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Understanding the molecular level changes of oocyte cryopreservation and the subsequent warming
process is essential for improving the oocyte cryopreservation technologies. Here, we collected the
mature metaphase II (MII) oocytes from mice and vitrified. After thawing, single-cell whole-genome
bisulphite sequencing (scWGBS) and single-cell RNA sequencing (scRNA-seq) were used to investigate
the molecular attributes of this process. Compared to the fresh oocytes, the vitrified oocytes had lower
global methylation and gene expression levels, and 1426 genes up-regulated and 3321 genes down-
regulated. The 1426 up-regulated differentially expressed genes (DEGs) in the vitrified oocytes were
mainly associated with the histone ubiquitination, while the 3321 down-regulated genes were mainly
enriched in the mitochondrion organisation and ATP metabolism processes. The differentially methyl-
ated regions (DMRs) were mainly located in promoter, intron and exon region of genes, and the length of
DMRs in the vitrified oocytes were also significantly lower than that of the fresh oocytes. Notably, there
were no significant difference in the expression levels of DNA demethylases (Tet1, Tet2 and Tet3) and
methyltransferases (Dnmt3a and Dnmt3b) between two treatments of oocytes. However, Dnmt1 and
kcnq1ot1, which are responsible for maintaining DNA methylation, were significantly down regulated in
the vitrified oocytes. Gene regulatory network (GRN) analysis showed the Dnmt1 and kcnq1ot1 play a
core role in regulating methylation and expression levels of downstream genes. Moreover, some genes
associated with oocyte quality were significantly down-regulated in the vitrified oocytes. The present
data provides a new perspective for understanding the impact of vitrification on oocytes.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oocyte cryopreservation (OC) is an important component of
assisted reproductive technology (ART), which has been evolved
and widely used [1]. And it is an effective method to preserve the
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fertility of women who lose ovarian function due to premature
ovarian failure, pelvic disease, surgery, radiotherapy and chemo-
therapy [2e4]. In addition, there has been a shift in the timing of
parenthood andmorewomen are choosing to have children later in
life [5]. With increasing age comes the natural decline in ovarian
follicle number and quality of remaining oocytes, leading to the
decreased female fertility and an increasing demand for OC [6].

In recent years, with the development of high-throughput
sequencing technology, many studies have shown that the vitrifi-
cation process can change the gene expression and epigenetic
patterns of mammalian oocytes [7e9]. For example, Milroy et al.
revealed that the global methylation levels in promoter regions of
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Oct4 and Sox2 in the vitrified oocytes were significantly lower than
that of in vivo mature (IVM) mouse oocytes [10,11]. Cheng et al.
found the methylation levels of three imprinted genes (H19, Peg3
and Snrpn) in blastocysts which are derived from mouse vitrified
oocytes decreased [12]. In addition, the overall DNA methylation
levels were also decreased in bovine vitrifiedMII oocytes [13,14]. At
the same time, vitrification can also lead to the change of gene
expression. For example, the expression levels of DNA methylation
associated genes (Dnmt1, Dnmt3a, Dnmt3b, Dnmt3l and Dnmt1o),
spindle assembly checkpoint (SAC)-related genes (Mps1, BubR1,
Mad1 andMad2) and several imprinted genes (Gtl2 and Peg3) were
significantly down regulated in mouse vitrified oocytes [12,15e17].
However, whether the potential changes of gene expression and
epigenetic pattern will have a negative impact on oocyte fertiliza-
tion and subsequent embryonic development still needs further
investigation.

As an epigenetic marker, DNA methylation plays an important
role in maintaining parental imprinting and transcriptional regu-
lation [7,18,19]. These genetic imprints are gradually established in
the process of oocyte growth, which determines a large part of the
genome DNA methylation profile of preimplantation embryos and
influences the development of zygote, embryo, and postnatal life
[20,21]. DNMT3A and DNMT3B are de novo methyltransferases,
responsible for creating new methylation patterns [22e24].
DNMT3L lacks enzymatic activity, but enhances the activity of
DNMT3A and DNMT3B [23]. Previous studies have shown that both
Dnmt3a�/� and Dnmt3l�/� mice failed to establish germline
methylation [25,26]. DNMT1 can catalyze de novo methylation of
genes [27]. It is also a maintenance methyltransferase that copies
pre-existing methylation patterns upon DNA replication, which is
found in high abundance in growing oocytes and plays a role in
maintaining methylation imprints during subsequent embryo
cleavage [28,29]. And DNA demethylation mechanism is found to
be mediated by the teneeleven translocation (Tet) enzymes Tet1,
Tet2, and Tet3 [30]. At present, whether vitrification will cause the
expression patterns changes of these DNA methylation related
enzymes, and then affect the methylation levels and gene expres-
sion patterns of oocytes remains poorly understood.

