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Abstract

:

Simple Summary


Alterations in gene expression occur in immature oocytes after vitrification with DMSO-containing cryoprotectant.




Abstract


Despite substantial advancements in the field of cryobiology, oocyte and embryo cryopreservation still compromise developmental competence. Furthermore, dimethyl sulfoxide (DMSO), one of the most commonly used cryoprotectants, has been found to exert potent effects on the epigenetic landscape of cultured human cells, as well as mouse oocytes and embryos. Little is known about its impact on human oocytes. Additionally, few studies investigate the effects of DMSO on transposable elements (TE), the control of which is essential for the maintenance of genomic instability. The objective of this study was to investigate the impact of vitrification with DMSO-containing cryoprotectant on the transcriptome, including on TEs, of human oocytes. Twenty-four oocytes at the GV stage were donated by four healthy women undergoing elective oocyte cryopreservation. Oocytes were paired such that half from each patient were vitrified with DMSO-containing cryoprotectant (Vitrified Cohort), while the other half were snap frozen in phosphate buffer, unexposed to DMSO (Non-Vitrified Cohort). All oocytes underwent RNA sequencing via a method with high fidelity for single cell analysis, and which allows for the analysis of TE expression through Switching Mechanism at the 5′-end of the RNA Transcript sequencing 2 (SMARTseq2), followed by functional enrichment analysis. Of the 27,837 genes identified by SMARTseq2, 7331 (26.3%) were differentially expressed (p < 0.05). There was a significant dysregulation of genes involved in chromatin and histone modification. Mitochondrial function, as well as the Wnt, insulin, mTOR, HIPPO, and MAPK signaling pathways were also altered. The expression of TEs was positively correlated with the expression of PIWIL2, DNMT3A, and DNMT3B, and negatively correlated with age. These findings suggest that the current standard process of oocyte vitrification, involving DMSO-containing cryoprotectant, induces significant transcriptome changes, including those involving TEs.
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1. Introduction


Since the experimental label on oocyte cryopreservation (OC) was lifted in 2012, the use of OC has increased exponentially in the United States and around the world [1,2]. Almost 70,000 autologous and donor OC cycles have been documented in the United States per the Society for Assisted Reproductive Technology database. Unsurprisingly, OC is now considered the first-line option for fertility preservation for medical and elective indications [2]. Advancements in OC techniques have improved the rates of oocyte thaw survival, fertilization, embryo development, and embryo transfer outcomes [1].



Though generally considered innocuous, the short- and long-term safety profiles of OC remain unknown [2]. A paired randomized controlled trial in the US found comparable rates of implantation and aneuploidy, but decreased rates of fertilization and embryo development from vitrified vs. fresh oocytes [3]. Subsequent studies reported lower blastocyst formation and live birth rates from vitrified vs. fresh oocytes [4,5]. Other studies reported a small yet statistically significant increased rate of early childhood cancer in the offspring of various types of assisted reproductive technology (ART) compared to the general population [6,7,8]. Fetal macrosomia, low birth weight, prematurity, birth defects, growth/metabolic disorders, genomic imprinting diseases, and psychomotor/mental developmental delays have also been associated with ART [2,9]. Less clear are which steps in the ART process contribute to these adverse outcomes, their biological basis, as well as whether those outcomes result from ART itself or from underlying parental pathophysiology.



A central area of concern is the role of ART, including cryopreservation, in the epigenetic landscape during gametogenesis [2]. During the early female fetal period, primordial germ cells (PGCs) undergo genome wide de-methylation, and remain hypo-methylated until the post-pubertal period, when re-methylation takes place during the final stages of oocyte maturation [2,10,11]. Fluxes in the epigenetic state during gametogenesis leave the oocyte particularly vulnerable to disruption from manipulations involved with ART [2]. In most mammalian species, transcription is repressed until the activation of the zygotic genome, a process which depends on the attachment of cumulus cells [12]. This could limit the utility of the transcriptome as a readout of the cell’s epigenetic state, except that during the cryopreservation process cumulus cells are stripped for morphological assessment.



Dimethyl sulfoxide (DMSO), one of the most widely used cryoprotective agents for oocyte cryopreservation, is a permeating, highly water-soluble cryoprotective agent that is known to impact cell differentiation, apoptosis, ion channel expression, lipid metabolism, and histone deacetylase inhibition [13,14]. DMSO also functions as a methyl donor [13], raising the question of whether it alters cytosine and histone methylation in oocytes, processes which are central to epigenetic regulation. With respect to varying exposure duration and concentration, vitrification with DMSO can negatively impact oocyte and embryo development in bovine, murine, and porcine oocytes [15,16,17]. Additionally, DMSO exerts potent effects on the epigenetic landscape of cultured human cells, including hepatic, cardiac, and embryonic stem cells [18,19].



In sum, the literature suggests a propensity towards epigenetic modifications in response to DMSO exposure. Monzo et al. reported the dysregulated expression of 608 genes in 17 fresh and 36 vitrified human oocytes by global microarray analysis [20]. Similarly, Chamayou et al. found dysregulated gene expressions of 17 specific genes involved in DNA structural organization, chromosomal structure maintenance, the energetic pathway, cell cycle regulation processes, and stem cell markers, using reverse transcription PCR to study 15 vitrified and 15 fresh human oocytes. Additionally, Chamayou et al. found that only 63% of mRNA content was maintained after vitrification [21].



Less is understood about the impact of vitrification with DMSO on the expression and function of TEs (“jumping genes”) [2,10]. TEs comprise over half of the human genome, and presumably evolved from ancient infections of human ancestral genomes by retroviruses [22,23]. In humans, most TEs have been silenced by truncation and/or epigenetic silencing [23], but 50 to 100 copies of one TE, Long Interspersed Nuclear Element-1 (LINE-1), remain capable of autonomous retrotransposition [24]. During gametogenesis and early embryo development, most epigenetic silencing is reversed, and then is reset at the beginning of life [2]. These changes lead to physiological TE activation, which can impact the genome through insertional mutagenesis, the alteration of splice sites, and the altered activity of enhancers and promoters [22,23,24,25]. One of the most intriguing functions of TEs is the regulation of zygote genomic activation (ZGA), and thus totipotency in the early embryo [26].



Despite the central role of epigenetic remodeling during oogenesis, the increasing popularity of OC, the widespread use of DMSO during OC, and DMSO’s known role as a methyl donor, little is known about how vitrification with DMSO exposure impacts the transcriptome of the human oocyte. Standard bioinformatic algorithms for RNAseq typically filter out TEs, but we employed a bioinformatic platform, which enables an analysis of TE expression from a single cell RNAseq to analyze the effects of vitrification with DMSO on TE expression in human oocytes, in addition to the global transcriptome.




2. Materials and Methods


Design: This prospective paired controlled cohort laboratory study was conducted between February and June 2021.



2.1. Patients and Oocyte Collection


Twenty-four fresh oocytes at the germinal vesicle stage were donated by four healthy women undergoing elective oocyte cryopreservation. All subjects self-identified as Caucasian and underwent oocyte retrieval following an antagonist-controlled ovarian hyperstimulation protocol. The mean patient age was 31.5 years (range 27–35) and mean body mass index (BMI) was 23.5 kg/m2 (range 21–31). The mean serum AMH, baseline FSH, and estradiol levels on the day of trigger were 5.6 ng/mL (range 2.6–8.6), 5.8 mIU/mL (range 4.4–7.6), and 3526 pg/mL (range 2149–4936), respectively. The mean number of days of stimulation was 10.5 (range 9–12) and the mean total number of oocytes retrieved at oocyte retrieval was 27.5 (range 10–39). Each patient donated germinal vesicle stage oocytes (4–8 each) for research, in lieu of discarding them. Oocytes were collected following written consent and with Institutional Review Board approval (Study# i16-00154_CR5). Patient characteristics and cycle parameters were extracted from the electronic medical records. Patient characteristics and cycle parameters are displayed in Table 1.




2.2. Oocyte Cryopreservation


To control for patient specific characteristics and allow within-patient comparisons, oocytes were paired such that half of the oocytes from each patient were randomly designated for vitrification with DMSO-containing cryoprotectant (“Vitrified Cohort”). The other half were randomly designated to the Non-Vitrified Cohort, and thus were snap frozen, unexposed to DMSO, at −80 °C.



