enrichment
Type |l diabetes mellitus - .
Tight junction — .
T cell receptor signaling pathway - .
Prostate cancer - .
Pathways in cancer - o

Non-small cell lung cancer -

pvalue
Neurotrophin signaling pathway - . 66-05
Metabolic pathways — @)
4e-05
g Melanoma - .
Q .
- MAPK signaling pathway - B i 2e-05
©
E Lysine degradation -
N Insulin signaling pathway - s Gene_number
e 100
Focal adhesion - .
® 200
Fc gamma R-mediated phagocytosis - - @ 300
ErbB signaling pathway — .
Endometrial cancer - B
Colorectal cancer - .
Axon guidance - e
Apoptosis - .
Acute myeloid leukemia - .
I I I I
0.3 0.4 0.5 0.6
Rich factor

Fig. 4. Scatter plot of KEGG pathway analysis of genes targeted by differentially expressed miRNAs with the top 20 enrichment scores. Rich Factor refers to the ratio
generated from dividing gene numbers in a special pathway by the total number of genes. Greater Rich Factor means greater intensiveness.
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Fig. 6. Changes of PTEN expression after oocyte vitrification. A. Relative mRNA expression level of PTEN in fresh and frozen oocytes. B. Protein expression level of
PTEN in fresh and vitrified counterparts. Values are expressed as mean + SD. ** P < 0.01.

profile.

During miRNA biogenesis, primary miRNAs were cleaved into
miRNA duplexes composed of a guide and a passenger strand (also
known as miRNA and miRNA") (Guo and Lu, 2010). Recent studies
showed that many miRNA* species were relatively rich and played
important roles in various processes (Jin et al., 2011; Byrd et al., 2012).
Our result showed that the expression of miR-21-3p, also known as
miR-21*, was increased after vitrification. Target genes of miR-21-3p
were identified to be involved in physiological and pathological pro-
cesses (Yan et al., 2015; Baez-Vega et al., 2016; Xia et al., 2018). It was
referred that miR-21-3p could repress the expression of PTEN in
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umbilical cord blood plasma exosomes (Hu et al., 2018). We also
proved that miR-21-3p could down-regulate the expression of PTEN by
targeting its 3’UTR. PTEN always functions towards PI3K/AKT
pathway, an important signaling in regulating cell apoptosis through
the regulation of oxidative stress (Matsuda et al., 2018). Previous study
indicated that reduced PTEN expression was associated with elevated
reactive oxygen species level (Goo et al., 2012; Li et al., 2013; Noh
et al., 2016), which was considered to be accounted for the decreased
developmental potential of vitrified oocytes (Pan et al., 2018; Wang
et al., 2018a). In addition, it was suggested that repressed PTEN may
accumulate DNA damage and negatively affect the quality of oocytes
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Fig. 7. Identification of the target gene for miR-21-3p. “PTEN-646-652" and “PTEN-5576-5582" represent two binding sites for miR-21-3p in the 3"UTR of PTEN.

Results are expressed as mean * SD. **, P < 0.01.
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(Maidarti et al., 2019). Thus, it seemed that decreased PTEN expression
was related to the limited developmental potential of warmed oocytes.
In conclusion, our results demonstrated that vitrification would in-
duce dynamic changes of miRNAs expression in oocytes, and decreased
expression of PTEN mediated by miR-21-3p may associate with the
compromised developmental potential of vitrified oocytes.
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