
Protein oligomerization is the biochemical process 
highly up-regulated in porcine oocytes before in 
vitro maturation (IVM)

Abstract
A wide variety of mechanisms controlling oligomerization are observed. The dynamic nature of protein oli-
gomerization is important for bioactivity control. The oocyte must undergo a series of changes to become a 
mature form before it can fully participate in the processes associated with its function as a female gamete. 
The growth of oocytes in the follicular environment is accompanied by surrounding somatic cumulus (CCs) 
and granulosa cells (GCs). It has been shown that oocytes tested before and after in vitro maturation (IVM) 
differ significantly in the transcriptomic and proteomic profiles. The aim of this study was to determine 
new proteomic markers for the oligomerization of porcine oocyte proteins that are associated with cell 
maturation competence. The Affymetrix microarray assay was performed to examine the gene expression 
profile associated with protein oligomerization in oocytes before and after IVM. In total, 12258 different 
transcriptomes were analyzed, of which 419 genes with lower expression in oocytes after IVM. We found 
9 genes: GJA1, VCP, JUP, MIF, MAP3K1, INSR, ANGPTL4, EIF2AK3, DECR1, which were significantly down-re-
gulated in oocytes after IVM (in vitro group) compared to oocytes analyzed before IVM (in vivo group). The 
higher expression of genes involved in the oligomerization of the protein before IVM indicates that they 
can be recognized as important markers of biological activation of proteins necessary for the further gro-
wth and development of pig embryos.
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Introduction 
The formation of fully mature oocytes occurs 

through complex biochemical, molecular and met-
abolic processes called nuclear and cytoplasmic 
maturation. Nuclear maturation involves chromatin 
remodeling and changes in the chromosome config-
uration, leading to the formation of MII oocytes. Cy-
toplasmic maturation is the accumulation of mRNA 
and proteins in the cytoplasm of the cells, which 
are matrices for further embryo development [1]. It 
includes events that complete nuclear maturation, 
fertilization, as well as early embryogenesis. 

In vitro maturation of oocytes (IVM) varies sig-
nificantly between individual mammalian species. 
The results of the study prove that although porcine 
embryo has been successfully grown in vitro, the 
percentage of gametes that have reached the MII 
stage after 44h of culture is still unsatisfactory [2]. 
In recent years, several modifications of nutrient 
supplementation have been introduced to increase 
the number of pig oocytes that reach the MII stage 
after IVM. Studies show that only oocytes that are 
sealed by both cumulus cells (CCs) and granulosa 
cells (GCs) are able to achieve full maturity [3]. It 
has been unequivocally demonstrated on several 
species of mammals, including pigs, that only ful-
ly mature gametes allow further embryo growth 
and development in the perimplantation stages. 
Although the enzymes involved in the metabolism 
of mammalian oocytes are mostly known, it is still 
unclear whether and which ones are involved in the 
regulation of oocyte maturation capacity [4]. 

The aim of this study was to investigate differ-
ences in RNA expression profiles between porcine 
oocytes before and after IVM using microarrays in 
relation to genes responsible for oligomerization of 
proteins. Therefore, in the presented study we used 
a model in the form of porcine oocytes to determine 
the transcriptomic profile of these enzymes in rela-
tion to the state of oocyte maturity. In our experi-
ment, we focused on target genes such as GJA1, VCP, 
JUP, MIF, MAP3K1, INSR, ANGPTL4, EIF2AK3, and 
DECR1, which expression values   differ significantly 
depending on the stage of oocyte maturation.

Material and Methods
Animals

A total of 45 pubertal crossbred Landrace gilts, 
with median age of 170 days and weight of 98 kg, 
were used in this study. The animals were bred un-
der the same conditions. 