Vitrification was performed following the Simplified Oocyte Vitrification Protocol from the FUJIFILM Irvine Scientific vitrification system (Santa Ana, CA, USA), which includes DMSO based cryoprotectant. Oocytes to be vitrified were exposed to HEPES buffer, equilibration solution, and vitrification solution, as instructed in the protocol. The equilibration solution was prepared with 7.5% DMSO, 7.5% ethylene glycol, 20% dextran serum supplement (DSS), and gentamicin in M-199 HEPES buffered medium. The vitrification solution was prepared with 15% DMSO, 15% ethylene glycol, 0.5 M sucrose, 20% DDS, and gentamicin in M-199 HEPES buffered medium. One to two oocytes were loaded onto each CryotipTM at room temperature, and then submerged in liquid nitrogen for storage. This group represents vitrified oocytes (V = “Vitrified Cohort”) in later analyses.



The remaining oocytes were individually stored in polymerase chain reaction (PCR) tubes with 2 μL of phosphate buffer solution, and then stored at −80 °C until analysis. These oocytes, representing the control group/fresh oocytes, were Non-Vitrified and not exposed to DMSO (NV = “Non-Vitrified Cohort” in later analyses). All samples remained in storage until sample collection was completed (1–4 weeks).




2.3. Oocyte Thawing


Vitrified oocytes were thawed following the Warming Oocyte and Embryos Protocol by the FUJIFILM Irvine Scientific vitrification system (Cat# 90183, Santa Ana, CA, USA). Briefly, the Cryolock containing vitrified oocytes was quickly removed from liquid nitrogen and placed into 1 mL of prewarmed thawing solution for 1 min to release oocytes. Then, the vitrified oocytes were transferred into the dilution solution for 4 min followed by incubation in the washing solution twice for a total of 8 min. Individual thawed oocytes and non-vitrified oocytes were completely denuded by incubation in acidic Tyrode’s solution to remove zona pellucidae, and then washed in 0.1% PBS/PVP 3 times before being placed in PCR tubes. All denuded oocytes were stored in a −80 °C freezer until being thawed on ice for amplification.




2.4. RNA Sequencing and Gene Analysis


All oocytes underwent RNA sequencing via Switching Mechanism At the 5′-end of the RNA Transcript sequencing 2 (SMARTseq2) (SingulOmics Corporation, New York, NY, USA). This method enables single cell global gene expression profiling, including TEs. In brief, after cell lysis, complementary DNA (cDNA) was synthesized via specialized reverse transcriptase. cDNA amplification and library preparation were performed using the Takara SMART-Seq Single Cell Kit (SSsc) and Nextera XT DNA Library Preparation Kit. To optimize quality and reliability, quality control was performed to remove reads containing adapters, bases that could not be determined >10%, and low quality reads using Fastp v0.23.1.




2.5. Statistical Analyses


Multiple analytical software were utilized for data analysis. Genes were mapped to the human reference genome (hg38) using STAR v2.61d, followed by transcript quantification with FeatureCounts v1.5.0-p3. Differential gene expression analysis was performed with DESeq2 v1.26.0 (p < 0.05) and compared DEGs among both experimental groups and individual samples. These comparisons were then illustrated using principal component analysis plots, a hierarchical clustering heat map, histogram, and volcano plot. Lastly, functional enrichment analyses of the differentially expressed genes were performed, utilizing multiple biological ontology databases via ClusterProfiler v3.8.1, specifically Gene Ontology, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Human Disease Ontology (padj < 0.05).




2.6. RNA Sequencing


2.6.1. Quality Control Analysis


When analyzed against positive and negative controls, all oocytes exhibited DNA fragments within the expected range and profile. However, in a later analysis, (explained further in Section 3), 3 samples were found to be outliers. Based on this intragroup variability, they were excluded from subsequent statistical analyses.



A total of 9,430,875 to 15,155,014 raw reads were generated from each sample. After filtration, 9,418,226 to 13,674,340 clean reads were obtained from each sample. The mean numbers of raw and clean bases identified from each oocyte were 3.39 G (SE 0.09) and 3.35 G (SE 0.088), respectively. Additional calculations of the error rate, Q20, Q30, and GC content of the clean reads indicated good quality and are displayed in Supplementary Table S1.




2.6.2. Gene Mapping


The mean total mapped reads value was 2.1 × 107 (SE 0.05). Collectively, the oocytes had a mean total mapping rate (reads mapped on genome/total reads × 100) of 94% (SE 0.38). The mean rate of reads that were uniquely mapped was 91.7% (SE 0.39), and the mean rate of reads that had multiple mappings was 3.3% (SE 0.05). The mapping data for each sample are displayed in Supplementary Table S2.




2.6.3. Gene Quantification


Gene expression levels were estimated by the abundance of mapped transcripts. Fragments Per Kilobase of transcript sequence per Million base pairs sequenced (FPKM) was used to measure gene expression levels, thus incorporating sequencing depth and gene length. The distribution of genes at different expression levels is presented in Supplementary Table S3.





2.7. Transposable Element Expression Profiling


Raw data obtained from RNA sequencing were used to analyze TE transcripts. Locus-specific TE expression was identified using the BonaFide-TEseq method. SMART-seq2 uses a template switch oligo (TSO) to identify transcripts that have been fully reverse transcribed. The BonaFide-TEseq method extracts reads with this sequence to identify the transcription start sites that overlap with TEs. This allows for the identification of TEs that are expressed from their own promoter activity rather than incorporated into some other transcript. Reads that include the TSO sequence were mapped to specific TE loci using the Software for Quantifying Interspersed Repeat Expression (SQuIRE) (v0.9.9a-beta, Baltimore, MD, USA). Differentially expressed TEs were identified by DESeq2 (v1.16.1; Bioconductor, Boston, MA, USA) as implemented in the SQuIRE call function. R statistical software (v4.1.12; R Foundation for Statistical Computing, Vienna, Austria) was used for all statistical analyses of differentially expressed TEs.




2.8. Real Time Quantitative PCR (RT-qPCR)


cDNA remaining after the completion of SMARTseq2 was used for RT-qPCR to validate the results of selected genes and TEs. For RT-qPCR, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control, and 0.4 μL of original cDNA as a template in 20 μL of real time PCR reaction with iQ SYBR green mixture (Bio-Rad, Hercules, CA, USA). The relative gene expression level was calculated via the 2−ΔΔCT method.





3. Results


A total of 11,064 genes with a threshold of >1 FPKM were shared between the V and NV cohorts. Individually, 756 genes were expressed only in the V cohort and 720 genes were expressed only in the NV cohort. Our initial Pearson correlation analysis heat map revealed three outlier samples, all belonging to the NV cohort. Those three outliers were excluded and all analyses were repeated. There was a strong positive correlation among all oocytes, as shown in Figure 1, which is consistent with each group belonging to the same cell type (i.e., intragroup variability). Additional variance among the data set (intergroup variability) was examined by two- and three-dimensional principal component analysis (PCA), illustrated in Figure 2. Plots within the PCA show a general separation of the V vs. NV samples, suggesting distinctions in gene expression (P1: 35.09%. P2: 13.1%, PC3 7.89%, PCA total 56.1%).



3.1. Differential Expression Analysis


A total of 27,837 genes were identified (with no FPKM threshold), of which 7331 (26.3%) were dysregulated. Specifically, the V cohort had 3987 and 3344 upregulated and downregulated DEGs, respectively (>log2 fold change, p < 0.05), as seen in Figure 3. Further illustration of the pattern of DEGs is shown in hierarchical heat maps, Supplementary Figure S1, analyzed by cohort and subject. A literature review for genes reported to be functionally important for mammalian oocyte developmental competence was performed and individually identified within our data set of DEGs (>log2 fold change; p < 0.05).



	
Genes Upregulated After Vitrification






DEGs that were upregulated after vitrification and associated with increased oocyte developmental competence included the following: Carboxypeptidase D (CPD), SH3 domain binding glutamic acid-rich-like protein (SH3BGRL), High Mobility group AT-hook1 (HMGA1), and G kinase anchoring protein 1 (GKAP1) [27].



DEGs that were upregulated after vitrification and associated with decreased oocyte developmental competence included the following: Insulin-like growth factor binding protein 3 (IGFBP3), Ndr4 (NDRG4), α thalassemia/mental retardation syndrome X-linked/chromatin remodeler (ATRX), Serine hydroxymethyltransferase 2 (SHMT2), Mediator complex subunit 1 (MED1), Solute carrier family 39 member 14 (SLC39A14), RNA binding motif single stranded interactingprotein 1 (RBMS1), Transforming growth factor β receptor III (TGFBR3), and Mitogen-activated protein 3 kinase 12 (MAP3K12) [27].



