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Abstract
Purpose To depict the lncRNA expression during human oocyte maturation and explore the lncRNAs leading to recurrent 
oocyte maturation arrest.
Methods LncRNA sequencing was performed on pooled RNA from 20 oocytes of each group (recurrent oocyte maturation 
arrest (ROMA), of germinal vesicle (GV), metaphase I (MI), or metaphase II (MII) stages. Bioinformatics software was 
deployed to compare the lncRNA differential expression between the normal and ROMA oocytes. The co-expression of 
lncRNA/mRNA was illustrated with the Cytoscape software. The pooled RNA from every 10 oocytes of each group (ROMA, 
GV, MI, MII) was extracted for further qPCR validation.
Results There were 17 downregulated and 3 upregulated lncRNAs in the ROMA oocyte. Among them, co-expression analy-
sis indicated that NEAT1 and NORAD were both downregulated. Basing on the KEGG enrichment analysis, PRCKA and 
JAK3 might be the target genes in the PI3K-Akt pathway and modulated by NEAT1 and NORAD. As validated by qPCR, the 
expressional levels of lncRNA candidates (NEAT1 and NORAD) and their target genes (PRKCA and JAK3) were confirmed 
to be extremely lower in the ROMA oocyte than in the normal oocyte.
Conclusion By targeting the PI3K-Akt pathway genes PRKCA and JAK3, the abnormal expression of NEAT1 and NORAD 
is suggested to impede oocyte maturation and impair oocyte genome integrity.

Keywords Recurrent oocyte maturation arrest · Long non-coding RNAs · PI3K-Akt signaling pathway · In vitro 
fertilization and embryo transfer

Introduction

The oocyte at the germinal vesicle (GV) stage develops to the 
metaphase I (MI) stage following germinal vesicle breakdown. 
Subsequently, it proceeds to the metaphase II (MII) stage after 

the extrusion of the first polar body. The final oocyte matura-
tion is triggered by an LH surge at the late follicular phase. 
The maternal RNA has been the primary genetic transcript 
in the oocyte until zygotic genome activation (ZGA). The 
maternal RNA gradually decays as the oocyte matures after 
joining paternal RNA to activate the embryonic genome. The 
molecular mechanism of maternal RNA decay is still under 
investigation as is the role of epigenetic regulation increas-
ingly recognized to be critical for ZGA [1–3].

In the in vitro fertilization and embryo transfer (IVF-ET) 
protocol, the gonadotrophins are often used to hyperstimu-
late the ovaries for harvesting more eggs. Human chorionic 
gonadotrophin (hCG) is administrated to trigger the oocyte 
maturation at the final stage, mimicking the LH surge in 
the natural cycle. Most of the retrieved eggs will mature 
under superphysiological hCG stimulation. However, it was 
reported that 0.1–1% of patients who underwent the supero-
vulation cycle were inflicted with recurrent oocyte maturation 
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arrest (ROMA). Moreover, the recurrent maturation arrested 
oocytes were even resistant to the standard protocol of 
in vitro maturation [4]. Theoretically, those oocytes can 
arrest at different stages of GV, MI, and MII [5]. In our clinic, 
around 0.29% of patients suffered from ROMA, in which the 
MI stage arrest was the most common phenotype. The de 
novo mutation of coding genes, such as TUBB8, TRIP13, 
and PATL2, can cause oocyte maturation arrest, but they can 
only explain a few ROMA cases but not all of them [6–8]. 
Nevertheless, the abundant non-coding RNAs in the oocyte 
could be the epigenetic culprits contributing to ROMA.

Long non-coding RNAs (lncRNAs) refer to the non-
coding RNAs longer than 200 nt and play versatile roles in 
RNA epigenetic regulation. LncRNA can facilitate the for-
mation of ribonucleoprotein by serving as a scaffold and 
bringing together numerous components such as proteins, 
RNAs, and DNA [9, 10]. By base-pairing, lncRNA can 
guide the ribonucleoprotein complex to a specific genomic 
location [11, 12]. As a molecular decoy, lncRNA can bind 
to protein complexes and prevent the proteins from inter-
acting with their natural targets [13, 14]. LncRNA can also 
bind to sequester miRNA (miRNA sponge), which acti-
vates target mRNA [15, 16]. In addition, some lncRNAs 
originating from the enhancer region (enhancer RNA) can 
regulate neighboring genes via cis or trans [17, 18]. The 
lncRNAs have been confirmed to express in the oocyte and 
early embryo, and their expression levels change dynami-
cally once the embryo genome is activated during human 
early embryonic development [19, 20]. Previous studies 
reported that lncRNAs get involved in the various biologi-
cal and developmental processes in early embryonic devel-
opment, such as cell pluripotency induction and mainte-
nance, X chromosome inactivation, and gene imprinting 
[21]. The expression levels of some lncRNAs in cumulus 
cells were correlated with the quality of oocytes and early 
embryos, so those lncRNAs have the potential to predict 
oocyte development non-invasively [22].