In this study, we used single-cell whole genome bisulphite
sequencing (scWGBS) and single-cell RNA sequencing (scRNA-seq)
to detect DNA methylation and gene expression changes in oocytes
under cryopreservation treatment. The results revealed the lower
DNAmethylation level of the vitrified oocytes were associated with
the down-regulated expression of Dnmt1 and Kcnq1ot1. At the
same times, we found most of gene related to developmental and
fertilization potential of oocytes were significant down-regulated
in the vitrified oocytes. Our studies provided an in-depth under-
standing the effect of vitrification on oocytes.

2. Materials and methods

2.1. Animals

Female Institute of Cancer Research (ICR) mice at 6e8 weeks of
age were purchased from SPF (Beijing, Biotechnology Co., Ltd.) and
raised in a specific pathogen free environment employing a 12 h
light/dark cycle, and a constant temperature (23 ± 1 �C) and hu-
midity (60 ± 5%), respectively. All animal experiments were con-
formed to the ethics of the Institute of Zoology, Chinese Academy of
Sciences.

2.2. Oocyte collection

To collect MII oocytes, the female ICR mice at 6e8 weeks of age
were superovulated by the intraperitoneal injection with 10 U of
12
pregnant mare serum gonadotropin (PMSG), followed by the
intraperitoneal injection with 10 U of human chorionic gonado-
tropin (HCG). Cumulus oocyte complex (COC) were collected 12 h
after HCG injection. Cumulus cells were digested with 0.2% hyal-
uronidase, and the denuded oocytes were transferred to the com-
mercial M2 medium (Sigma, M7167, Shanghai, China).

The oocytes were microscopically observed and the oocytes
with a polar body were defined as MII stage. After MII oocytes
collection, the MII oocytes were randomly divide into a vitrification
group and a fresh group. The fresh group directly subjected to
subsequent RNA-seq and DNA methylation analyses. Vitrification
group (n ¼ 117) was used for subsequent vitrification experiments.

2.3. Oocyte vitrification and thawing

Commercial vitrification cryocoolant contained two types of
vitrification medium as ES and VS was purchased from Vitrolife
RapidVit™ Oocyte (Vitrolife,10121, Guangzhou, China). Before
oocyte vitrification, a total of 1 mL of each solution was added into
separate wells of a Vitrolife 4-well culture dish, and warmed at
37 �C. The denuded oocytes were transferred into the ES medium
and incubated for 10 min. The oocytes were transferred to the VS
medium with minimal volume to avoid dilution by a micropipette
pre-primed with VSmedium. Followed by incubation for 5 min, the
oocytes were then transferred to a freezing rod, quickly put into
liquid nitrogen, and kept vitrified for 30 days.

Commercial thawing liquid contained four types of thawing
medium (TE, DS, WS1, and WS2), which was purchased from
Vitrolife RapidWarm™ Oocyte (Vitrolife,10122, Guangzhou, China).
Before oocyte thawing, a total of 1 mL of each medium was ali-
quoted into separate wells of a multi-well plate, and warmed at
37 �C. All manipulations of the oocytes were performed at 37 �C on
a heated stage. The Vitrification System (Vitrolife Rapid-i) con-
taining the vitrified oocytes was removed from the liquid nitrogen,
and then collected the vitrified oocytes. The vitrified oocytes were
immediately transferred into the TE medium for 1 min incubation,
transferred into the DS medium for 3 min incubation, and finally
transferred into the WS1 medium for 5 min incubation. Next, the
oocytes were transferred into the WS2 media and incubated for
5e10 min, transferred to an equilibration solution with the plate
placed in an incubator at 37 �C and 5% CO2 for 2 h. The equilibration
solution in this study were TCM-199 medium (Thermo Fisher,
12350039, Shanghai, China) supplemented with 10% foetal bovine
serum (Thermo Fisher, 30044333, Shanghai, China). Finally, we
collected survival oocytes after vitrification and thawing for sub-
sequent RNA-seq and DNA methylation analyses. Both the fresh
group and the vitrified group contained three biological replicates,
and each biological replicate contained ten oocytes.