Additionally, genes/gene family members involved in transcription regulation, E2f4 and Sp3, which have been associated with decreased oocyte competence [27] were upregulated after vitrification. Intriguingly, P-element Induced WImpy-2 (PIWIL2), a member of the PIWI gene family, which is known to be important for preimplantation embryo development, fertility, oocyte production, and TE expression [28], was upregulated after vitrification. Lastly, the epigenetic regulators DNMT3A and DNMT3B (members of the DNA methyltransferase family) were also upregulated [2] after vitrification.



	
Genes Downregulated After Vitrification






A number of DEGs associated with increased developmental competence were downregulated after vitrification, including the following: Cell division cycle 123 (CDC123), Guanine nucleotide binding protein β 5/G protein subunit β 5 (GNB5), Ubiquitin-conjugating enzyme E2E3 (UBE2E3), Small nuclear ribonucleoprotein D3 (SNRPD3), Ubiquitin-fold modifier 1 (UFM1), and Mitochondrial ribosomal protein L3 (MRPL3) [27].



Some DEGs associated with decreased oocyte developmental competence were downregulated after vitrification, including the following: Copper transport protein (ATOX1), Fibronectin type 3 and ankyrin repeat domains 1protein (FANK1), Protein transport protein Sec61 subunit γ/Sec61 translocon γ subunit (SEC61G), Calmodulin 2 (CALM2), Basic transcription factor 3-like 4 (BTF3l4), Peroxisomal membrane protein 4 (PXMP4), and Leucine rich repeat containing 28 (LRRC28) [27].




3.2. Functional Enrichment Analyses


	
Gene Ontology (GO)






The GO terms identified within the upregulated DEGs, after vitrification, included the regulation of chromosome and chromatin organization, covalent chromatin modification, histone modification, and protein serine/threonine kinase activity (padj < 0.05). Among the DEGs downregulated after vitrification were GO terms reflecting multiple mitochondrial components and processes, including mitochondria-associated protein complex, inner membrane, translation, expression, and ribosome (padj < 0.05). The GO analysis results of the top 20 terms are illustrated in Figure 4.



	
Kyoto Encyclopedia of Genes and Genomes (KEGG)






The KEGG terms identified within DEGs upregulated after vitrification included Wnt signaling, signaling pathways regulating pluripotency, mitogen-activated protein kinase (MAPK) signaling, mTOR signaling, insulin signaling, and HIPPO signaling (padj < 0.05). Of DEGs downregulated after vitrification, the KEGG analysis identified terms related to thermogenesis, spliceosome, ribosome, oxidative phosphorylation, and nucleotide excision repair (padj < 0.05). The KEGG analysis results of the top 20 terms are illustrated in Figure 5.



	
Human Disease Ontology (HDO)






There were no significant human disease ontology terms within our data set (Figure 6).




3.3. Transposable Element (TE) Expression


A variety of TEs were differentially expressed between the V and NV cohorts, including Alu, endogenous retrovirus family members 1 and K (ERV1, ERVK), and long interspersed nuclear elements 1 (LINE-1). These changes were not consistent across all subjects, but the pattern of TE expression was significantly correlated between oocytes from subjects 2 and 1, as well as between 2 and 4, suggesting that the lack of overlap across all subjects may be due to a lack of statistical power (Supplementary Figure S2). TE expression differed most between the oocytes from subjects 2 and 3, who were the oldest and youngest subjects, respectively (Supplementary Figure S2). Vitrification had the greatest effect on TE expression in the oldest subject (subject 2, age 35 years). Overall, evolutionarily newer and functional TEs were less affected by vitrification, except in oocytes from the oldest patient (Subject 2), which exhibited particular sensitivity. The oocytes from subject 2 exhibited an upregulation of about 5% of all expressed TE loci (Supplementary Figure S3). ERV1 (9%) and ERVK (18%) were particularly upregulated in subject 2’s oocytes after vitrification, with the highest frequency of TE dysregulation seen among the Alu TEs (5%) (Supplementary Figure S3).



We then sought to determine whether the changes in TE expression after vitrification were associated with changes in the expression of genes involved in the methylation of TE promoters. Notably, PIWIL2, DNMT3A, and DNMT3B, which regulate the epigenetic state of TEs, were upregulated in the V cohort. The expression of TEs was also positively correlated with the expression of PIWIL2, DNMT3A, and DNMT3B. These TEs are considered largely ancient and possibly nonfunctional (Table 2), though we cannot rule out the possibility that they play important roles as promoters or enhancers during early development. Additionally, the upregulation of some TEs was found to be negatively correlated with age (Table 2).




3.4. Real Time Quantitative PCR


Six genes/gene families identified by RNA SMARTseq2, as upregulated after vitrification, were selected for further PCR analysis for the validation of the RNA SMARTseq2 results: DNTM3A, DNTM3B, ERVK-1, ERVK-2, ERV1-1, and ERV1-2 (Table 3). The upregulation of gene expression in the V cohort was confirmed in all samples.





4. Discussion


4.1. Differential Gene Expression and Gene Enrichment Analyses


Vitrification with DMSO-containing cryoprotectant alters gene and TE expression in human oocytes. Further studies are needed to confirm whether these changes mediate the known detrimental effects of cryopreservation on oocyte and embryo developmental competence, and/or contribute to long term complications in offspring. In our study, 26.3% of genes within oocytes were perturbed after vitrification. Intriguingly, some of the identified DEGs are known to affect the epigenetic landscape, oocyte maturation, and oocyte developmental competence [2,27,28]. Not all of the effects of vitrification on oocyte gene expression can be presumed to be detrimental. Vitrification upregulated some genes associated with enhanced oocyte developmental competence, and downregulated other genes known to hinder oocyte developmental competence, which may reflect the overall beneficial effects of the inclusion of DMSO cryoprotectant on oocyte survival following vitrification and thawing [29].



In the vitrified cohort, there were upregulated genes involved in the regulation of chromosome and chromatin organization, covalent chromatin modification, histone modification, and protein serine/threonine kinase activity—all activities essential to meiosis (Figure 4). Presumably, the upregulation of these cellular functions reflects a protective response mechanism, though further studies are needed to better understand their significance. The GO terms identified among downregulated genes included multiple mitochondrial compartments and processes. Indeed, twelve of the top 20 GO terms from the downregulated gene set are implicated in mitochondrial function (Figure 4). From this, we surmise that the process of vitrification, including the use of DMSO cryoprotectant, has a significant disruptive effect on mitochondrial function. Again, further studies are needed to better understand the impact of the dysregulation of these genes on oocyte function and developmental competence, as well as to further elucidate the specific culpable eliciting factors.



A number of endocrine and paracrine regulators are instrumental to normal oocyte and embryonic development, and these involve various signaling pathways. Notably, Wnt, insulin, mTOR, HIPPO, and MAPK signaling pathways were altered after vitrification (Figure 5). The Wnt signaling pathway has been implicated in oogenesis through its involvement in steroidogenesis, luteogenesis, and stage-specific folliculogenesis [30,31]. The overactivation of the Wnt signaling pathway alters proliferation and cell differentiation [31]. Furthermore, Wnt signaling maintains genome stability and the appropriate methylation of imprinting control regions, as well as the homeostasis of mouse embryonic stem cells [32]. The findings of alterations in insulin signaling are concerning, as insulin is vital for regulating energy homeostasis, which is crucial for oocyte and embryo development and for the maintenance of oocyte quality with age [33,34]. Insulin signaling pathways also have multiple interconnecting intracellular pathways involved in normal follicular and oocyte function, including mTOR signaling through the regulation of glucose uptake [35]. mTOR signaling, also altered after vitrification, is involved in a variety of cellular functions, including cellular proliferation, growth, organogenesis, sexual differentiation, and epithelial-to-mesenchymal transition signaling [36,37]. Ovarian aging has been linked to mTOR, as well as a number of other female reproductive processes including ovarian reserve, folliculogenesis, oocyte maturation, oocyte aging, and ovarian somatic cell steroidogenesis and proliferation [36,38]. Aberrations in mTOR signaling have been linked to infertility and decreased fertilization after IVF in genetically modified mice [36]. Lastly, MAPK signaling regulates oocyte maturation and pre-implantation embryogenesis, and HIPPO signaling is involved in the maternal–zygotic transition, zygote pluripotency, and trophoblast differentiation [39,40,41].The negative effects of vitrification with DMSO on oocyte attrition, fertilization, and embryo development could involve some or all of the aforementioned pathways [3,4].




