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ABSTRACT 
Objective: Female infertility is a relatively frequent disorder of the 
reproductive system, and its molecular etiology and associated 
cellular mechanisms remain unexplained. Certain mutations in 
PATL2 gene have been identified to cause female infertility, 
characterized by oocyte maturation arrest and oocyte meiotic 
deficiency. PATL2 encodes an RNA-binding protein functioning as 
a translational repressor in oocyte maturation; therefore, proper 
temporal control of PATL2 expression was suggested to be 
essential for normal oocyte maturation. 
Methods: Transcriptomics data was used to analyze temporal 
regulation of PATL2 transcript levels during oocyte maturation and 
embryo development in mice, using R programming language. 
Results: Based on in silico analysis, mRNA expression of the PATL2 
gene in mouse oocytes was found to increase from the primordial 
follicle stage to the primary follicle stage (p ≤ 0.05).  Its expression 
was reported to stay high in the primary and secondary follicle 
stages, then to decrease in the antral follicle stages (tertiary follicle 
stages). Besides, PATL2 expression was shown to be lower in 
metaphase 2 (MII)-stage oocytes compared to germinal vesicle 
(GV)-stage oocytes in mice (p ≤ 0.05). Moreover, it was observed 
that PATL2 transcript levels even change during embryo 
development. 

Conclusion: Data in the present study points to the temporal 
regulation of PATL2 expression at the transcription level during 
oocyte growth, supporting previous research performed at the 
protein level. Considering the importance of PATL2 in oocyte 
maturation arrest and female sterility, and also the number of 
PATL2 pathogenic variants previously identified, a better 
mechanistic understanding of PATL2 regulation at the 
transcriptional level in oocytes might have clinical significance and 
guide the development of novel treatment strategies.  

Keywords: PATL2 gene, oocyte maturation arrest, oocyte growth, 
germinal vesicle arrest, secondary follicle stage, female fertility, 
gene regulation 

ÖZ 
Amaç: Kadın kısırlığı üreme sisteminin nispeten sık görülen bir 
bozukluğudur ve moleküler etiyolojisi ve ilişkili hücresel 
mekanizmaları henüz açıklanamamıştır. PATL2'deki belirli 
mutasyonların, oosit olgunlaşmasının durması ve oosit meiotik 
eksikliği ile karakterize edilen kadın kısırlığına yol açtığı belirlenmiştir. 
PATL2, oosit olgunlaşmasında translasyonel baskılayıcı olarak işlev 
gören bir RNA bağlayıcı protein kodlar; bu nedenle, PATL2 
ekspresyonunun uygun zamansal kontrolünün normal oosit 
olgunlaşması için elzem olduğu ileri sürülmüştür.  
Yöntem: Bu çalışmada, R programlama dilini kullanarak, farelerde 
oosit olgunlaşması ve embriyo gelişimi sırasında PATL2 transkript 
seviyelerinin zamansal düzenlenmesini analiz etmek için 
transkriptomik verileri kullanılmıştır. 
Bulgular: Fare oositlerinde PATL2 geninin mRNA ekspresyonunun 
primordial folikül aşamasından birincil folikül aşamasına kadar arttığı 
ve ekspresyonunun birincil ve ikincil folikül aşamalarında yüksek 
kaldığı, ardından antral folikül aşamalarında (üçüncül folikül aşaması) 
azaldığı gösterilmiştir. Ayrıca, farelerde PATL2 ekspresyonunun 
metafaz 2 (MII) aşamasındaki oositlerde germinal vezikül (GV) 
aşamasındaki oositlere kıyasla daha düşük olduğu ve PATL2 
transkript seviyelerinin embriyo gelişimi sırasında bile değiştiği 
bulunmuştur. 

Sonuç: Mevcut çalışmadaki veriler, oosit büyümesi sırasında PATL2 
ekspresyonunun transkripsiyon seviyesinde zamansal olarak 
düzenlendiğini ve protein seviyesinde gerçekleştirilen önceki 
araştırmaları desteklediğini göstermektedir. PATL2'nin oosit 
matürasyon durması ve dişi kısırlığındaki önemi ve tanımlanan PATL2 
patojenik varyantlarının sayısı göz önüne alındığında, oositlerde 
transkripsiyonel seviyede PATL2 regülasyonunun daha iyi bir 
mekanistik anlayışı klinik öneme sahip olabilir ve yeni tedavi 
stratejilerinin geliştirilmesine rehberlik edebilir.  