2.4. Single-cell RNA-seq library construction, sequencing, and raw
data processing

Single-cell RNA-seq library construction and sequencing were
performed by Annoroad Gene Technology Co., Ltd (Beijing, China).
The fresh oocytes and thawed vitrified oocytes were collected in
tubes with lysis component and ribonuclease inhibitor. Then we
carried out the amplification by the Smart-Seq2 method. An Oligo-
dT primer was introduced to the reverse transcription reaction for
first-strand cDNA synthesis, followed by PCR amplification to
enrich the cDNA and magbeads purification step to clean up the
production. Then the cDNA production was checked by Qubit® 3.0
Flurometer and Agilent 2100 Bioanalyzer to ensure the expected
production with length around 1~2k bp. Then the cDNA was
sheared randomly by ultrasonic waves for Illumina library prepa-
ration protocol. After library preparation, PerkinElmer LabChip®
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GX Touch and Step OnePlus™ Real-Time PCR System were intro-
duced for library quality inspection. Qualified libraries were then
loaded on Illumina Hiseq platform for PE150 sequencing.

The number of raw reads was 42.1 million, and after quality
control, 40.8 million clean reads were left. The original off-machine
sequence (raw reads) obtained by HiSeq sequencing were filtered
by the following steps to obtain the high-quality sequences (clean
reads): (1) Removal of contaminated sequences and restriction sites
in the reads (if the length of the reads is less than 30 bp after
truncating the contaminated sequence, the reads were removed);
(2) Removal of the reads containing adapters; (3) Removal of the
low-quality reads (bases with a quality value of Q � 19 in the reads
account for more than 50% of the total bases, for paired-end
sequencing, if one end is low-quality, the reads at both ends were
removed); (4) Removal of the readswith a ratio of N greater than 5%
(for paired-end sequencing, if the ratio of N at one end was greater
than 5%, the reads at both ends were removed). Next, the clean
reads were aligned to the reference genome (mm9 assembly) using
HISAT2 [31]. Then, the htseq-count was used to count the uniquely
mapped reads [32].

2.5. DNA methylation library construction, sequencing, and raw
data processing

Single-cell whole-genome bisulfite sequencing (scWGBS) was
used to detect DNA methylation. The fresh and vitrified oocytes
were used for this experiment. The fresh and thawed vitrified oo-
cyteswere lysed to separate their DNA, and unmethylated cytosines
in the DNA fragment were converted to bisulphite, followed by the
synthesis and PCR amplification of the first and second strands of
DNA, to complete the single-cell double-strand library. Purified li-
braries were assessed for quality and quantity using Agilent Bio-
analyzer and StepOnePlus Real-Time PCR System. Single cell
libraries were prepared for 125 bp paired-end sequencing on a
HiSeq2500.

After sequencing, the Trimmomatic (v0.36) software was used
to filter the original sequence with the following steps: (1) Cut the
sequence containing adapter with the following parameter: ILLU-
MINACLIP:Adapter.fa:2:30:10; (2) Use the sliding window method
to trim the low-quality bases in reads with the following parame-
ters: SLIDINGWINDOW: 4:15; (3) Cut off bases at both ends of reads
whose quality value is less than three or N with parameter:
LEADING: 3 TRAILING:3; (4) Discard reads with a length less than
36 nucleotides, after the trim, with the following parameters:
MINLEN: 36. Finally, a clean high-quality data set was obtained.
After data filtering, the clean reads were aligned to the reference
genome (mm9 assembly) using Bismark (v0.16.3) [33]. The
sequencing reads and the reference genome both underwent con-
version of C-to-T and G-to-A. The converted reads were then
aligned to the converted reference genome, and the best of four
parallel comparison results was selected, and only comparison
reads were used for subsequent analysis of methylation informa-
tion. After the comparison quality was verified, these reads data
that were uniquely aligned to the genome were used to obtain the
cytosine methylation information, and perform the downstream
DNA methylation information analysis.

2.6. Correlation analysis of the DNA methylation

To check the reproducibility of duplicate samples and compare
the methylation differences between groups, the sliding window
method (2 kb) was used to calculate the methylation levels in the
whole genome, as well as the Pearson correlation coefficient of all
samples [34]. The “methylation level” was determined by fraction
of methylated cytosines, that is, methylated cytosines account for a
13
proportion of all cytosine sites in the region.

2.7. Whole-genome and functional region methylation levels

To explore the methylation status of each sample in the whole
gene range and compare the differences between groups, the
overall methylation level of different samples was calculated using
all methylated CpG sites. In order to understand the distribution of
the window methylation level in the whole genome in detail, the
methylation level of a 2 kb window of the whole gene was calcu-
lated. The violin diagrams were drawn to observe and compare the
difference in the overall methylation level among different sam-
ples. We also evaluated the methylation levels in functional regions
such as the promoter, untranslated region (UTR), coding sequence
(CDS), intron, and intergenic regions, and displayed them with a
boxplot.