4.2. Differential Transposable Element Expression


Our finding of the dysregulated expression of 26.3% of genes suggests there are substantial effects of vitrification with DMSO on the oocyte’s epigenetic state, consistent with what has been reported in other cell types following DMSO exposure [18,19]. Indeed, we found that there was altered expression of the master epigenetic modifiers DNMT3A and DNMT3B, which regulate DNA methylation. DMSO is known to disrupt methylation, which brings into question whether the upregulation of the DNMT gene family members following vitrification is a compensatory response to DMSO’s widespread disruptive effects on DNA methylation [13]. Alternatively, the upregulation of DNMT3A and DNMT3B could signify genomic hypermethylation, which would potentially reduce transcriptional activity. A topic of continued investigation is the dynamics of the transcriptional activity that occurs throughout oocyte development. Early studies have shown a generalized decline in transcription that occurs toward the end of the oocyte growth phase, and is maintained throughout the transition to meiotic competence [42]. This is evolutionarily possible due to the accumulation of stable mRNA at the beginning of oocyte development, which becomes a reservoir for later use to support oocyte maturation and embryogenesis [43]. Transcriptional activity silencing is thought to begin at the “surrounded nucleolus” GV phase and does not fully revert until fertilization [42].



Complicating this concept of “complete” transcriptional silencing are transcriptome profiling studies that report distinct clustering and unique gene expression within human oocytes in comparison to prior growth, maturation, and follicular stages [12,44]. Furthermore, the transcriptional activity of a human oocyte appears to inversely correlate with the presence of surrounding cumulus cells [12,42,45], an entity that is often removed during the standard oocyte morphological assessment prior to oocyte cryopreservation. Though it is clear that there is a concerted decline in global transcription during oocyte development, it remains feasible that some degree of transcriptional activity is maintained throughout, which is likely vulnerable to environmental conditions.



The upregulation of PIWIL2 is equally intriguing, as members of the PIWI family have recently been shown to recognize and silence TEs in the female germ line [28]. PIWI2, DNMT3A, and DNMT3B would be expected to suppress TE expression [28], but we observed a positive correlation between TEs and PIWI2, DNMT3A, and DNMT3B expression. Based on studies in somatic cells, showing the loss of TE suppression with advancing age, we expected a positive correlation of age with TE expression [46,47]. However, we found most TEs to be negatively correlated with age. It is important to note that the regulation of TE expression differs fundamentally between germ and somatic cells [47]. Moreover, in our study, the TEs most affected following vitrification were of ancient origin, suggesting they may not have retained their reverse transcriptase and endonuclease activities, and/or they may have been co-opted for gene regulatory activities. The significance of these unexpected effects of vitrification with DMSO on TE expression merits further study, especially as to their functional implication in older women undergoing ART.



Evolutionarily newer and functional TEs were less affected by vitrification in subjects 1 and 3. Notably, the opposite was found in oocytes from the oldest patient (subject 2), which exhibited particular sensitivity. The expression of TEs in subject 2 differed significantly from that of the youngest patient. This finding is intriguing, given that our oldest patient, at age 35, is near the threshold of the typical recommended age for elective OC based on outcome data [48,49]. Notably, a maternal age effect on gene expression also was reported by Steuerwald et al., who showed that the expressions of oocyte genes belonging to major functional categories are negatively influenced by maternal age [50]. As stated above, age also affects the regulation of TEs in somatic cells [46,47]. Future investigations should focus on gaining a better understanding of the maternal age effect on TE expression in oocytes.



The ERV TE family would be particularly interesting to investigate in future studies. The ERVL TE, found in our study to be positively correlated with DNMT3A, regulates ZGA and cell totipotentiality [26]. An ancient TE, ERVL, is shared across multiple species, where it has been co-opted during evolution to regulate these essential processes during early embryo development [26]. The overexpression of the signaling pathways regulating pluripotency, combined with the reported potential impact of ERVL on totipotentiality, suggests a mechanism by which vitrification with DMSO could impair the developmental capacity of oocytes and embryos. The dysregulation of various Alus in the V cohort was also observed in our study. However, it is important to consider that Alu TEs have a high loci frequency in the human genome, so their high frequency alone may have contributed to their high rate of dysregulation. Additionally, Alu TEs are rich in euchromatin, which makes them more accessible for analysis than TEs enriched in heterochromatin, such as LINE-1 [51].




4.3. Strengths and Limitations


This study has a number of strengths and limitations. The strengths include the utilization of oocytes from healthy women, thereby contributing to the generalizability of our results. Additionally, we applied TE profiling in addition to genome wide RNAseq. Most bioinformatic pipelines for RNAseq data filter out signals from TEs. Growing evidence suggests a central role for TEs during oogenesis and early embryo development, so our inclusion of TEs represents a novel contribution to the literature. Additionally, our study design aimed to control for patient-specific variation, which can confound studies of human oocytes. Our paired study design allowed each subject to serve as their own control, decreasing the confounding impact of genetic variability among humans and oocytes. Another strength was the utilization of SMARTseq2 for RNA sequencing, thereby providing a more robust transcriptome profile. A comparative study of six different RNA sequencing methods found that, while not the most cost-effective, SMARTseq2 is currently the most sensitive and accurate method for RNA sequencing, as it is capable of capturing longer RNA sequences and more DNA within a single cell than previous RNA sequencing technologies. Moreover, SMARTseq2 uniquely covers 3′UTRs, which enables a distinction between functional vs. nonfunctional TEs. Thus, when analyzing single cells, as in our study, SMARTseq2 is the best method currently available [52].



The limitations of our study include the use of GV stage oocytes at the time of retrieval. Though mitigated to some degree by our paired randomized study design, their inadequate response to hormonal stimulation could have yielded a sample of GVs at varying developmental sub-phases, which could contribute to transcriptomic differences. A more favorable sample type would have included MII oocytes, the stage when oocytes have the capacity for fertilization, and when they are typically cryopreserved. However, standard clinical practice during elective OC is to vitrify all MII stage oocytes, thus leaving none for experimentation. Mature human oocytes are rarely available for research. Although, from one perspective, the use of only GV oocytes could be considered a limitation, the insights from our study may enhance the understanding of the poor survival of thawed GV oocytes and in vitro maturation. The technical limitations include the brief duration of the cryopreserved state, which may limit the generalizability of our findings. Reassuring in this regard are studies demonstrating that the duration of cryopreservation does not appreciably affect the developmental potential, and therefore presumably the gene expression, of human oocytes [53,54]. Additionally, our control group, representing fresh non-vitrified oocytes, was snap frozen for study logistics, which could have skewed the transcriptome profile from being an exact reflection of fresh oocytes. Lastly, there are multiple inherent factors involved in the process of vitrification that could contribute to the changes found in gene expression, such as exposure to liquid nitrogen, and the overall impact of vitrification on the oocyte cytoskeleton. Other chemical components and cryoprotectants involved in the vitrification system protocol, such as ethylene glycol, trehalose, and dextran, should also be evaluated. Future studies should include additional comparative cohorts, such as non-stimulated GVs or vitrified GV oocytes, without DMSO exposure. Due to cost, sample scarcity, and the paired study design, this study did not include additional arms to evaluate other factors. However, we were able to compare the transcriptomic states reflecting the farthest ends of the spectrum in regard to oocyte processing (i.e., “fresh” vs. vitrified with DMSO exposure). We contend that DMSO coupled with vitrification likely drives the changes in gene expression based on its known biochemical activity and proven impact on a variety of other human and non-human cell types [13,14,15,16,17,18,19]. Future studies are needed to determine the clinical significance of these findings and whether human MII oocytes respond similarly. Future studies should also elucidate the contributions of individual cryopreservation procedure constituents to transcriptome changes.