Anahtar Kelimeler: PATL2 geni, oosit olgunlaşmasının durması, oosit 
büyümesi, germinal vezikül durması, sekonder folikül evresi, kadın 
doğurganlığı, gen regülasyonu  
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Introduction 

Human oocyte maturation includes nuclear and 
cytoplasmic maturation, and abnormalities in these 
processes lead to female infertility and recurrent failure 
of in vitro fertilization (IVF) or intracytoplasmic sperm 
injection (ICSI) attempts. Certain mutations in PATL2 
(PAT1 homolog 2) gene have been identified to result in 
female infertility in humans, characterized by oocyte 
maturation arrest and oocyte meiotic deficiency in last 
years.1-25 Most of the oocytes with PATL2 mutations are 
arrested at the germinal vesicle (GV) stage.22 Oocytes and 
zygotes from PATL2 knockout mice exhibit morphological 
and developmental defects.3 The absence of PATL2 
results in the deregulation of expression levels of a select 
number of highly relevant genes involved in oocyte 
maturation and early embryonic development.3 PATL2 
regulates the maternal transcriptome in immature 
oocytes.21 The GV oocytes from PATL2-/- mice exhibit 
lower maternal mRNA expression and decreased levels of 
protein synthesis.21 The protein levels of PATL2 in 
oocytes were reported to increase or decrease 
depending on the particular mutation.1-25 For instance, 
the PATL2Y217N mutation leads to decreased levels of 
PATL2 ubiquitination and degradation in oocytes, 
resulting in abnormal protein levels of PATL2.8 Reduced 
PATL2 levels have also been shown to result in the 
increased apoptosis levels of ovarian granulosa cells 
(GCs).10 
Recently, Ye et al. identified novel PATL2 variants in 
which amino acids altered are highly conserved in 
mammals, suggesting that these PATL2 mutations impair 
the physiological function of the protein.24 Although 
several studies reported the changes in PATL2 protein 
levels during oocyte maturation and embryo 
development in mice by performing immunostaining and 
immunoblotting, data regarding PATL2 expression at the 
mRNA level in the course of oocyte maturation and 
embryo development are still lacking. This is of high 
importance in order to determine if PATL2 expression is 
regulated mainly at the transcriptional level or post-
transcriptionally. Here, changes in PATL2 transcript levels 
were studied in silico during mouse oocyte growth and 
embryo development, providing novel insights into the 
regulation of PATL2 gene expression in oocytes. It was 
found that PATL2 mRNA levels peak in oocytes from 
primary and secondary follicle stages, then start to 
decrease gradually towards the large antral follicle stage. 
Similarly, GV oocytes have higher PATL2 transcript levels 
compared to MII (metaphase 2) oocytes. In terms of 
embryo development in mice, PATL2 mRNA levels 
decrease from 1-cell embryo to 8-cell embryo and then 
increase at the blastocyst stage, pointing to a dynamic 
regulation of PATL2 gene expression. Lastly, it was found 
that the depletion of CTCF (both a classical repressor and 
activator of transcription in oocytes) leads to increased 
mRNA expression of PATL2 in mouse oocytes. Combined, 
data in the present study suggest that PATL2 expression 
is highly regulated at the mRNA level, supporting data 
from previous research performed at the protein level. 

Considering the importance of PATL2 in oocyte 
maturation arrest and female infertility, a better 
understanding of PATL2 regulation at the transcriptional 
level in oocytes might be of high clinical significance. 

Methods 

Datasets  
In the present study, the following transcriptomics 
datasets were used: GSE335129, GSE1166730, 
GSE174529 and GSE11664.26 The model organism used 
in the construction of these datasets is the mouse (Mus 
musculus). Gene expression datasets with a minimum 
sample size (n) of 10 were selected to be analyzed in this 
study. More experimental detail (such as overall 
experimental design, platforms used, etc.) about these 
publicly available datasets can be found at Gene 
Expression Omnibus (GEO) (Table 1).31, 32 Each sample 
was shown as a different data point in the plots. Datasets 
used were also indicated in figure captions (located at the 
bottom right of the plots). Gene expression values shown 
and analysed in each plot were obtained from a unique 
dataset, without any meta-analysis performed. 
Informed consent and institutional review board 
approval are not applicable for the current study. 

Table 1. Details of the datasets used in the present study. 