Despite few studies exploring the expression of lncRNA 
in oocytes and early embryos, those studies only detected 
the lncRNA expression from matured oocytes to the blas-
tocyst. Furthermore, rare studies have focused on the 
lncRNA expression during oocyte maturation. Therefore, 
the present study aimed to depict the lncRNA expression 
profile during oocyte maturation and explore the lncRNA 
candidates associated with ROMA.

Materials and methods

Patient recruitment

This study was scrutinized by the Reproductive Ethics Com-
mittee of our hospital, and the IRB approval (code: 200701) 

was obtained before initiating the study. In our clinic, all 
patients must decide how to deal with their abandoned 
oocytes in the informed consent. Therefore, only patients 
who approved donating their abandoned oocytes to scientific 
research would be recruited into the study.

In total, 176 patients undergoing intracytoplasmic injec-
tion (ICSI) were recruited into the study (20 ROMA and 
156 control patients). The selection criteria for the ROMA 
patients were as follows (n = 20): (1) more than 90% of 
oocytes (maturation rate < 10%) were immature on the 
oocyte retrieval day and stayed immature after in vitro 
culture for more than 24 h and (2) the patients suffered at 
least two failures of oocyte maturation. The control group 
(n = 156) was defined as patients with more than 80% mature 
oocytes and no history of oocyte maturation arrest. The 
exclusion criteria of the control group included (1) genetic 
diseases related to oocyte maturation; (2) endocrine diseases 
such as diabetes and hyperthyroidism; and (3) immune dis-
eases such as lupus erythematosus, and rheumatoid arthritis. 
The patient selection flow chart is presented in Fig. 1.

Ovarian stimulation protocol

Regarding the ovarian stimulation protocol, a long-acting 
GnRH agonist was administrated during the middle luteal 
phase. Two weeks later, gonadotrophins were injected daily 
for ovarian stimulation. The injecting dose of gonadotro-
phins was determined by the ovarian response. The ultra-
sound examinations and hormone measurements were con-
ducted every 3–4 days to monitor follicular growth. When 
at least two follicles reached 18 mm, hCG was administrated 
to trigger oocyte maturation. Oocyte retrieval surgery was 
performed 34–38 h after hCG administration.

Oocyte collecting criteria

The collected oocytes were denuded before checking the 
maturation state. For rescuing ROMA oocytes, the immature 
oocytes were in vitro cultured with Sage IVM media (Coop-
erSurgical, Trumbull, CT, USA) for 24 h at 37 °C in 6%  CO2 
and then collected for research when they stayed immature. 
As for the “control oocytes,” they originated from the imma-
ture oocytes (GV or MI) abandoned after ICSI manipulation. 
They were regarded as control oocytes because the oocyte 
maturation rate of the patients reached 80% (the average 
maturation rate in our lab). Those oocytes were cultured 
with IVF media (Vitrolife, Kungsbacka, Sweden) in a 6% 
 CO2 incubator at 37 °C for 4–6 h and collected at GV, MI, 
and MII stages, relatively.

Those oocytes were vitrified following the manufacturer’s 
protocol. Briefly, embryos were placed into the Vitri 1™ 
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Cleave Solution for 5 min, then into the Vitri 2™ Cleave 
Solution for 2 min, and finally into the Vitri 3™ Cleave Solu-
tion for 30 s. The embryos were loaded with high-security 
straws in a maximum of 1 μL, and then placed into the liquid 
nitrogen for long-term storage. As for the thawing procedure, 
straws were removed from the cryotube and dipped into the 
Warm1™ solution for 10 to 30 s, then into the Warm2™ solu-
tion for 1 min, and then into the Warm3™ solution for 2 min, 
and finally into the Warm4™ solution for 5 min. Finally, eggs 
were transferred to a pre-equilibrated culture dish.