2.8. Identification of differentially methylated regions (DMRs) and
differentially expressed genes (DEGs)

Dispersion Shrinkage for Sequencing data (DSS) software [35]
was used to identify DMRs. The regions with a p-value less than
0.05, average methylation level difference between groups greater
than or equal to 0.2, and at least three CpG sites were retained as a
final DMR. The differential expression analysis of genes was per-
formed using DESeq2 [36,37]. Genes with |log2FC|� 1 and adjusted
p-value < 0.05 were identified as differentially expressed genes
(DEGs).

2.9. Gene expression correlation analysis and UMAP dimensionality
reduction

We used the logarithmic transformation (log2) to non-linearly
normalise the read counts in the oocytes, followed by the calcula-
tion of Pearson correlation coefficient (PCC) between two kinds of
oocytes, and the results were displayed in a heatmap. Regarding the
UMAP dimensionality reduction analysis, we used the function
“reduce_dimension” from the monocle3 package [38] of the R
program, and the “plot_cells” function for visualisation.

2.10. Gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) pathway enrichment analyses

We performed GO and KEGG pathway enrichment analyses
using clusterProfiler [39,40]. The function “enrich GO” and “enrich
KEGG” with default parameters, were used for the GO terms and
KEGG pathway enrichment analyses. Items with p-values < 0.05
were regarded as significantly enriched. The DEGs between the
vitrified and fresh oocytes, and down-regulated expression genes
with hypermethylated region (hyper-down) and up-regulated
expression genes with hypomethylated region (hypo-up) were
the input data of GO enrichment. The downstream genes of Dnmt1
were used to perform GO and KEGG enrichment.

2.11. Transcription factor (TF) associated gene regulatory network
(GRN) analysis

The TF associated GRNs was generated by the R package SCENIC
using the read count [41]. SCENIC is an algorithm that can recon-
struct GRNs and identify stable cell states from single-cell RNA
sequencing data (http://aertslab.org/#scenic). In short, SCENIC first
inferred the co-expression modules and then trimmed them using
cis-regulatory motif analyses, leaving a portion of the trimmed
module, called the regulon. Next, SCENIC calculates the enrichment
degree of each region by calculating the area under the restoration

http://aertslab.org/#scenic


Y. Ma, C. Long, G. Liu et al. Theriogenology 177 (2022) 11e21
curve (AUC) in the ranking of all genes for a specific region.We used
a Z-score > 0.9 and importance value > 10 as the thresholds to
select significant regulation modules.

2.12. Statistical analysis and data visualisation

The PCC was calculated using the “cor” function of R, with
default parameters to estimate the correlation between genes [42].
Student's t-test was performed using the “t.test” function with
default parameters [43,44].

In this study, data visualisation was mainly conducted by R
(version 3.6.3), including the R/Bioconductor. The heatmap and
Venn map were generated using Pheatmap and VennDiagram,
respectively. The program ggpot2 (http://ggplot2.org/) was used to
generate density plots, box plots and bubble plots.

3. Results

3.1. Significant global methylation and transcriptome differences
were observed between the vitrified and fresh oocytes

To explorewhether vitrification significantly affects methylation
and gene expression in oocytes, we first calculated the PCCs be-
tween the fresh oocytes and vitrified oocytes based on methylation
levels (fraction of methylated cytosines) and gene expression
values (normalized read count), respectively (Fig. 1A and B). The
results showed that there were high PCC value of methylation (PCC
>0.85) and gene expression (PCC >0.9) among the oocytes under
the same treatment, whereas there were obvious differences be-
tween the vitrified and fresh oocytes (methylation PCC <0.4 and
gene expression PCC <0.9). The result of cell clusters based on gene
expression also showed a high similarity among oocytes under the
same treatment, and distinct differences between the vitrified and
fresh oocytes (Fig. 1C).