Dataset Sample 
size (n) 

Method Tissue/Cell type 

GSE3351 20 Expression 
profiling by 

array 

Oocytes collected from 
ovary by follicle stage 

GSE11667 16 Expression 
profiling by 

array 

Fully-grown germinal 
vesicle (GV) oocytes from 
young (6 weeks old) or old 

(66 weeks old) mice 

GSE1745 20 Expression 
profiling by 

array 

Preimplantation embryos 

GSE11664 10 Expression 
profiling by 

array 

CTCF-depleted mouse 
oocytes 

Data Analysis and Visualization 
Data analysis and visualization in this study were 
performed using the R statistical programming language 
(version ‘3.15’)33, using the following R packages: 
readxl34, tidyverse35, ggpubr36, knitr37, and rmarkdown38, 
as previously reported.39, 40 The Shapiro-Wilk normality 
test was used to test the normality of the expression 
data. When p-value is bigger than 0.05, normal 
distribution of the data could be assumed, and therefore, 
a t-test was performed; otherwise, a Wilcox test was 
used to compare group means.36, 41 Mean expression 
values were shown in red on boxplots / violinplots. R 
scripts (R markdown files) used in the data analysis are 
available as supplementary files to make this study 
completely reproducible. In data visualization, 
geom_boxplot() and geom_violin() functions from ggplot 
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R package (one of tidyverse packages) was particularly 
used.35 Statistical analyses shown on the plots was 
performed using ggpubr package.36 In the comparison of 
group means, p < 0.05 significance cut off was used. 
ns (non-significant): p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: 
p ≤0.001; ****: p ≤ 0.0001. 

Results 

Changes in PATL2 expression during mouse oocyte 
growth from primordial follicle stage to large antral 
follicle stage 
In the first part of the analysis, changes in PATL2 
expression were studied at the mRNA level in mouse 
oocytes by follicle stage during oocyte development 
using GSE3351 dataset, and found that mRNA expression 
of PATL2 gene in mouse oocytes increases from the 
primordial follicle stage to the primary follicle stage 
(Figure 1). Its expression stays high in the primary and 
secondary follicle stages, then decreases in the antral 
follicle stages (tertiary follicle stages) (Figure 1). PATL2 

expression is even lower in the large antral follicle stage 
compared to the previous small antral follicle stage 
(Figure 1). Yet, its expression is still high in the large antral 
follicles compared to that in the primordial follicles 
(Figure 1). 

Differential expression of PATL2 between germinal 
vesicle (GV)- and metaphase 2 (MII)-stage oocytes. 
Subsequently, it was found that PATL2 expression is lower 
in metaphase 2 (MII)-stage oocytes compared to germi-
nal vesicle (GV)-stage oocytes in mice, performing in 
silico data analysis using data from GSE11667 (Figure 2). 
This is true for oocytes from both young (6 weeks old) 
and old (66 weeks old) mice (Figure 2). Others showed 
that PATL2 protein levels are lower in MI and MII oocytes 
compared to GV oocytes. Combined, this data suggests 
that PATL2 expression in oocytes might be regulated at 
the transcriptional level, rather than at the translational 
level over the course of oocyte maturation, since PATL2 
protein levels parallel PATL2 mRNA levels in oocytes 
during the process of their maturation from GV to MII 
stage. 

Figure 1. Relative PATL2 mRNA expression in oocytes from different follicular developmental stages (from primordial follicle stage to 
large antral follicle stage) in mice. PATL2 transcript leves at different follicular developmental stages in mice. ns (non-significant): p > 
0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. Mean expression values were shown in red on boxplots. Data was obtained 
from GSE3351 dataset (oocytes collected from ovary by follicle stage). 

PATL2 expression levels during preimplantation embryo 
development 
Further analysis revealed that PATL2 transcript levels 
were analyzed during preimplantation embryo 
development using GSE1745 dataset, and it was found 
that PATL2 mRNA expression is lower in 1-cell embryo 
compared to oocyte (Figure 3). Similarly, its expression 

decreases gradually from 1-cell embryo stage to 8-cell 
embryo stage, then increases in blastocysts to the levels 
comparable to 1-cell embryo stage, during mouse 
preimplantation embryo development (Figure 3). 
However, PATL2 expression is lower in blastocysts compared 

to oocytes (Figure 3).
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Figure 2. Comparison of PATL2 transcript levels between germinal vesicle (GV) oocytes and (metaphase 2) MII oocytes from young (left) 
and old mice (right) PATL2 transcript levels between germinal vesicle (GV) oocytes and (metaphase 2) MII oocytes based on age of mice. 
ns (non-significant): p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. Mean expression values were shown in red on 
boxplots. Data was obtained from GSE11667 dataset (fully-grown GV oocytes). 
 