RNA library construction and sequencing

According to the preliminary experiment, the pooled 
RNA from every 20 oocytes was the premium quantity 
for establishing RNA libraries. In total, 80 oocytes (20 
oocytes for each sequencing sample × 4 biological repli-
cates) in each group (GV, MI, MII, ROMA) were collected 
for constructing RNA libraries. Additionally, the pooled 
RNA from every ten oocytes was the premium quantity for 
qRT-PCR amplification based on our pilot study. Thus, 60 
oocytes (10 oocytes for each qPCR reaction × 6 biologi-
cal replicates) in each group (GV, MI, MII, ROMA) were 
harvested for qPCR validation, as each reaction was tech-
nically repeated triple times.

TRIzol (Invitrogen, USA) was used for extracting 
total RNA from the thawed oocytes. Fragmented RNAs 
(approximately 200  bp) were subjected to first-strand 
and second-strand cDNA synthesis followed by adaptor 
ligation and amplified by 18 cycles according to instruc-
tions of NEBNext® Ultra™ RNA Library Prep Kit for 
Illumina (NEB, USA). The purified library products were 
evaluated using Agilent 2200 TapeStation and Qubit® 
2.0 (Life Technologies, USA). An eligible RNA library 
should meet the following prerequisites: (1) the size of the 
principal peak scattered between 300 and 350 bp; (2) the 
mass concentration of the RNA library was above 20 ng/
μL; (3) the molar concentration of RNA library was above 
100 nmol/L. The libraries were paired-end sequenced 
(sequencing reads were 150 bp) with the Illumina HiSeq 
3000 platform.

Pre‑processing of sequencing reads

Raw Fastq sequences were treated with Trimmomatic tools 
(v0.36) to remove trailing sequences below a Phred quality 
score of 20 and to achieve uniform sequence lengths for 
downstream clustering processes. Sequencing read quality 
was inspected using the FastQC software. Adapter removal 
and read trimming were performed using Trimmomatic. 

Fig. 1  The patient selection 
flow chart
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Sequencing reads were trimmed from the end (base qual-
ity less than Q20) and filtered by length (less than 25 bp). 
HISAT2 was used to align the clean reads to the human ref-
erence genome hg19 with default parameters. HTSeq v0.6.0 
was used to count the reads numbers mapped to each gene.

Identification of lncRNAs and mRNAs

The raw data were firstly filtered to remove low-quality 
reads, and then the clean data that passed repeated testing 
was assembled using StringTie based on the reads mapped to 
the reference genome. The assembled transcripts were anno-
tated using the GffCompare program. The unknown tran-
scripts were used to screen for putative lncRNAs referring to 
the public databases (http:// asia. ensem bl. org/ info/ genome/ 
geneb uild/ bioty pes. html; www. ncbi. nlm. nih. gov/ nucco re). 
They were further screened using CPC/CNCI/Pfamto to 
distinguish the protein-coding genes from the non-coding 
genes. Besides, target gene mRNAs were identified using 
a minimum length and exon number threshold. Generally, 
transcripts with lengths above 200 nt with predicted ORF 
were selected as the candidate genes.

Differential expression analysis

Differential expression was assessed by DESeq using read 
counts as input. The Benjamini–Hochberg multiple test cor-
rection method was enabled. Differentially expressed genes 
were chosen according to the criteria of fold change > 2 and 
adjusted p-value < 0.05. Finally, a hierarchical clustering 
analysis was performed using the R language package Gplots 
according to the read counts of differential genes in differ-
ent groups. Moreover, colors represent different clustering 
information, such as the similar expression pattern in the 
same group, including similar functions or participating in 
the same biological process.

Prediction of lncRNA target genes

The interactive network was established by calculating the 
Pearson correlation coefficient and p value between lncR-
NAs (NEAT1 and NORAD) and their target genes. The tran-
scripts were filtered using a correlation coefficient (COR) 
of > 0.85 and a p-value < 0.05 before the Cytoscape software 
was applied to illustrate the interactive network.