Meanwhile, we found that the global methylation levels and
gene expression levels of the vitrified oocytes were significantly
Fig. 1. The overall methylation and gene expression levels in the vitrified and fresh oocyte
between the vitrified oocytes (A1, A2, A3) and fresh oocytes (B1, B2, B3), respectively. (C) Un
gene expression. Different cell types were labeled with different colours. (DeE) Violin diagr
treatments of oocytes. (F) The methylation level in different genome region of the genes. (Fo
the Web version of this article.)
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lower than those of the fresh oocytes (p < 0.001) (Fig. 1D and E). In
the exon, 30 UTR and 50 UTR regions, there were no significant
difference in the methylation level between the vitrified and fresh
oocytes. The methylation levels of intergenic, intron and promoter
regions in the vitrified oocytes were significantly lower than those
in the fresh oocytes (p < 0.001) (Fig. 1F). Overall, these results
demonstrated that vitrification have significant effects on DNA
methylation and gene expression pattern of oocytes.
3.2. Specific DNA methylation landscape and gene expression
patterns between the vitrified and fresh oocytes

To further explore the effects of vitrification on the DNA
methylation in oocytes, DSS software [31] was used to identify the
differential methylation regions (DMRs) between the vitrified and
fresh oocytes. And DMRs were annotated to various elements of
genes, including CpG islands (CGIs), exons, introns, promoters, 30

UTRs, and 50 UTRs. The DEGs between the vitrified oocytes and
fresh oocytes were identified by DEseq2. The genes with |log2FC| �
1 and adjust p-value < 0.05 were identified as significantly DEGs.

The differential methylation analysis showed that the length of
hypermethylated regions (the vitrified oocytes vs. the fresh oo-
cytes) was shorter than that of hypomethylated regions, and the
number of hypermethylated regions was less than that of hypo-
methylated regions in each gene region (Fig. 2A and B). These re-
sults suggested that the vitrification oocytes erased many of the
wider methylation regions and reconstructed a small number of
narrower methylation regions. The expression pattern of DEGs
showed that the vitrified oocytes had a smaller number of up-
regulated DEGs (n ¼ 1426) than down-regulated DEGs (n ¼ 3321)
when compared to the fresh oocytes (Fig. 2C, Supplementary
Table S1). The up-regulated DEGs in the vitrified oocytes were
mainly enriched in the biological processes related to histone H2A
monoubiquitination and polyubiquitination, endoplasmic reticu-
lum tubular network organisation, and vesicle-mediated transport
in synapses. The down-regulated DEGs in the vitrified oocytes were
s (AeB) The Pearson correlation of the methylation levels and gene expression levels
iform Manifold Approximation and Projection (UMAP) dimension reduction analysis of
ams show the differences in methylation and gene expression levels between the two
r interpretation of the references to colour in this figure legend, the reader is referred to

http://ggplot2.org/


Fig. 2. The differential methylation regions (DMRs) and differentially expressed genes (DEGs) between the vitrified and fresh oocytes. (AeB) The length and the number of DMRs in
each genomic element were significantly different (the vitrified oocytes vs. the fresh oocytes). Hypermethylated represented the regions where the methylation level in the vitrified
oocytes were significantly higher than those of the fresh oocytes. Hypomethylated represented the regions where the methylation level in the vitrified oocytes were significantly
lower than those of the fresh oocytes. (C) Volcano plot showed the DEGs (|log2FC| > 1, adjusted p-value < 0.05) between the vitrified oocytes and fresh oocytes. The vitrified oocytes
have 1426 up-regulated and 3321 down-regulated DEGs compared to the fresh oocytes, respectively. (D) The expression patterns and GO terms (BP) of DEGs between the vitrified
and fresh oocytes.
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mainly enriched in some metabolic biological process, such as
mitochondrial organisation, regulation of apoptotic signalling
pathways, ATP metabolic processes, extracellular matrix organisa-
tion, extracellular structure organisation, and other biological
processes (Fig. 2D). The above results indicated that the metabolic
process in the fresh oocytes is obviously more active when
compared to frozen oocytes. But chromatin structure and cyto-
skeleton structure were changed in frozen oocytes.

3.3. Gene expression related to methylation process in the vitrified
and fresh oocytes

Considering that DNA methylation inhibit the binding of tran-
scription factors and enhancer blocking elements, such as CTCF,
thereby inhibiting gene expression [34], we performed a conjoint
analysis of DNA methylation and the DEGs. The Manhattan plot
shows a relatively even number of DMRs and DEGs among the 20
chromosomes in mouse oocytes (not included Y chromosome),
indicating that vitrification treatment leads to the universal
methylation and gene expression changes throughout the oocyte
genome (Fig. 3A).