5. Conclusions


In summary, this is the first study to report the effects of vitrification with DMSO on the complete human oocyte transcriptome and on the expression of TEs, profiled by SMARTseq2, the most accurate, albeit most expensive, RNAseq method currently available. Our results suggest that vitrification with DMSO-containing cryoprotectant alters the expression of many genes, including some that are essential to the oocyte’s epigenetic landscape and developmental competence. Vitrification with DMSO may also preferentially alter the expression of TEs in oocytes from older women. Ample research has shown acceptable pregnancy rates following the transfer of embryos from vitrified oocytes. However, OC is known to impair embryo developmental competence, and long-term outcomes of offspring conceived from vitrified oocytes are lacking. Fundamental research demonstrates that DMSO induces epigenetic changes in cultured cells. Given the importance of oogenesis in establishing the epigenetic states of the embryo, fetus, and newborn, and the widespread clinical use of oocyte cryopreservation and the known effects of DMSO on the epigenetic state of cultured mammalian cells, we believe that this topic warrants further investigation. Our results contribute to the overall understanding of the molecular events that occur during the process of oocyte vitrification, a procedure that has increased exponentially around the world.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/genes14061232/s1, Figure S1: Hierarchial clustering map representing diferential gene expression in all samples, analyzed by group and subject. S#: subject #, V = Vitrified cohort; NV = Non-Vitrified cohort. Red to blue gradient color scheme correlates with higher and lower gene expression, respectively. Figure S2: Transposable element expression correlation between Subject 2 and 1; Subject 2 and 4; Subject 2 and 3. Figure S3: Volcano plot illustrating differental expression of transposable elements in samples (Vitrified vs. Non-Vitrified) from Subject 2. The line of siginificance is at 2.2 log10 (p value), which corresponds to a false discovery rete (FDR) of 0.05 thresshold and a p = 0.0062. Table S1: RNA sequencing data and quality control analyses for each sample. V = Vitrified cohort; NV = Non-Vitrified cohort. Table S2: Summary of reads mapped to human reference genome for each sample. V = Vitrified cohort; NV = Non-Vitrified cohort. Table S3: The distribution of genes at different expression levels for each sample. V = Vitrified cohort; NV = Non-Vitrified cohort.





Author Contributions


A.W.: study design, execution, analysis, manuscript drafting, editing, and critical discussion; R.S.: study design, execution; F.W.: study design, execution; T.T.: execution, analysis; W.M.: execution, analysis, manuscript editing; D.K.: study design, execution, analysis, manuscript editing and critical discussion. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Stanley H. Kaplan fund.




Institutional Review Board Statement


The study was approved by the Institutional Review Boardof NYU Langone Health (protocol code S16-00154 and date of approval was from 12 April 2016 to present).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data underlying this article will be shared upon reasonable request to the corresponding authors.




Acknowledgments


We would like to thank SingulOmics Corporation for their support with RNA sequencing.




Conflicts of Interest


All authors declare no conflict of interest.




References


	



Practice Committees of the American Society for Reproductive Medicine and the Society for Assisted Reproductive Technology. Mature oocyte cryopreservation: A guideline. Fertil. Steril. 2013, 99, 37–43. [Google Scholar] [CrossRef]

	



Barberet, J.; Barry, F.; Choux, C.; Guilleman, M.; Karoui, S.; Simonot, R.; Bruno, C.; Fauque, P. What impact does oocyte vitrification have on epigenetics and gene expression? Clin. Epigenetics 2020, 12, 121. [Google Scholar] [CrossRef]

	



Forman, E.J.; Li, X.; Ferry, K.M.; Scott, K.; Treff, N.R.; Scott, R.T., Jr. Oocyte vitrification does not increase the risk of embryonic aneuploidy or diminish the implantation potential of blastocysts created after intracytoplasmic sperm injection: A novel, paired randomized controlled trial using DNA fingerprinting. Fertil. Steril. 2012, 98, 644–649. [Google Scholar] [CrossRef]

	



Goldman, K.N.; Noyes, N.L.; Knopman, J.M.; McCaffrey, C.; Grifo, J.A. Oocyte efficiency: Does live birth rate differ when analyzing cryopreserved and fresh oocytes on a per-oocyte basis? Fertil. Steril. 2013, 100, 712–717. [Google Scholar] [CrossRef]

	



Kushnir, V.A.; Darmon, S.K.; Barad, D.H.; Gleicher, N. New national outcome data on fresh versus cryopreserved donor oocytes. J. Ovarian Res. 2018, 11, 2. [Google Scholar] [CrossRef]

	



Spector, L.G.; Brown, M.B.; Wantman, E.; Letterie, G.S.; Toner, J.P.; Doody, K.; Ginsburg, E.; Williams, M.; Koch, L.; Schymura, M.J.; et al. Association of In Vitro Fertilization With Childhood Cancer in the United States. JAMA Pediatr. 2019, 173, e190392. [Google Scholar] [CrossRef] [PubMed]

	



Hargreave, M.; Jensen, A.; Hansen, M.K.; Dehlendorff, C.; Winther, J.F.; Schmiegelow, K.; Kjær, S.K. Association Between Fertility Treatment and Cancer Risk in Children. JAMA 2019, 322, 2203–2210. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Chen, L.; Yang, T.; Wang, L.; Zhao, L.; Zhang, S.; Ye, Z.; Chen, L.; Zheng, Z.; Qin, J. Cancer risk among children conceived by fertility treatment. Int. J. Cancer 2019, 144, 3001–3013. [Google Scholar] [CrossRef] [PubMed]

	



Berntsen, S.; Pinborg, A. Large for gestational age and macrosomia in single-tons born after frozen/thawed embryo transfer (FET) in assisted reproductivetechnology (ART). Birth Defects Res. 2018, 110, 630–643. [Google Scholar] [CrossRef]

	



Cantone, I.; Fisher, A.G. Epigenetic programming and reprogramming during development. Nat. Struct. Mol. Biol. 2013, 20, 282–289. [Google Scholar] [CrossRef]

	



Smallwood, S.A.; Kelsey, G. De novo DNA methylation: A germ cell perspective. Trends Genet. 2012, 28, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Wyse, B.A.; Fuchs Weizman, N.; Kadish, S.; Balakier, H.; Sangaralingam, M.; Librach, C.L. Transcriptomics of cumulus cells—A window into oocyte maturation in humans. J. Ovarian Res. 2020, 13, 93. [Google Scholar] [CrossRef]

	



Whaley, D.; Damyar, K.; Witek, R.P.; Mendoza, A.; Alexander, M.; Lakey, J.R. Cryopreservation: An Overview of Principles and Cell-Specific Considerations. Cell Transplant. 2021, 30, 963689721999617. [Google Scholar] [CrossRef]

	



Choi, T. Dimethyl sulfoxide inhibits spontaneous oocyte fragmentation and delays inactivation of maturation promoting factor (MPF) during the prolonged culture of ovulated murine oocytes in vitro. Cytotechnology 2011, 63, 279–284. [Google Scholar] [CrossRef]

	



Alsalim, H.; Jafarpour, F.; Ghazvini Zadegan, F.; Nasr-Esfahani, M.H.; Niasari-Naslaji, A. Epigenotoxic Effect of Dimethyl Sulfoxide on Buffalo Somatic Cells and Buffalo-Bovine Interspecies Somatic Cell Nuclear Transfer Embryos. Cell J. 2019, 20, 544–551. [Google Scholar] [CrossRef]

	



Zhou, D.; Shen, X.; Gu, Y.; Zhang, N.; Li, T.; Wu, X.; Lei, L. Effects of dimethyl sulfoxide on asymmetric division and cytokinesis in mouse oocytes. BMC Dev. Biol. 2014, 14, 28. [Google Scholar] [CrossRef]

	



Li, X.; Wang, Y.K.; Song, Z.Q.; Du, Z.Q.; Yang, C.X. Dimethyl Sulfoxide Perturbs Cell Cycle Progression and Spindle Organization in Porcine Meiotic Oocytes. PLoS ONE 2016, 11, e0158074. [Google Scholar] [CrossRef]

	



Verheijen, M.; Lienhard, M.; Schrooders, Y.; Clayton, O.; Nudischer, R.; Boerno, S.; Timmermann, B.; Selevsek, N.; Schlapbach, R.; Gmuender, H.; et al. DMSO induces drastic changes in human cellular processes and epigenetic landscape in vitro. Sci. Rep. 2019, 9, 4641. [Google Scholar] [CrossRef] [PubMed]

	



Thaler, R.; Spitzer, S.; Karlic, H.; Klaushofer, K.; Varga, F. DMSO is a strong inducer of DNA hydroxymethylation in pre-osteoblastic MC3T3-E1 cells. Epigenetics 2012, 7, 635–651. [Google Scholar] [CrossRef] [PubMed]

	



Monzo, C.; Haouzi, D.; Roman, K.; Assou, S.; Dechaud, H.; Hamamah, S. Slow freezing and vitrification differentially modify the gene expression profile of human metaphase ii oocytes. Hum. Reprod. 2012, 27, 2160–2168. [Google Scholar] [CrossRef]

	



Chamayou, S.; Bonaventura, G.; Alecci, C.; Tibullo, D.; Di Raimondo, F.; Guglielmino, A.; Barcellona, M. Consequences of metaphase ii oocyte cryopreservation on Mrna content. Cryobiology 2011, 62, 130–134. [Google Scholar] [CrossRef] [PubMed]

	



Tunbak, H.; Enriquez-Gasca, R.; Tie, C.H.C.; Gould, P.A.; Mlcochova, P.; Gupta, R.K.; Fernandes, L.; Holt, J.; van der Veen, A.G.; Giampazolias, E.; et al. The HUSH complex is a gatekeeper of type I interferon through epigenetic regulation of LINE-1s. Nat. Commun. 2020, 11, 5387. [Google Scholar] [CrossRef]

	



Pray, L. Transposons: The Jumping Genes. Nat. Educ. 2008, 1, 204. Available online: https://www.nature.com/scitable/topicpage/transposons-the-jumping-genes-518/ (accessed on 1 January 2022).