GO terms and KEGG ontology enrichment analysis

The predicted genes of lncRNAs were selected for GO and 
KEGG ontology enrichment analyses. GO was performed 
with the KOBAS 3.0 software. GO provides label classifi-
cation of gene function and gene product attributes (http:// 
www. geneo ntolo gy. org). GO analysis covers three domains: 

cellular component (CC), molecular function (MF), and bio-
logical process (BP). The differentially expressed genes and 
the enrichment of different pathways were mapped using the 
KEGG ontology enrichment with the KOBAS 3.0 software 
(http:// www. genome. jp/ kegg). For KEGG enrichment analy-
sis, a p-value < 0.05 was used as the threshold to determine 
the significant enrichment of the gene sets.

Quantitative PCR

The total RNA from the oocytes was extracted with TRIzol 
(Invitrogen, USA) following the manufacturer’s instruc-
tions. The SuperScript III First-Strand Synthesis System 
(Invitrogen, USA) was deployed for cDNA synthesis, fol-
lowed by the qPCR amplification using SYBR® Green 
qPCR supermixes (Bio-Rad, USA). The Bio-Rad CTX96 
real-time PCR detection system was applied for a real-time 
PCR reaction. The PCR primers of NEAT1, PRKCA, and 
JAK3 (Table 1) were synthesized referring to the previous 
studies [23–25]. The expression level relative to GAPDH 
was calculated using the cyclic threshold (CT) values loga-
rithmically transformed using the 2 − ΔCt function. All the 
relative expression levels were normalized according to the 
average value of 6 biological samples in the control group. 
The PCR reaction of each biological sample was technically 
repeated triple times.

Statistics analysis

The online tool VENNY 2.1 was applied to analyze 
the intersectant genes. The patients’ demographic data 
between the ROMA and control groups were com-
pared with Student’s t-test. One-way ANOVA was used 
for the multiple comparisons of gene expression levels 
between groups. The statistical analysis was performed 
using the Prism software (GraphPad version 8.0), with a 
p-value < 0.05 regarded as statistical significance.

Table 1  The primers for qPCR validations

Primers Primer sequence

NORAD forward 5′-CTC TGC TGT GGC TGCCC-3′
NORAD reverse 5′-GGG TGG GAA AGA GAG GTT CG-3′
NEAT1 forward 5′-AGG CAG GGA GAG GTA GAA GG-3′
NEAT1 reverse 5′-TGG CAT GGA CAA GTT GAA GA-3′
PRKCA forward 5′-CCT CAT GTA CCA CAT TCA GCA-3′
PRKCA reverse 5′-TCT GGG GCG ATA TAA TCT GG-3′
JAK3 forward 5′-TCG TGA CCT CAA TAG CCT CAT CTC -3′
JAK3 reverse 5′-CCA CTG ACA CAT ATG CCC ATC TGT -3′
GAPDH forward 5′-AGC CAC ATC GCT CAG ACA C-3′
GAPDH reverse 5′-GCC CAA TAC GAC CAA ATC C-3′
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Results

Patient demographics

The patient baseline data were comparable between the 
ROMA and the control groups (Table 2).

General variables of RNA libraries

In total, 12 RNA libraries were established for data analysis, 
and each library was sequenced in duplicate (Table 3). The 
effective read rates were 100%, total mapped rates fluctu-
ated between 87.73 and 93.45%, and unique mapped rates 
ranged from 84.41 to 90.59%. In total, the number of lncR-
NAs expressed in the GV, MI, MII, and ROMA oocytes was 
3814, 3586, 3047, and 2814, relatively.

The differential expression of lncRNAs from the GV 
and MII stages of control oocytes

During oocyte maturation, 170 lncRNAs were differentially 
expressed between GV and MI oocytes, whereas 263 lncR-
NAs significantly changed from MI to MII oocytes. Addi-
tionally, 466 lncRNAs significantly altered from GV to MII 
(Fig. 2). There were seven lncRNAs constantly altered from 
the GV to MII stage, in which three lncRNAs were down-
regulated and four lncRNAs were upregulated (Table 4).

Differential expression of lncRNAs 
between the control and ROMA oocytes

Generally, 135 lncRNAs were differentially expressed 
between the ROMA and control oocytes at the GV stage. 
In addition, the abundance of 63 lncRNAs was differential 
between the ROMA and control oocytes at the MI stage. 
Besides, the expressional levels of 17 lncRNAs were signifi-
cantly different between the ROMA and control oocytes at 
the MII stage. After the intersection, seven lncRNAs (four 
downregulated and three upregulated) constantly changed 
throughout the three stages (Fig. 3 and Table 5).