Surprisingly, 1285 DMRs were found, most of themwere located
in intergenic region, and only 97 DMRs regions were located in the
promoter or gene body. Therefore, we combined these 97 CGI re-
gions with the differential expression of the corresponding genes
(Fig. 3B). The results showed the expression of eight genes, namely
Efna5, 2310069G16Rik, 1700030N03Rik, Mettl4, Naf1, AU018091,
Popdc3, and Ethe1, regulated by CGI differential methylation, were
significantly up-regulated in the vitrified oocytes. The main bio-
logical processes of enrichment include the cell-cell adhesion
15
mediated by integrin, regulation of presynaptic cytosolic calcium
ion concentration, and lipoprotein localization. The hyper-
methylation of CGIs were associated with 19 genes including
Nxph4, Plekhh3, Sema4c, Rfx8, Tns2, Itga5, Phf10, C2, Foxp4, Lzts2,
Adamtsl4, Unc119b, Hsd11b2, Ctxn1,Map1s,1810030O07Rik, Eef2kmt,
Marcksl1, and Fbxl15. The expression levels of these 19 genes were
significantly down-regulated in the fresh oocytes. And these genes
were involved in biological processes such as cellular responses to
gonadotropic stimulus and follicle stimulating hormone (Fig. 3C).
Although the global hyper-methylated CGIs were significantly
narrower than those of the hypo-methylated CGIs (Fig. 2A), there
was no significant difference (p-value > 0.05) in the width of
differentially methylated CGIs which located in promoter or gene
body regions (Fig. 3D).

In order to further study the mechanism of lower DNA
methylation level in vitrification oocytes, we detected the expres-
sion patterns of DNA methylation-related enzymes (Fig. 3E).
Although these genes contain many DMRs in the promoter and
gene body regions (Fig. 3F), there were no significant difference in
the expression levels of DNA demethylases (Tet1, Tet2 and Tet3) and
methyltransferases (Dnmt3a and Dnmt3b) between the vitrified
and fresh oocytes. Tet3 had a high expression level in both treat-
ment of oocytes. Interestingly, Dnmt1, which is responsible for
maintaining DNA methylation and catalyzing de novo methylation
of genes, was significantly down-regulated in the vitrified oocytes.
At the same time, the hyper-methylated DMRs of Dnmt1weremore
than that of Hypo-methylated DMRs. The expression of other genes
seems to have little correlation with DNA methylation.



Fig. 3. Joint analysis between the DNA methylation and gene expression. (A) The Manhattan chart shows the distribution of DMRs and the number of DEGs on each chromosome.
The number behind each chromosome indicates the number of DEGs. (B) The scatter plot shows the comparison between the DNA methylation and gene expression. Each dot
represents a which was located in CGIs of promoter (or gene body) regions of gene. The hypermethylated DMRs of down-regulated genes (Hyper-Down) were labeled in blue, and
the hypomethylated DMRs of up-regulated genes (Hypo-Up) were labeled in red. (C) GO terms enrichment of Hyper-Down and Hypo-Up genes, respectively. (D) The width of DMRs
which located in CGIs of promoter and gene body regions. (E) The expression of genes that encoding DNA methylation-related enzymes. (F) The number of DMRs in the promoter
and gene body regions of genes that encoding DNA methylation-related enzymes. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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3.4. The vitrified oocytes show GRN defects in maintaining DNA
methylation

The above studies implied that the down-regulated expression
of Dnmt1 in the vitrified oocytes was associated with the lower
overall DNA methylation levels observed in the vitrified oocytes. In
order to further explore the reason for lower DNAmethylation level
in the vitrified oocytes, we evaluated the expression patterns of
genes involved in the maintenance of DNA methylation, and found
that Kcnq1ot1 was also down-regulated in the vitrified oocytes.
Next, we used the SCENIC [41] to detect the GRNs of Dnmt1 and
Kcnq1ot1. And the results revealed that the GRN of Dnmt1 and
Kcnq1ot1 involved a total of 683 genes. The core network was
composed of 21 genes, including Dnmt1, Kcnq1ot1, Smad1, Sox5,
Jazf1, Rfc2, Phf8, Nfkb2, Zbtb8b, Vezf1, Aff4, Rest, Arid5b, Cux1, Bptf,
Dhx36, Rfxank, Crtc2, Atf4, Xrcc4, andMterflb (Fig. 4A). Among them,
Dnmt1 had 531 downstream target genes, and Kcnq1ot1 was the
downstream target gene of 51 TFs.