	



Ardeljan, D.; Steranka, J.P.; Liu, C.; Li, Z.; Taylor, M.S.; Payer, L.M.; Gorbounov, M.; Sarnecki, J.S.; Deshpande, V.; Hruban, R.H.; et al. Cell fitness screens reveal a conflict between LINE-1 retrotransposition and DNA replication. Nat. Struct. Mol. Biol. 2020, 27, 168–178. [Google Scholar] [CrossRef]

	



De Cecco, M.; Ito, T.; Petrashen, A.P.; Elias, A.E.; Skvir, N.J.; Criscione, S.W.; Caligiana, A.; Brocculi, G.; Adney, E.M.; Boeke, J.D.; et al. L1 drives IFN in senescent cells and promotes age-associated inflammation. Nature 2019, 566, 73–78, Erratum in Nature 2019, 572, E5. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Padilla, M.E. On transposons and totipotency. Philos. Trans. R Soc. Lond B Biol. Sci. 2020, 375, 20190339. [Google Scholar] [CrossRef] [PubMed]

	



Virant-Klun, I.; Knez, K.; Tomazevic, T.; Skutella, T. Gene expression profiling of human oocytes developed and matured in vivo or in vitro. Biomed. Res. Int. 2013, 2013, 879489. [Google Scholar] [CrossRef]

	



Hasuwa, H.; Iwasaki, Y.W.; Au Yeung, W.K.; Ishino, K.; Masuda, H.; Sasaki, H.; Siomi, H. Production of functional oocytes requires maternally expressed PIWI genes and piRNAs in golden hamsters. Nat. Cell Biol. 2021, 23, 1002–1012. [Google Scholar] [CrossRef]

	



Cantatore, C.; George, J.S.; Depalo, R.; D’Amato, G.; Moravek, M.; Smith, G.D. Mouse oocyte vitrification with and without dimethyl sulfoxide: Influence on cryo-survival, development, and maternal imprinted gene expression. J. Assist. Reprod. Genet. 2021, 38, 2129–2138. [Google Scholar] [CrossRef]

	



Habara, O.; Logan, C.Y.; Kanai-Azuma, M.; Nusse, R.; Takase, H.M. WNT signaling in pre-granulosa cells is required for ovarian folliculogenesis and female fertility. Development 2021, 148, dev198846. [Google Scholar] [CrossRef]

	



Boyer, A.; Goff, A.K.; Boerboom, D. WNT signaling in ovarian follicle biology and tumorigenesis. Trends Endocrinol. Metab. 2010, 21, 25–32. [Google Scholar] [CrossRef]

	



Theka, I.; Sottile, F.; Cammisa, M.; Bonnin, S.; Sanchez-Delgado, M.; Di Vicino, U.; Neguembor, M.V.; Arumugam, K.; Aulicino, F.; Monk, D.; et al. Wnt/β-catenin signaling pathway safeguards epigenetic stability and homeostasis of mouse embryonic stem cells. Sci. Rep. 2019, 9, 948. [Google Scholar] [CrossRef] [PubMed]

	



Laskowski, D.; Sjunnesson, Y.; Humblot, P.; Andersson, G.; Gustafsson, H.; Båge, R. The functional role of insulin in fertility and embryonic development-What can we learn from the bovine model? Theriogenology 2016, 86, 457–464. [Google Scholar] [CrossRef] [PubMed]

	



Templeman, N.M.; Luo, S.; Kaletsky, R.; Shi, C.; Ashraf, J.; Keyes, W.; Murphy, C.T. Insulin Signaling Regulates Oocyte Quality Maintenance with Age via Cathepsin B Activity. Curr. Biol. 2018, 28, 753–760.e4. [Google Scholar] [CrossRef] [PubMed]

	



Dupont, J.; Scaramuzzi, R.J. Insulin signalling and glucose transport in the ovary and ovarian function during the ovarian cycle. Biochem. J. 2016, 473, 1483–1501. [Google Scholar] [CrossRef]

	



Guo, Z.; Yu, Q. Role of mTOR Signaling in Female Reproduction. Front. Endocrinol. 2019, 10, 692. [Google Scholar] [CrossRef]

	



Hwang, M.; Perez, C.A.; Moretti, L.; Lu, B. The mTOR signaling network: Insights from its role during embryonic development. Curr. Med. Chem. 2008, 15, 1192–1208. [Google Scholar] [CrossRef]

	



Goldman, K.N.; Chenette, D.; Arju, R.; Duncan, F.E.; Keefe, D.L.; Grifo, J.A.; Schneider, R.J. mTORC1/2 inhibition preserves ovarian function and fertility during genotoxic chemotherapy. Proc. Natl. Acad. Sci. USA 2017, 114, 3186–3191. [Google Scholar] [CrossRef]

	



Papageorgiou, K.; Mastora, E.; Zikopoulos, A.; Grigoriou, M.E.; Georgiou, I.; Michaelidis, T.M. Interplay Between mTOR and Hippo Signaling in the Ovary: Clinical Choice Guidance Between Different Gonadotropin Preparations for Better IVF. Front. Endocrinol. 2021, 12, 702446. [Google Scholar] [CrossRef]

	



Wu, Z.; Guan, K.L. Hippo Signaling in Embryogenesis and Development. Trends Biochem. Sci. 2021, 46, 51–63. [Google Scholar] [CrossRef]

	



Madan, P.; Calder, M.D.; Watson, A.J. Mitogen-activated protein kinase (MAPK) blockade of bovine preimplantation embryogenesis requires inhibition of both p38 and extracellular signal-regulated kinase (ERK) pathways. Reproduction 2005, 130, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Schultz, R.M.; Stein, P.; Svoboda, P. The oocyte-to-embryo transition in mouse: Past, present, and future. Biol. Reprod. 2018, 99, 160–174. [Google Scholar] [CrossRef]

	



Medvedev, S.; Pan, H.; Schultz, R.M. Absence of MSY2 in mouse oocytes perturbs oocyte growth and maturation, RNA stability, and the transcriptome. Biol. Reprod. 2011, 85, 575–583. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yan, Z.; Qin, Q.; Nisenblat, V.; Chang, H.M.; Yu, Y.; Wang, T.; Lu, C.; Yang, M.; Yang, S.; et al. Transcriptome Landscape of Human Folliculogenesis Reveals Oocyte and Granulosa Cell Interactions. Mol. Cell. 2018, 72, 1021–1034.e4. [Google Scholar] [CrossRef] [PubMed]

	



De La Fuente, R.; Eppig, J.J. Transcriptional activity of the mouse oocyte genome: Companion granulosa cells modulate transcription and chromatin remodeling. Dev. Biol. 2001, 229, 224–236. [Google Scholar] [CrossRef] [PubMed]

	



Pal, S.; Tyler, J.K. Epigenetics and aging. Sci. Adv. 2016, 2, e1600584. [Google Scholar] [CrossRef]

	



Gorbunova, V.; Seluanov, A.; Mita, P.; McKerrow, W.; Fenyö, D.; Boeke, J.D.; Linker, S.B.; Gage, F.H.; Kreiling, J.A.; Petrashen, A.P.; et al. The role of retrotransposable elements in ageing and age-associated diseases. Nature 2021, 596, 43–53. [Google Scholar] [CrossRef]

	



Doyle, J.O.; Richter, K.S.; Lim, J.; Stillman, R.J.; Graham, J.R.; Tucker, M.J. Successful elective and medically indicated oocyte vitrification and warming for autologous in vitro fertilization, with predicted birth probabilities for fertility preservation according to number of cryopreserved oocytes and age at retrieval. Fertil. Steril. 2016, 105, 459–466.e2. [Google Scholar] [CrossRef]