The target genes of differential lncRNAs 
between the control and ROMA oocytes

As the well-studied lncRNAs, NEAT1 and NORAD had 
the most target genes among the constantly differential 
lncRNAs. Specifically, NEAT1 targeted 136 protein-coding 
genes, while NORAD was associated with 115 protein-cod-
ing genes, and 34 genes were both targeted by NEAT1 and 

Table 2  Patient demographic data

Patient variables Control (n = 156) ROMA (n = 20) p value

Age (years) 34.13 ± 5.32 34.15 ± 5.49 0.99
Infertile years 4.80 ± 3.65 5.00 ± 3.01 0.79
BMI (kg/m2) 21.81 ± 3.01 22.39 ± 3.09 0.28
FSH (IU/L) 6.61 ± 2.01 6.55 ± 1.31 0.85
LH (IU/L) 6.10 ± 3.02 5.01 ± 3.02 0.20
E2 (ng/L) 38.25 ± 15.20 42.66 ± 19.99 0.35
PRL (μg/L) 20.38 ± 5.76 20.82 ± 5.97 0.81
T (nmol/L) 0.26 ± 0.10 0.25 ± 0.15 0.77
AMH (ng/mL) 3.17 ± 1.58 3.64 ± 2.04 0.33
Go dosage (IU) 1849 ± 684 1945 ± 687 0.56
Oocyte number 12.62 ± 7.54 11.70 ± 7.27 0.60

Table 3  The read variables of 
RNA libraries

Oocyte samples Effective reads (%) Total mapped (%) Multiple mapped (%) Uniquely mapped (%)

GV-1 33,932,434 (100%) 30,555,997 (90.05%) 984,131 (2.90%) 29,571,866 (87.15%)
GV-2 36,638,364 (100%) 32,856,839 (89.68%) 1,014,903 (2.77%) 31,841,936 (86.91%)
GV-3 32,629,768 (100%) 29,522,251 (90.48%) 888,004 (2.72%) 28,634,247 (87.75%)
GV-4 25,925,760 (100%) 24,228,123 (93.45%) 743,254 (2.87%) 23,484,869 (90.59%)
MI-1 35,920,126 (100%) 32,427,318 (90.28%) 1,024,168 (2.85%) 31,403,150 (87.42%)
MI-2 32,936,256 (100%) 29,447,176 (89.41%) 980,844 (2.98%) 28,466,332 (86.43%)
MI-3 32,497,504 (100%) 29,655,197 (91.25%) 990,528 (3.05%) 28,664,669 (88.21%)
MI-4 34,142,352 (100%) 30,981,358 (90.74%) 1,055,072 (3.09%) 29,926,286 (87.65%)
MII-1 34,275,096 (100%) 30,556,956 (89.15%) 1,122,785 (3.28%) 29,434,171 (85.88%)
MII-2 24,449,952 (100%) 21,740,489 (88.92%) 803,235 (3.29%) 20,937,254 (85.63%)
MII-3 38,783,590 (100%) 34,023,241 (87.73%) 1,287,335 (3.32%) 32,735,906 (84.41%)
MII-4 29,087,318 (100%) 26,757,178 (91.99%) 776,998 (2.67%) 25,980,180 (89.32%)
ROMA-1 38,427,514 (100%) 35,695,813 (92.89%) 1,180,687 (3.07%) 34,515,126 (89.82%)
ROMA-2 39,906,932 (100%) 37,132,703 (93.05%) 1,157,668 (2.90%) 35,975,035 (90.15%)
ROMA-3 29,965,726 (100%) 27,654,693 (92.29%) 954,987 (3.19%) 26,699,706 (89.10%)
ROMA-4 31,189,304 (100%) 29,038,612 (93.10%) 985,247 (3.16%) 28,053,365 (89.95%)
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NORAD (Fig. 4). Moreover, the expressional heatmap of 
target genes is presented in Fig. 5A and B.

Regarding the GO enrichment analysis (Fig. 6), it indi-
cated that the target genes were primarily scattered at the 
binding (molecular function) part, cell or cell part (cellular 
components), and the cellular process (biological process). 
Based on the KEGG enrichment analysis (Fig. 7), PI3K-Akt, 
Ras, mTOR, and FoxO signaling pathways were profoundly 
affected by NEAT1 and NORAD.