The results of GO enrichment indicated that the network
involved in a series of biological processes, such as pattern speci-
fication process, regulation of binding, DNA-templated transcrip-
tion, positive regulation of cell-cell adhesion, and negative
regulation of binding (Fig. 4B). In addition, the enriched KEGG
pathways included signalling pathways regulating pluripotency of
stem cells, the MAPK signalling pathway, basal transcription fac-
tors, the Ras signalling pathway, as well as other key pathways
(Fig. 4C). We counted the number of DMRs of these genes, and the
results showed that the number of hypomethylation regions in the
promoters, exons, introns, and 30 UTR regions of these genes was
16
significantly lower than that of hyper-methylation regions (p-value
< 0.001) (Fig. 4D). Among the 683 genes in this TF-regulated
network, 304 genes were differentially expressed between the
vitrified and fresh oocytes. Among them, 214 genes (including
Dnmt1) were down-regulated and 90 genes were up-regulated in
the vitrified oocytes (Fig. 4E).
3.5. The vitrified oocytes exhibited a simpler GRN and
developmental dysfunction

The transcriptional state of a cell emerges from its underlying
gene regulatory network. To investigated the difference of under-
lying GRNs between the vitrified and fresh oocytes, the SCENIC [41]
was used to perform further GRN analysis. In the vitrified oocytes,
TFs such as Rb1, Gm35315, Brf2, and Tbpl2 were core in the GRN
(Fig. 5A). And TFs such as Egr3, E2f1, Usf2, Lhx5, Kat2a, Foxp1, and
Klf6were core in the GRN of the fresh oocytes (Fig. 5B). The detailed
GRNs of the vitrified oocytes and fresh oocytes were listed in
Supplementary Table S2. There are more core TFs in GRN of the
fresh oocytes compared to the vitrified oocytes. And the overall
GRN is more complex, with more closely interactions among core
TFs in the fresh oocytes. As expected, the core TFs of the vitrified
and fresh oocytes were specifically expressed in respective oocytes
(Fig. 5C).

Next, we assessed the developmental ability and fertilization
potential of the vitrified oocytes. The expression of all genes in 101
GO terms related to oocytes quality and 34 GO terms related to
fertilizationwere checked. The results revealed 10 GO terms related
to oocyte quality and 10 GO terms related to fertilization contained



Fig. 4. Defective GRN related to maintain DNA methylation in the vitrified oocytes. (A) Based on SCENIC analysis, the GRN associated Dnmt1 and Kcnq1ot1 was showed. (BeC) GO
and KEGG pathway enrichment analysis of genes in the GRN related to Dnmt1 and Kcnq1ot1. (D) The average DMRs number of genes in the GRN associated with Dnmt1 and
Kcnq1ot1. Data are mean ± SEM (Standard Error of Mean). The p-value < 0.001 taken as being statistically significant using Student's t-test and denoted as ***. (E) The expression
patterns of genes in the GRN associated with Dnmt1 and Kcnq1ot1.
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DEGs (Supplementary Table S3). The 10 GO terms related to oocytes
quality includes oocyte development, oocytematuration, ovulation,
and so on, in which most of the DEGs were down-regulated in the
vitrified oocytes (|log2FC| > 1, adjusted p-value < 0.05) (Fig. 5D).
Similarly, most of the DEGs in fertilization related GO terms were
down-regulated in the vitrified oocytes (|log2FC| > 1, adjusted p-
value < 0.05) (Fig. 5E). These results suggest that vitrification
treatment may cause some harm to developmental competence
17
and fertilization potential of oocytes.
4. Discussion

The appearance of vitrification greatly improves the efficiency of
oocyte preservation, which can protect the fertility of women at
risk of medical or age-related fertility loss [7,45e47]. However,
many studies have reported that oocyte vitrification could reduce



Fig. 5. Assessment of developmental and fertilization potential of the vitrified oocytes. (AeB) The most significant TF associated GRNs in the vitrified oocytes and fresh oocytes,
respectively. The relationship between TFs and targets with Z-score > 0.9, importance >10 were retained. (C) The differential expression pattern of core TFs between the vitrified
and fresh oocytes. (D) Differential expression of genes in 10 GO terms related to oocytes quality. (E) Differential expression of genes in 10 GO terms related to fertilization.
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the potential for embryonic development in mammals in recent
years [48e50]. The suboptimal cryovariables used for cryopreser-
vation will cause cellular damage of oocytes occurring during
cryopreservation. During the vitrification of oocytes, these cry-
ovariables including type and concentration of cryoprotectant,
nucleation temperature, cooling and thawing rates caused the
cryoprotectant toxicity, intracellular ice crystals formation, subse-
quently results into DNA fragmentation, mRNA instability, free
radical accumulation and ionic imbalances [51]. These abnormal-
ities in oocytes disturbed the synthesis and preservation of tran-
scripts, in particular expression of epigenetic modifier enzymes
[52], further disturbing the translation and degradation of tran-
scripts involved in epigenetic mechanisms required for meiotic
18
progression, fertilization, and embryo development.
The effects of vitrification can be at the molecular level and