 
 

 
 

Figure 3. Relative PATL2 mRNA expression during embryo development in mice. PATL2 trancript levels in the course of embryo 
development in mice. ns (non-significant): p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. Mean expression values 
were shown in red on boxplots. Data was obtained from GSE1745 dataset (preimplantation embryos). 
 
 

266



Caglar Berkel, Temporal Regulation of PATL2 Transcript Levels 

 

 

CTCF depletion leads to increased expression of PATL2 
in mouse oocytes 
Considering the importance of both CTCF and PATL2 in 
oocyte maturation, and the importance of CTCF and 
PATL2 in global transcriptional misregulation in oocytes, 
the expression of PATL2 following CTCF depletion was 
studied in mouse oocytes, using GSE11664 dataset. It was 
found that CTCF−depleted mouse oocytes have higher 

expression of PATL2 compared to WT oocytes (p = 
0.0083) (Figure 4). Therefore, it can be hypothesized that 
the negative influence of CTCF depletion on oocyte 
growth might be mediated, at least in part, by increased 
levels of PATL2, which are also shown to be associated 
with oocyte maturation arrest and the deregulation of 
highly relevant genes involved in oocyte maturation and 
early embryonic development. 

 

 
 

Figure 4. Relative PATL2 transcript levels between WT (wild type) and CTCF-depleted oocytes in mice. PATL2 mRNA levels between WT 
(wild type) and CTCF-depleted oocytes in mice. ns (non-significant): p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. 
Mean expression values are shown in red on violinplots. CTCF: CCCTC-Binding Factor. Data was obtained from GSE11664 dataset (CTCF-
depleted mouse oocytes). 

 
Discussion 

 
Particular PATL2 mutations in humans cause oocyte 
maturation arrest, resulting in female infertility; and 
PATL2 knockout mice show embryonic development 
arrest.1-25, 43 PATL2 gene encodes an RNA-binding protein 
which functions as a translational repressor in oocyte 
maturation; therefore, the proper temporal control of 
PATL2 expression is essential for normal oocyte 
maturation, with implications in female fertility.3,42 Here, 
it was shown that PATL2 expression is regulated at the 
transcription level in oocytes during oocyte 
development, paralleling the data previously reported at 
the protein level.2, 3, 8, 21 In other words, in addition to the 
previous observation of dynamic changes in PATL2 
protein levels in the course of oocyte development, it 
was found in the present study that PATL2 transcript 
levels also change dynamically during this process. It was 

found that PATL2 transcript levels peak in oocytes at 
primary and secondary follicle stages, then decrease at 
antral follicle stages. Christou-Kent et al. showed by 
performing IF and confocal microscopy that primordial 
follicle oocytes produce no detectable fluorescence 
signal; however, signal intensity for PATL2 increases in 
oocytes from primary to secondary follicles, becoming 
weaker in oocytes contained in tertiary/antral follicles.3 