Quantitative RT‑PCR validation of lncRNA 
candidates and their target genes

In the PI3K-Akt signaling pathway, six genes (PRKCA, 
GNB4, PIK3CD, GNG4, JAK3, PRKAA1) were targeted 

by NEAT1 or NORAD, of which only PRKCA and JAK3 
were abundantly expressed in human oocytes as indicated 
by mRNA sequencing data. Therefore, lncRNA candidates 
(NEAT1 and NORAD) and their target genes (PRKCA and 
JAK3) were selected for further qPCR validation.

As validated by qRT-PCR, the expressional levels of 
NEAT1, NORAD, and their target gene JAK3 were sig-
nificantly lower in the ROMA oocytes than in the control 
oocytes (Fig. 8). In addition, PRKCA, the NORAD target 
gene, was significantly lower in the ROMA oocytes than 
in the GV stage control oocytes. In the control oocytes, 
the expression of NEAT1, NORAD, PRKCA, and JAK3 
declined significantly as the oocytes developed from GV 
to MII stages.

Fig. 2  The constantly altered lncRNAs in the control oocytes from 
GV to MII stage

Table 4  The constantly differential lncRNAs in all stages of control 
oocytes

Accession no Gene name From GV to MII

ENST00000441217.1 ENSG00000235499.1 Down
ENST00000523336.1 ENSG00000253642.1 Down
ENST00000538335.1 ENSG00000212694.4 Up
ENST00000555282.1 ENSG00000258913.1 Up
ENST00000574616.1 ENSG00000263244.1 Down
NR_033932.1 RGMB-AS1 Up
NR_109931.1 LOC101928796 Up

Fig. 3  The intersection of differential genes between the ROMA and 
control oocytes

Table 5  The constantly differential lncRNAs between the ROMA and 
control oocytes

Accession no Gene name Expres-
sion in 
ROMA

ENST00000554458.1 ENSG00000258784.1 Down
NR_027451.1 NORAD Down
ENST00000511993.1 ENSG00000234828.3 Up
ENST00000440744.2 ENSG00000230649.2 Up
NR_131012.1 NEAT1 Down
ENST00000559621.1 ENSG00000259383.1 Up
ENST00000457290.2 ENSG00000238273.3 Down

2220 Journal of Assisted Reproduction and Genetics (2022) 39:2215–2225



1 3

Discussion

As the primary genetic transcript, the maternal RNA dra-
matically changes amid oocyte maturation. Maternal RNA 
decays gradually, followed by embryonic genome activa-
tion. It has been reported that lncRNAs may play versatile 
roles in early embryonic development [19–21]. However, 
reports on the association of lncRNAs with oocyte matura-
tion are still lacking. For the first time, the present study 
reveals the expression profile of lncRNAs during oocyte 
maturation and further explores lncRNA candidates asso-
ciated with arrested oocyte maturation.

lncRNAs can regulate maternal RNA in epigenetic 
modification, transcription, post-transcription, transla-
tion, and post-translation [26]. By directly or indirectly 

interacting with chromatin, lncRNAs can exert a trans or 
cis regulation in chromatin transcription. Besides that, 
lncRNA can modulate RNA transcription by forming chro-
matin loops or targeting regulatory elements. Regarding 
epigenetic modification, lncRNAs can play a trans-acting 
role by binding proteins to sequence motifs and the RNA 
structure or base-pairing with target RNAs [27, 28].

As oocytes mature, the lncRNA dynamic could get 
involved in erasing maternal RNA and activating the embry-
onic genome. The altering lncRNAs from the GV to MII 
stage were more than the ones from the GV to MI stage and 
from the MI to the MII stage. It implied that lncRNAs dra-
matically changed as the oocyte developed from the GV to 
MII stage since MI was just an intermediate stage between 
GV and MII.