influence epigenetic control and gene expression [53]. Monzo et al.
found cryopreservation has a negative effect on gene expression
profile of human MII oocytes. Moreover, many genes of ubiquiti-
nation pathway are down-regulated in the vitrified oocytes. The
inhibition of this degradation mechanism may stabilize the
maternal protein content necessary for oocyte development [54]. In
bovine and pig oocytes, vitrification changes the expression pat-
terns of many genes, including transcriptional regulation, cell dif-
ferentiation and mitosis, actin cytoskeleton regulation and
apoptosis pathway [55e57]. However, Gao et al. showed that there
is no difference in gene expression between mouse vitrified and
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fresh oocytes [58]. In our study, we performed scRNA-seq between
the fresh and vitrified oocytes to detect the gene expression
changes as the results of the vitrification. Our results showed that
the global gene expression level of the vitrified oocytes is lower
than that of the fresh oocytes (p < 0.001), and the vitrified oocytes
have 1426 up-regulated DEGs and 3321 down-regulated DEGs
compared to the fresh oocytes, respectively.

The up-regulated DEGs in the vitrified oocytes were mainly
enriched in the biological processes that are associated with
chromatin structure and cytoskeleton structure, such as histone
H2A and histone monoubiquitination, endoplasmic reticulum
tubular network organisation. Histone H2A ubiquitination plays an
important role in many cellular events, such as transcription initi-
ation and elongation, silencing, and DNA repair [59]. Distinct H2A
ubiquitin ligases that mediate H2A ubiquitination are recruited
based on the interactions with different corepressor complexes,
and they contribute to the specific transcriptional repression pro-
grams [59]. The highly expressed genes that are enriched in histone
ubiquitination and histone H2A ubiquitination may inhibit global
gene expression in the vitrified oocytes. Meanwhile, the down-
regulated DEGs were mainly enriched in mitochondrion organisa-
tion and metabolism processes. In mature oocytes, the mitochon-
drial size, function, and overall number are critical factors
associated with successful fertilization and subsequent embryo
development [60e62]. In addition, it is known that the mitochon-
drial network is highly vulnerable to temperature fluctuations. Our
research also found that the expression levels of genes related
mitochondrion organisation, ATP metabolic process in the vitrified
oocytes was lower than that in the fresh oocytes. Therefore, it is
beneficial to improve the quality of the vitrified oocytes by adding
mitochondrial protective substances during vitrification.

Epigenetic information in the mammalian oocytes has the po-
tential to be transmitted to the next generation and influence gene
expression. Recent studies have shown that vitrification may alter
the DNA methylation in mammalian oocytes, resulting in the
abnormal embryo development [63e66]. On the other hand, some
investigators found that there was no significant difference in DNA
methylation status between the vitrified and control oocytes
[67e69]. Our results showed that the global DNA methylation was
decreased in the vitrified oocytes compared to the fresh oocytes.
And 1285 DMRs were identified, most of which were located in the
intergenic region and only 97 DMRs located in the promoter or
gene body area.We also observed the expression of genes related to
methylation. The genes which encode methyltransferases (Dnmt3a,
Dnmt3b, Dnmt3l) and demethylases (Tet1, Tet2, and Tet3) were not
differentially expressed between the fresh and vitrified oocytes.
DNMT1 can catalyze de novomethylation of genes and is critical for
producing competent oocytes and early embryos [27,29]. Therefore,
the down-regulated of Dnmt1 may lead to abnormal genome-wide
DNA methylation and poor embryo quality.

In conclusion, our results revealed the global effects of cryo-
preservation on the DNAmethylation and gene expression patterns
of oocytes and analyzed the changes of related biological process.
We detected the expression patterns of DNA methylation-related
enzymes and found Dnmt1 were significantly down regulated in
the vitrified oocytes. GRN analysis showed that the overall GRN is
more complex, with more closely interactions among core TFs in
the fresh oocytes. Through assessed the expression of genes that
are associated with developmental ability and fertilization poten-
tial of oocytes, we found that vitrification treatment can cause
some harm to developmental competence and fertilization poten-
tial of oocytes. Our study provided a new insight into under-
standing the effects of cryopreservation on oocytes at molecular
level and provide a theoretical basis for improving the efficiency of
oocyte cryopreservation.
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