Major increase in PATL2 expression was observed from 
primordial follicle stage to primary follicle stage in the 
current study; however, it is observed from primary 
follicle stage to secondary (pre-antral) follicle stage in 
Christou-Kent et al. This discrepancy might be due to the 
fact that PATL2 transcript (mRNA) levels are compared 
here, in contrast to protein levels studied in Christou-
Kent et al.3 In terms of both mRNA and protein 
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expression in mouse oocytes, PATL2 levels decrease from 
secondary follicle stage to tertiary (antral) follicle stage 
(Figure 1). Similarly, in terms of both mRNA and protein 
levels, PATL2 expression is higher in oocytes from tertiary 
follicle stage compared to those from primordial follicle 
stage (Figure 1). Zhang et al. also showed by 
immunostaining that PATL2 protein level peaks in the 
oocytes of secondary follicles, supporting our finding at 
mRNA level.21 The data in present study suggests the 
regulation of PATL2 expression at the transcriptional 
level in oocytes during follicle development. Christou-
Kent et al. also showed that PATL2 protein levels peak in 
oocytes at secondary follicle stage, and this might 
suggest that increased PATL2 mRNA levels at primary 
follicle stage are reflected at the protein level at the 
following follicle stage (secondary follicle stage).3 Both 
mRNA and protein levels of PATL2 are decreased at antral 
(tertiary) follicle stage, pointing to a dynamic regulation 
of PATL2 expression during oocyte development. The 
reason why oocytes at secondary follicle stage have 
increased PATL2 protein levels, and how PATL2 
expression is regulated at molecular level during oocyte 
growth remains to be studied. Further research is 
required to understand the importance and function of 
dynamic regulation of PATL2 expression (at both RNA and 
protein levels) during oocyte development and also to 
identify specific regulators of PATL2 expression. For 
instance, proteins (transcriptional activator or inhibitors) 
binding to PATL2 promoter regions in specific oocyte 
developmental stages are needed to be determined. 
Besides, post-transcriptional regulators of PATL2 mRNA 
remain to be identified. 
In parallel, it was found that PATL2 mRNA expression is 
lower in metaphase 2 (MII)-stage oocytes than in 
germinal vesicle (GV)-stage oocytes in mice, similar to 
other studies showing that PATL2 protein levels are lower 
in MI and MII oocytes compared to GV oocytes.2, 8, 21 
Thus, it can proposed that PATL2 expression during the 
GV-MII transition might also be regulated at the 
transcription level, rather than post-transcriptionally, 
considering both mRNA and protein levels are lower in 
MII stage oocytes. It should be studied why GC stage 
oocytes need higher expression of PATL2. Here, it should 
also be noted that the most of the oocytes with PATL2 
mutations are arrested at the GV stage, suggesting that 
functional PATL2 is particularly important at this stage, 
and that it might have a cellular role in oocytes for normal  
GV-MII transition.22 Particular PATL2 variants might also 
be associated with the disruption of dynamic regulation 
of PATL2 expression in oocytes, possibly resulting in 
oocyte maturation arrest. Dysregulation of factors 
controlling dynamic PATL2 expression during oocyte 
growth might also contribute to oocyte maturation 
arrest. 
Cao et al. reported that a typical recurrent mutation in 
PATL2 (PATL2Y217N) leads to its decreased ubiquitination 
and degradation, increasing its expression (abnormal 
PATL2 protein accumulation) in mouse oocytes, resulting 
in disturbed oocyte maturation (oocyte maturation 

arrest) and certain morphological defects.8 In oocytes, 
the depletion of CTCF, a protein functioning as both a 
classical repressor and activator of transcription in 
oocytes, delays the onset of meiosis and decreases 
meiotic competence.26 Following fertilization, its 
depletion delays the second mitotic division, perturbs 
zygotic genome activation, results in abnormal nuclear 
morphology and ultimately leads to apoptosis before the 
blastocyst stage.26 CTCF depletion causes persistent 
transcriptional defects (transcriptional misregulation) in 
mouse oocytes and preimplantation embryos.26  Finally, 
it was shown that CTCF−depleted mouse oocytes have 
higher expression of PATL2 compared to WT oocytes. 
CTCF is a mammalian maternal effect gene which 
influences transcription during oocyte growth, and has 
important independent roles in meiotic maturation and 
early embryonic development.26 CTCF predominantly 
activates or derepresses transcription in oocytes, and its 
depletion causes meiotic defects in the egg.26 Its loss in 
growing mouse oocytes results in the transcriptional 
misregulation of many genes, leading to meiotic 
defects.26 Similar to the loss of CTCF, in the absence of 
PATL2, expression levels of a number of highly relevant 
genes participating in oocyte maturation and early 
embryonic development are deregulated.3 Therefore, it 
can be hypothesized that certain defects in oocytes due 
to the loss of CTCF might be contributed by the 
misregulation of PATL2 expression, which is suggested to 
be important for normal oocyte maturation. Based on the 
findings in the present study, PATL2 expression is tightly 
controlled during oocyte growth, any factor 
dysregulating the proper temporal control of PATL2 
might potentially lead to defects in oocyte maturation. 
Here, please also note that both genes are mammalian 
maternal effect genes (MEGs) which are present in 
oocytes and required for early embryonic 
development.27   

Study Limitations 

Mechanistic details of how PATL2 transcript levels are 
regulated during oocyte maturation and embryo 
development should be better understood. 
Transcriptional or posttranscriptional regulation 
mechanisms at play need to be determined since the 
current study only provides data on the changes at the 
transcript levels but not on the specific regulators 
functioning in this time-dependent control of PATL2 gene 
expression. In addition, transcriptomics datasets with 
larger sample sizes are needed to be constructed to 
better understand dynamic PATL2 regulation during 
oocyte maturation and embryo development, since 
datasets used in the present study have relatively small 
sample sizes. Moreover, single-cell RNA sequencing 
(scRNA-Seq) / single-nucleus RNA-Seq datasets or single-
cell proteomics data will be more valuable in this respect 
to understand the dynamic PATL2 regulation in a specific 
oocyte. 
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Conclusion 
Combined, data in the present study suggest that PATL2 
expression is regulated at the transcriptional level during 
oocyte growth and maturation, and a better 
understanding of factors regulating temporal PATL2 
expression during these processes and of cellular 
consequences of its dysregulation in terms of oocyte 
maturation arrest and female infertility is needed. It is of 
high importance considering the critical impact of PATL2 
variants on female fertility in humans. 
 