	



Nagy, Z.P.; Anderson, R.E.; Feinberg, E.C.; Hayward, B.; Mahony, M.C. The Human Oocyte Preservation Experience (HOPE) Registry: Evaluation of cryopreservation techniques and oocyte source on outcomes. Reprod. Biol. Endocrinol. 2017, 15, 10. [Google Scholar] [CrossRef]

	



Steuerwald, N.M.; Bermúdez, M.G.; Wells, D.; Munné, S.; Cohen, J. Maternal age-related differential global expression profiles observed in human oocytes. Reprod. Biomed. Online 2007, 14, 700–708. [Google Scholar] [CrossRef]

	



Deininger, P. Alu elements: Know the SINEs. Genome Biol. 2011, 12, 236. [Google Scholar] [CrossRef] [PubMed]

	



Ziegenhain, C.; Vieth, B.; Parekh, S.; Reinius, B.; Guillaumet-Adkins, A.; Smets, M.; Leonhardt, H.; Heyn, H.; Hellmann, I.; Enard, W. Comparative Analysis of Single-Cell RNA Sequencing Methods. Mol. Cell. 2017, 65, 631–643.e4. [Google Scholar] [CrossRef] [PubMed]

	



Whiteley, G.E.; Martini, A.E.; Jahandideh, S.; Devine, K.; Hill, M.J.; DeCherney, A.H.; Doyle, J.; Kallen, C. The Impact of duration of oocyte cryopreservation on live birth outcomes in IVF cycles using autologous thawed oocytes. Fertil. Steril. 2021, 116, e9. [Google Scholar] [CrossRef]

	



Parmegiani, L.; Garello, C.; Granella, F.; Guidetti, D.; Bernardi, S.; Cognigni, G.E.; Revelli, A.; Filicori, M. Long-term cryostorage does not adversely affect the outcome of oocyte thawing cycles. Reprod. Biomed. Online 2009, 19, 374–379. [Google Scholar] [CrossRef]








[image: Genes 14 01232 g001 550] 





Figure 1. Pearson correlation for gene expression between Vitrified (V) and Non-Vitrified (NV) samples. 
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Figure 2. 2 and 3-Dimensional principal component analysis (PCA) illustrating intragroup variability among samples. 
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Figure 3. Differential Gene Expression Analysis. (a) Histogram shows distribution of all dysregulated, downregulated and upregulated gene expression of samples based on subject and cohort. S: Subject #, V: Vitrified cohort, ND: Non-Vitrified cohort. (b) Volcano plot of differential gene expression analysis of all samples on log2 fold change scale. The line of significance is at 1.3 log10 (p value), which corresponds to a p value of 0.05 threshold. Red: upregulated genes, Green: downregulated genes, Blue: genes not dysregulated. 
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Figure 4. Bubble plot of Gene Ontology (GO) analysis representing the top 20 terms resulting from the upregulated and downregulated gene sets. 
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Figure 5. Bubble plot of KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis representing the top 20 terms resulting from the upregulated and downregulated gene sets. 
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Figure 6. Bubble plot of Human Disease Ontology (HDO) analysis representing the top 20 terms resulting from the upregulated and downregulated gene sets. 
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Table 1. Clinical and cycle characteristics for each subject. AMH = anti-mullerian hormone, FSH = follicle stimulating hormone, E2 = serum estradiol.
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Patient Clinical and Cycle Characteristics




	
Subject

	
Age

(Years)

	
BMI

(kg/m²)

	
AMH

(ng/mL)

	
FSH

(mIU/mL)

	
E2 on Trigger Day/1 Day Post Trigger

(pg/mL)

	
Days of Stimulation

	
Oocytes Retrieved/MII

	
Vitrified/Non-Vitrified






	
1

	
30

	
21

	
2.6

	
6.5

	
2149/2516

	
9

	
10/5

	
2/2




	
2

	
35

	
21

	
3.3

	
4.4

	
4188/4765

	
11

	
29/12

	
4/4




	
3

	
27

	
31

	
8.2

	
4.8

	
4936/6659

	
12

	
39/32

	
3/3




	
4

	
34

	
21

	
8.6

	
7.6

	
2832/4486

	
10

	
32/22

	
3/3
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Table 2. Table II: Transposable elements with positive and negative correlation to PIWIL2, DNMT3A, DNMT3B and age.
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TE Correlation to PIWIL2, DNMT3A, DNTM3B, and Age




	

	
Positive Correlation

	
Negative Correlation






	
PIWIL2

	
Ancient HERVs: LTR41B, MER51A

SINE: MamSINE1

DNA TEs: MER102a, Tigger11a, Tigger3d

	




	
DNMT3A

	
Ancient(mammalian) L1s: L1MB8, L1MC2:L1:LINE, L1ME4b:L1:LINE, LTR41B:ERVL:LT

MamSINE1, MIR

ERV1 LTRs: MER51A

DNATEs: Tigger11a, Tigger3d

	




	
DNMT3B

	
Ancient (mammalian) L1s: L1M2a1, L1M5

A DNA TE: MER63C

	
MLT1J




	
Age

	
Ancient LINE-1: HAL1ME

	
HERVs: LTR14B, LTR1C3, LTR7C, MLT1O
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Table 3. RT-PCR gene primers.






Table 3. RT-PCR gene primers.





	Primer Name
	Sequence





	ERV1-1-F
	TGG ACC TCT CAC AAC ACA AAC T



	ERV1-1-R
	AGG GGA ATT CCA GTG GGT CT



	ERV1-2-F
	ACGCTTTACAGCCCTAGACC



	ERV1-2-R
	GTCGGGAGCAGATTGGGTAA



	ERVK-1-F
	GGC CAT CAG AGT CTA AAC CAC G



	ERVK-1-R
	CTG ACT TTC TGG GGG TGG CCG



	ERVK-2-F
	GGG TAC CTG GCC CCA TAG AT



	ERVK-2-R
	CAT CAT CCC TTC TTC CTC AGG TT



	GAPDH-R
	CCC TTT TGG CTC CAC CCT



	GAPDH-F
	TTC ACC ACC ATG GAG AAG GC



	DNMT3A-F
	CAA GGA GGA GCG CCA AGA



	DNMT3A-R
	ACT TGG AGA TCA CCG CAG G



	DNMT3B-F
	CCC AGC TCT TAC CTT ACC ATC G



	DNMT3B-R
	GGTCCCCTATTCCAAACTCCT
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
4

2

PC2 (12.66%)

PC3 (7.89%)

O3®F 4
O..
© Vitrified
0 e
® Non-Vitrified
O1 ®NF 4 Ol¢r_4
78
026F 2 O1€F 2
0 04dF 2
oFwh 2 - 01® 1 Q1¢F 3
oF_ O2MF 3~ -
Of §F_2 020F 1
02 BF 1 02@F_303¢F 2
O3@F 3
.20 0 20 40
PC1 (35.48%)
O
O
[ = O
o o o O  Vitrified
o | ~ Non-Vitrified
a
a [
o O —
c:% §
O —
0 g0 m
o | =l
- &0 a
o
40
D O
& o 20
Q
= . ' : -20
=40 =20 0 20 40 &0

PC1 (35.09%)





nav.xhtml


  genes-14-01232


  
    		
      genes-14-01232
    


  




  





media/file2.png
S4-02-NV

S4-01-NV

S3-02-NV

S2-04-NV

S2-03-NV

S2-02-NV

S$2-01-NV

S1-02-NV
S1-01-NV

S4-03-V

S4-02-Vv

S4-01-V

S3-03-V

S3-02-V

S3-01-v

S2-04-V

S2-03-V

S2-02-V

S2-01-V

S$1-02-Vv

S1-01-V

0.917

0914

0.887

0.907

0.904

0913

0.798

0.874

0.874

0.874

0914

0.832

0.891

0.915

0.891

0.892

0.924

0.851

0.847

0.85

0.884

0.879

0.85

0.897

0.864

0.925

0.926

0.923

0914

0.901

091

0.92

0.915

0914

0.86

0.863

0.9

0.848

0.827

0.823

0.891

0.857

0.904

0.913

0.931

0.901

0933

0.931

0.895

0.924

0.926

0.926

0.945

0.902

0.882

0.834

0.936

0.812

0.887

0.887

0.957

0.869

0.819

0.823

0.892

0.788

0.788

0.793

0.827

0.786

0.758

0.751

0.828

0.862

0.904

0.902

0.898

0.868

0.869

0.901

0.901

0.832

0.933

0.933

0.901

0.925

0.925

0.929

0.947

0.902

0.828

0.938

081

0.89

0.891

0.868

0.957

0.931

0.914

0.914

0.864

0.872

0.938

0.818

0.816

0.822

0.86

0.829

0.804

0.793

0.872

0.94

0.945

0.898

0.89

0.913

0.923

0.874

0.865

0.872

0.823

0.821

0.824

0.859

0.836

0.865

0.943

0.89

0.902

0.887

0.907

0.926

0.874

0.868

0.936

0.82

0.827

0.859

0.834

0.807

0.775

0872

0.89

0.904

0.887

0.925

0874

0.794

0.803

0.724

0.728

0.729

0.765

0.741

0.715

0.754

0.805

0.865

0.872

0.862

0.812

0.857

0.864

0.798

0.96

0.958

0.923
0.924
0.928
0.936

0.917

0834

0938
0.828
0936
0.891
0.897

0913

N
v

0.837

0.847

0.778
0.787
0.792
0.813
0.78

0.771

0.754
0.775
0.782
0.793
0.828
0.751
0.834

0.823

081
!