Fig. 4  The target genes of 
NEAT1 and NORAD
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When the target gene analysis was performed on the 
differentially expressed lncRNAs, both NEAT1 (nuclear 
paraspeckle assembly transcript 1, NR_131012.1) and 
NORAD (non-coding RNA activated by DNA dam-
age, NR_027451.1) were the well-studied lncRNAs and 
manifested broad biological functions. NEAT1 is a vital 
component of nuclear paraspeckles and can be classi-
fied into two isoforms: NEAT1_1 (3.7 kb) and NEAT1_2 
(23 kb). As an oncogene, NEAT1 could suppress some 
miRNAs such as miR-449-5p, miR-377-3p, and miR-204 
to promote the proliferation, migration, and invasion of 

oncogenic cells [29, 30]. Interestingly, the previous study 
suggested that the suppression of NEAT1 will inhibit cell 
growth by enhancing the apoptosis level and inflammatory 
cytokines in osteoarthritis chondrocytes [31]. Similarly, 
the abnormal downregulation of NEAT1 in the ROMA 
oocyte might facilitate the oocyte growth and induce apop-
tosis [32]. Moreover, the NEAT1 knockout mice failed 
to produce corpus luteum and manifested infertility [33]. 
Non-coding RNA activated by DNA damage (NORAD) 
plays a pivotal role in maintaining genome integrity [34]. 
Once the DNA damage occurs, the increasingly expressed 
NORAD can sequester the pumilio (PUM) proteins, sta-
bilize PUM targets, and maintain genome integrity [23]. 
Therefore, NORAD modulates a wide range of cell bio-
logical processes such as proliferation, migration, inva-
sion, and epithelial–mesenchymal transition (EMT). The 
dysregulation of NORAD is closely related to cell growth 
abnormality or tumorigenesis [35, 36]. In addition, the 
NORAD-deficient mice manifested premature aging due 
to the augmented activity of PUMILIO proteins [37]. In 
brief, the oocyte maturation arrest might be caused by 
the suppressive expression of NORAD via the following 
mechanisms: (1) The decreasing NORAD was insufficient 
to sequester the PUM proteins and maintain the genome 
integrity. (2) The suppressed expression of NORAD may 
disrupt oocyte maturation due to its essential role in mod-
ulating cell growth.

Among the most affected signaling pathways, the PI3K-
Akt signaling pathway has been indispensable for oogen-
esis and folliculogenesis [38–40]. MYT1 can inactivate 
CDK1 (also called CDC2 or P34CDC2) and maintain the 
oocyte meiotic state by phosphorylating threonine 14 and 
15. Insulin or insulin growth factor (IGF) could induce 
PKB via the mediation of the PI3K-Akt signaling path-
way, suppress MYT1 relevant pathway, and initiate the 
resumption of oocyte meiosis [41]. In the ROMA oocytes, 
the suppression of PRKCA and JAK3 could impair the 
mediating function of the PI3K-Akt pathway and block the 
meiotic event. As validated by qRT-PCR, the target genes 
PRKCA and JAK3 were suppressed from the GV to the 
MI stage, which meant the dysregulation of NEAT1 and 
NORAD started to intervene in oocyte maturation during 
germinal vesicle breakdown and had a profound impact on 
later oocyte development.

The expression levels of NEAT1 and NORAD declined 
as the oocyte matured. The possible explanation could be 
that the declination of both lncRNAs facilitates erasing 
maternal RNAs and activating the embryonic genome. 
However, their suppressive expression may disrupt the nor-
mal process of oocyte maturation and lead to oocyte matu-
ration arrest. Besides that, the low expression of NORAD 
further impairs oocyte genome stability by disrupting the 
genome monitor system.
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Fig. 5  The expressional heatmap of the target genes of (A) NEAT1 
and (B) NORAD
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There were some limitations existing in the present study. 
Firstly, the oocytes in the control group were harvested after in vitro 

incubation, which might cause variations compared to the oocyte 
that spontaneously matured in vivo. Secondly, the control oocytes 
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were collected from the leftovers after ICSI, so they had unavoid-
able defects in representing the genuine normal oocytes. The third 
limitation was that the results obtained from pooling leftover 
oocytes might cover the heterogeneity of individual patients.

In summary, the present study uncovers expression profiles of 
lncRNAs during oocyte maturation and explored the lncRNA can-
didates associated with oocyte arrested maturation. The findings 
reveal the epigenetic machinery regulating oocyte maturation and the 
possible pathological mechanism leading to ROMA. As the critical 
lncRNAs, NEAT1 and NORAD modulate many cellular biological 
processes. Furthermore, NORAD is indispensable for maintaining 
genome integrity. Therefore, by targeting PI3K-Akt pathway genes, 
the extreme suppression of NEAT1 and NORAD could impede 
oocyte maturation and impair oocyte genome integrity.
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