 

Compliance with Ethical Standards 
Not applicable. 
 

Conflict of Interest 
The author declares no conflicts interests. 
 

Author Contributions 
CB: conceptualization, hypothesis, study design, data 
analysis and visualization, writing first and final drafts. 
 

Financial Support 
None 

 
References 
 
1. Maddirevula S, Coskun S, Alhassan S, Elnour A, Alsaif HS, 

Ibrahim N, et al. Female Infertility Caused by Mutations in 
the Oocyte-Specific Translational Repressor PATL2. Am J 
Hum Genet. 2017;101(4):603-608. doi: 10.1016/j.ajhg. 
2017.08.009. 

2. Chen B, Zhang Z, Sun X, Kuang Y, Mao X, Wang X, et al. 
Biallelic Mutations in PATL2 Cause Female Infertility 
Characterized by Oocyte Maturation Arrest. Am J Hum 
Genet. 2017;101(4):609-615. doi: 10.1016/j.ajhg.2017.08. 
018. 

3. Christou-Kent M, Kherraf ZE, Amiri-Yekta A, Le Blévec E, 
Karaouzène T, Conne B, et al. PATL2 is a key actor of oocyte 
maturation whose invalidation causes infertility in women 
and mice. EMBO Mol Med. 2018;10(5):e8515. doi: 
10.15252/emmm.201708515. 

4. Huang L, Tong X, Wang F, Luo L, Jin R, Fu Y, et al. Novel 
mutations in PATL2 cause female infertility with oocyte 
germinal vesicle arrest. Hum Reprod. 2018;33(6):1183-
1190. doi: 10.1093/humrep/dey100. 

5. Christou-Kent M, Ray PF, Arnoult C. Échec de maturation 
ovocytaire - Un rôle essentiel pour la protéine PATL2 dans 
l’ovogenèse [Oocyte maturation failure: an essential role 
for the protein PATL2 in human oogenesis]. Med Sci (Paris). 
2018;34(12):1042-1045. French. doi: 10.1051/ 
medsci/2018287. 

6. Wu L, Chen H, Li D, Song D, Chen B, Yan Z, et al. Novel 
mutations in PATL2: expanding the mutational spectrum 
and corresponding phenotypic variability associated with 
female infertility. J Hum Genet. 2019;64(5):379-385. doi: 
10.1038/s10038-019-0568-6. 

7. Liu Z, Zhu L, Wang J, Luo G, Xi Q, Zhou X, et al. Novel 
homozygous mutations in PATL2 lead to female infertility 
with oocyte maturation arrest. J Assist Reprod Genet. 
2020;37(4):841-847. doi: 10.1007/s10815-020-01698-6. 

8. Cao Q, Zhao C, Wang C, Cai L, Xia M, Zhang X, et al. The 
Recurrent Mutation in PATL2 Inhibits Its Degradation Thus 
Causing Female Infertility Characterized by Oocyte 
Maturation Defect Through Regulation of the Mos-MAPK 
Pathway. Front Cell Dev Biol. 2021;9:628649. doi: 10.3389/ 
fcell.2021.628649. 

9. Sang Q, Zhou Z, Mu J, Wang L. Genetic factors as potential 
molecular markers of human oocyte and embryo quality. J 
Assist Reprod Genet. 2021;38(5):993-1002. doi: 
10.1007/s10815-021-02196-z. 

10. Peng SL, Wu QF, Xie Q, Tan J, Shu KY. PATL2 regulated the 
apoptosis of ovarian granulosa cells in patients with PCOS. 
Gynecol Endocrinol. 2021;37(7):629-634. doi: 10.1080/ 
09513590.2021.1928066. 