N
%

0.909
0.902
0.825
0.925
0.923
0.921
0.918

0.943

0.771
0.905
0.715
0.807
0.809
0.804
0.884
0.758
0.882
0.827
0.85
0.934
)
&

.

092 0935 0927 0921

0913 0932 092 0915

0.845 0871 0838 0828

0937 095 0955 096

0931 095 095 1

0.924 0953 .

0.925 1 0.953

1 0925 0924 0931

0918 0921 0923

0813 0792 0.787

0917 0936 0928 0924

0.741 0.765 0.729 0.728

0.834 0859 0827 o082

0.836 0859 0824 o821

0.829 0822 0.816

0902 0947 0929 0925

0.786 0827 0793 0.788

0902 0945 0926 0926

0848 09 0863

0.879 0884 0585

0.937

$
%

0.92

F
0

0.901 0.904

’Vé ‘5§

o o d
¥y & &

0.923 0.96 1

0915 o0.886 1 0.96

0.831 1 0.886

1 0.831 0915 0923

D86 0.828 0915 0921

0955 0828 092 0927

095 0871 0932 0935

0937 0845 0913 092

0925 0825 0902

0.778 0.794 0847

0923 o0.884

0.724 086

0.82 10936

0.823 0.872

0.818 [OS938 0872

0925 0901 0933 0933

0892 0823 0819

0924 089 093 093

086 0914 089 0886

0.851 0924 0892 089

0.907 0887 0914 0917

L B B
R
& § &

RZ

1.0

0.9

0.8





media/file5.jpg





media/file3.jpg





media/file1.jpg
'y

3 o

PN R
FES q”@’y':’ff-? 4'° -?ge’fq £ f@’ FFy





media/file7.jpg
- e






media/file10.png
Top 20 KEGG Terms from Upregulated Gene List

Wnt signaling pathway -
Thyroid hormone signaling pathway -
Signaling pathways regulating pluripotency .. -
Renal cell carcinoma -
Regulaton of actin cytoskeleton -
Protein processing in endoplasmic reticulum -
Prostate cancer-
Neurotrophin signaling pathvay -
mTOR signaling pathray -
MAPK signaling pathway -
Insuln signaling pathuvay -
Insulin resistance -
Humzan papillomavirus infection -
Hippo signaling pathiay -
ErbB signaling pathway -
Endometrial cancer-
Endocytosis -
Chronic myeloid leukemia -
Cellular senescence -

Adherens junction -

0.02

003 004

0.05

GeneRatio

0.06

0.07

pad)

Count
[
o«
[

Top 20 KEGG Terms from Downregulated Gene List

Thiamine metaholism -
Thermogenesis <

Spliceosome -

RMA polymerase -

Ribosome 5

Retrograde endocannabinoid signaling 4
Pyruvate metabolism 5

Pyrimidine metabolism 4

Purine metabolism 4

Protein export -

Proteasome -

Propanoate metabolism -

Pentose and glucuranale interconversions -
Parkinson disease -

Oxidative phosphorylation -

Nucleotide excision repair -

Huntington disease -

Citrate cycle (TCA cycle) -

Carbon metabolism -

Alzheimer disease 1

0.02

0.04
GeneRatio

006

Count
¢ 10
[ Il
[ JEl
oo
[ E

pa





media/file12.png
Top 20 HDO Terms from Uprequlated Gene List

Vierner syndrome -

lelangiectasis -

skeletal muscle cancer
rabdomyosarcoma

progressive multifocal leukoencephalopathy -
perpheral vascular disease -

ovary adenocarcinoma

optic nerve disease -

Noonan syndrome 4

motor newron disease -

niestinal benign neoplasm -

hereditary breast ovanan cancer <
gastrointestinal system benign neoplasm +
embryonal habdamyosarcoma-

cranial nerve disease -

colonic bengn neoplasm 1

cenical adenocarcinoma -

autosomal dominant disease -

alaia telangpeciasia-

amyotrophic lateral sclerosis -

0.02

0.04
GeneRatio

0,06

Count

Top 20 HDO Terms from Downregulated Gene List

thyroid medullary cardnoma-
temporal lobe epilepsy 1
progeria |

premature ovanian failure
pilocytic astrocytoma-

panic disorder

neuroendocrine tumar 4
mitochandrial metabolism disease 1
limb-girdle muscular dystrophy -
lactic acidosis 4
keratoconjunctivitis siccaq »
intrahepatic cholestasis -
hyperuricemia-

hypertrophic cardiomyopathy 1
hyperostosis -

heart valve disease-

focal epilepsy

essential tremor 1

dry eye syndromeq{ »

anxiety disorder

0.004

0.008 0012
GeneRatio

Count
¢ 3
[
[ I

[

0.00





media/file9.jpg
Top 20 KEGG Tems from Upreguiated Gene List Top 20 KEGG Terms from Downreguinied Gene List:

s . p—
ek . [ .
) S .
ey s
- . = .
s e s . e s .
[ [ [
eyt . et .
R . ind ponsema| .
" o o
i . - e .
Jussnci - [e———:
e [ prtre—
sty . i [— .
pe— . ot . -
ooneeme. [
posad . — o 8=
[ [ ——
P— poesn) .






media/file0.png





media/file8.png
Top 20 GO Terms from Upregulated Gene List

viral life cycle -

ubigquitin=protein transferase activity
ubiquitn—like protein transferase activity -
small GTPase binding -

Rho GTPase binding -

requlation of chromosome organization -
regulation of chromatin organization -
Ras GTFPase binding -

pratein sennefthreoning kinase aclivity =
positive regulation of cellular catabolic process
positive regulation of catabolic process -
peptidyl-threonine phosphondation -
peptdyi-threonine modification <
peptidyl-lysine modification -

nuclear envelope -

histone modification 4

covalent chromatin modification <
chromatin binding =

chromatin -

cadherin binding -

0.02 0.03 0.04 0.05
GeneRatio

Count
®
® =

pad)
10

07
05

0.0

Top 20 GO Terms from Downregulated Gene List

translational termination -

translational elongation

nibosome 4

ribosomal subunit 1

arganellar small ribosomal subunit 5
organeltar ribosome -

organellar large ribosomal subunit
mitochondrial translational termination -
mitochondrial translational elongation 4
mitochondnal translation 4
mitochondrial small ribosomal subunit 4
mitochondrial ribosome 4

mitochondrial protein complex -
mitochaondrial membrane part
mitochondrial miatrix -

mitochondrial large ribosomal subunit
mitochaondrial inner membrane -
mitochondrial gene expression

inner mitochondrial membrane protein complex

cellular protein complex disassembhy -

1]
&
[ ]
[ ]
-
[ ]
[ ]
[
[ ]
&
[ ]
®
»
i
L ]
&
0.02 0.04 0.06

e =0
® m






media/file11.jpg





media/file6.png
7331
7221

6000 o I )

2]
5 e v pvalue<0.05
§ 4000 i = [log2FoldChange|>0
¢ f’; 5 * UP 3987
S % e DOWN 3344
8 k-] * NO 20506
o
2000 -+
1.3
[
# 5 0 3 5
: ] ! | | log2FoldChange
\
& N g ¥ oV oW qs/\‘\] Vitrified vs Non-Vitrified
N
%A‘d sl eﬁ‘q SA‘Q Pyy/

(a) (b)