11. Huang L, Wang Y, Lu F, Jin Q, Song G, Ji J, et al. Novel 
mutations in NLRP5 and PATL2 cause female infertility 

characterized by primarily oocyte maturation abnormality 
and consequent early embryonic arrest. J Assist Reprod 
Genet. 2022;39(3):711-718. doi: 10.1007/s10815-022-
02412-4. 

12. Huo M, Zhang Y, Shi S, Shi H, Liu Y, Zhang L, et al. Gene 
Spectrum and Clinical Traits of Nine Patients With Oocyte 
Maturation Arrest. Front Genet. 2022;13:772143. doi: 
10.3389/fgene.2022.772143. 

13. Xue N, Wang Y, Xu X, Jiang X, Li C, Wang J, et al. 
Establishment of pluripotent stem cell line induced by 
PATL2 heterozygous mutation in patients with oocyte 
maturation defect-4. Stem Cell Res. 2022;61:102776. doi: 
10.1016/j.scr.2022.102776. 

14. Loeuillet C, Dhellemmes M, Cazin C, Kherraf ZE, Fourati 
Ben Mustapha S, Zouari R, et al. A recurrent ZP1 variant is 
responsible for oocyte maturation defect with 
degenerated oocytes in infertile females. Clin Genet. 
2022;102(1):22-29. doi: 10.1111/cge.14144. 

15. Capalbo A, Buonaiuto S, Figliuzzi M, Damaggio G, Girardi L, 
Caroselli S, et al. Maternal exome analysis for the diagnosis 
of oocyte maturation defects and early embryonic 
developmental arrest. Reprod Biomed Online. 
2022;45(3):508-518. doi: 10.1016/j.rbmo.2022.05.009. 

16. Lei Q, Li J, Zhou X, Zhang W. [Oocyte maturation arrest due 
to compound heterozygous variants of the PATL2 gene in 
a case]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 
2022;39(7):759-762. Chinese. doi: 10.3760/cma.j. 
cn511374-20210316-00234. 

17. Sun L, Tong K, Liu W, Tian Y, Yang S, Zhou D, et al. 
Identification and characterization of a novel homozygous 
splice site variant of PATL2 causing female infertility due to 
oocyte germinal vesicle arrest. Front Genet. 
2022;13:967288. doi: 10.3389/fgene.2022.967288. 

18. Zhu L, Yang Q, Jin H, Zhou J, Wang M, Yang L, et al. Oocyte 
phenotype, genetic diagnosis, and clinical outcome in case 
of patients with oocyte maturation arrest. Front Endocrinol 
(Lausanne). 2022;13:1016563. doi: 10.3389/ 
fendo.2022.1016563. 

19. Campos G, Sciorio R, Esteves SC. Total fertilization failure 
after ICSI: insights into pathophysiology, diagnosis, and 
management through artificial oocyte activation. Hum 
Reprod Update. 2023;29(4):369-394. doi: 10.1093/ 
humupd/dmad007. PMID: 36977357. 

20. Torra-Massana M, Rodríguez A, Vassena R. Exonic genetic 
variants associated with unexpected fertilization failure 
and zygotic arrest after ICSI: a systematic review. Zygote. 
2023;31(4):316-341. doi: 10.1017/S096719942300014X. 

21. Zhang Z, Liu R, Zhou H, Li Q, Qu R, Wang W, et al. PATL2 
regulates mRNA homeostasis in oocytes by interacting 
with EIF4E and CPEB1. Development. 2023;150(12): 
dev201572. doi: 10.1242/dev.201572. 

22. Zhou H, Cai YL, Luo Q, Zou L, Yin YX, Chen Y, et al. High 
carrier frequency of pathogenic PATL2 gene mutations 

269



Caglar Berkel, Temporal Regulation of PATL2 Transcript Levels 

predicted in population: a bioinformatics-based approach. 
Front Genet. 2023 May;14:1097951. doi: 10.3389/ 
fgene.2023.1097951. 

23. Lv XJ, Guo J, Lin G. Novel mutations in TRIP13 lead to 
female infertility with oocyte maturation arrest. Yi Chuan. 
2023;45(6):514-525. doi: 10.16288/j.yczz.23-022. 

24. Ye Z, Li D, Niu X, Yang A, Pan Z, Yu R, et al. Identification
novel mutations and phenotypic spectrum expanding in
PATL2 in infertile women with IVF/ICSI failure. J Assist 
Reprod Genet. 2024;41(5):1233-1243. doi: 10.1007/
s10815-024-03071-3.

25. Hu HY, Zhang GH, Deng WF, Wei TY, Feng ZK, et al. Novel
PATL2 variants cause female infertility with oocyte 
maturation defect. J Assist Reprod Genet. 2024. doi: 
10.1007/s10815-024-03150-5.

26. Wan LB, Pan H, Hannenhalli S, Cheng Y, Ma J, Fedoriw A, et 
al. Maternal depletion of CTCF reveals multiple functions 
during oocyte and preimplantation embryo development.
Development. 2008;135(16):2729-38. doi: 10.1242/
dev.024539.

27. Mitchell LE. Maternal effect genes: Update and review of 
evidence for a link with birth defects. HGG Adv.
2021;3(1):100067. doi: 10.1016/j.xhgg.2021.100067.

28. Musfee FI, Oluwafemi OO, Agopian AJ, Hakonarson H,
Goldmuntz E, Mitchell LE. Maternal effect genes as risk
factors for congenital heart defects. HGG Adv.
2022;3(2):100098. doi: 10.1016/j.xhgg.2022.100098.

29. Pan H, O'brien MJ, Wigglesworth K, Eppig JJ, Schultz RM.
Transcript profiling during mouse oocyte development and 
the effect of gonadotropin priming and development in
vitro. Dev Biol. 2005;286(2):493-506. doi: 10.1016/j.ydbio. 
2005.08.023.

30. Pan H, Ma P, Zhu W, Schultz RM. Age-associated increase 
in aneuploidy and changes in gene expression in mouse
eggs. Dev Biol. 2008;316(2):397-407. doi: 10.1016/j.ydbio. 
2008.01.048.

31. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, 
Tomashevsky M, et al. NCBI GEO: archive for functional
genomics data sets--update. Nucleic Acids Res.
2013;41(Database issue):D991-5. doi: 10.1093/nar/
gks1193.

32. Edgar R, Domrachev M, Lash AE. Gene Expression
Omnibus: NCBI gene expression and hybridization array
data repository. Nucleic Acids Res. 2002;30(1):207-10. doi:
10.1093/nar/30.1.207.

33. R Core Team. R: A language and environment for statistical
computing. R Foundation for Statistical Computing,
Vienna, Austria. 2022. URL https://www.R-project.org/. 

34. Wickham H, Bryan J. _readxl: Read Excel Files_. R package
version 1.4.2, 2023. <https://CRAN.R-project.org
/package=readxl>.

35. Wickham H, Averick M, Bryan J, Chang W, McGowan LD,
François R, et al. “Welcome to the tidyverse.” J of Open 
Source Software_, 2019;4(43):1686.  doi:10.21105/joss.
01686 <https://doi.org/10.21105/joss.01686>.

36. Kassambara A. _ggpubr: 'ggplot2' Based Publication Ready
Plots_. R package version 0.6.0. 2023.  <https://CRAN.R-
project.org/package=ggpubr>.

37. Xie Y. knitr: A General-Purpose Package for Dynamic 
Report Generation in R. R package version 1.42. 2023.

38. Allaire J, Xie Y, Dervieux C, McPherson J, Luraschi J, Ushey
K, et al. _rmarkdown: Dynamic Documents for R_. R 
package version 2.21. 2023. <https://github.com/rstudio
/rmarkdown>.

39. Berkel C, Cacan E. Lower expression of NINJ1 (Ninjurin 1),
a mediator of plasma membrane rupture, is associated

with advanced disease and worse prognosis in serous 
ovarian cancer. Immunol Res. 2023;71(1):15-28. doi: 
10.1007/s12026-022-09323-7. 

40. Berkel C. Retrospective analysis of transcriptomic
differences between triple-negative breast cancer (TNBC)
and non-TNBC. Eur J of Bio, 2024;83(1):19-27.

41. Royston P. Remark AS R94: A remark on Algorithm AS 181:
The WW test for normality. Appl Stat, 1995;44:547–551. 
doi:10.2307/2986146.

42. Nakamura Y, Tanaka KJ, Miyauchi M, Huang L, Tsujimoto 
M, Matsumoto K. Translational repression by the oocyte-
specific protein P100 in Xenopus. Dev Biol.
2010;344(1):272-83. doi: 10.1016/j.ydbio.2010.05.006.

43. Berkel C. Inducers and Inhibitors of Pyroptotic Death of 
Granulosa Cells in Models of Premature Ovarian 
Insufficiency and Polycystic Ovary Syndrome. Reprod Sci. 
2024 ;31(10):2972-2992. doi: 10.1007/s43032-024-01643-
3.

270