Collection of porcine ovaries and cumulus-
oocyte-complexes (COCs)

The ovaries and reproductive tracts were recov-
ered at slaughter and transported to the laborato-
ry within 10 min. at 38o C. in 0.9% NaCl. To provide 
optimal conditions for subsequent oocyte matura-

tion and fertilization in vitro, the ovaries of each 
animal were placed in 5% fetal bovine serum solu-
tion (FBS; Sigma-Aldrich Co., St. Louis, MO, USA) in 
PBS. Thereafter, single large follicles (>5mm) were 
opened, in a sterile Petri dish, by puncturing with a 
5-mL syringe and 20-G needle, to recover the COCs. 
The COCs were washed three times in modified PBS 
supplemented with 36 µg/mL pyruvate, 50 µg/mL 
gentamicin, and 0.5 mg/mL BSA (Sigma-Aldrich, 
St. Louis, MO, USA). COCs were selected under an 
inverted microscope- Zeiss, Axiovert 35 (Lübeck, 
Germany), counted, and morphologically evaluated 
with special care, using the scale suggested by Pujol 
et al. and Le Guienne et al..

Grade I: COCs with a homogeneous cytoplasm and 
a complete cumulus oophorus

Grade II: COCs with an incomplete but compact 
cumulus oophorus with more than five layers and a 
homogeneous cytoplasm

Grade III: COCs with a heterogeneous cytoplasm 
and more than three cumulus cells layers or more 
than five layers in some parts.

Grade IV: COCs with cumulus oophorus partly or to-
tally absent and cytoplasm strongly heterogeneous.”

Only COCs of grade I with homogeneous cyto-
plasm and uniform and compact cumulus cells were 
considered for use in the following steps of the ex-
periment, resulting in the use of a total of 300 grade 
I oocytes that were determined positive in Brilliant 
Cresyl Blue (BCB) test. 

Assessment of oocyte developmental competence 
by BCB test

Brilliant Cresyl Blue (BCB) test, which measures 
activity of glucose-6-phosphate (G6PDH) enzyme, 
was used for assessment of oocytes’ quality and 
maturity. The G6PDH enzyme converts BCB stain 
from blue to colorless. In oocytes that completed 
their growth, activity of the enzyme decreases and 
the stain cannot be reduced, resulting in blue oo-
cytes (BCB+). To run the BCB staining test, oocytes 
were washed two times in modified Dulbecco PBS 
(DPBS) (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 50 IU/mL penicillin, 50 µg/mL strep-
tomycin (Sigma-Aldrich, St. Louis, MO, USA), 0.4% 
[w/v] BSA, 0.34 mM pyruvate, and 5.5 mM glucose 
(DPBSm). Thereafter, they were treated with 13 µM 
BCB (Sigma-Aldrich, St. Louis, MO, USA) diluted in 
DPBSm at 38.5°C, 5% CO2 in air for 90 min. After 
treatment, the oocytes were transferred to DPBSm 
and washed two times. During the washing proce-
dure, the oocytes were examined under an inverted 
microscope and classified as either having stained 
blue (BCB+) or remained colorless (BCB–). Immature 
oocytes have compact cumulus cell layers which 
need to be removed for further oocyte evaluation, 
regardless if the oocyte will be later analyzed as 
“before IVM” group or set to undergo IVM. There-
fore, the BCB+ COCs were first incubated with bo-
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vine testicular hyaluronidase (Sigma-Aldrich, St. 
Louis, MO, USA) for 2 min at 38o C, to separate cu-
mulus and granulosa cells. Afterwards, cells were 
removed by vortexing the BCB+ oocytes in 1% sodi-
um citrate buffer and by mechanical displacement 
using a small-diameter glass micropipette. Only 
the granulosa-cell-free BCB+ oocytes were used for 
subsequent IVM, microarray and RT-qPCR analysis. 
Overall, 150 immature oocytes were qualified as 
“before IVM”, analyzed straight after the COC shed-
ding, with the rest directed for in vitro maturation 
(“after IVM”) and subsequent analysis.

In vitro maturation of porcine COCs
After the first BCB test, the blue stained COCs 

(BCB+) were cultured in Nunclon™Δ 4-well dishes in 
500 μL standard porcine IVM culture medium, TCM-
199 (tissue culture medium), with Earle’s salts and 
L-glutamine (Gibco BRL Life Technologies, Grand 
Island, NY, USA), supplemented with 2.2 mg/mL 
sodium bicarbonate (Nacalai Tesque, Inc., Kyoto, Ja-
pan), 0.1 mg/mL sodium pyruvate (Sigma-Aldrich, 
St. Louis, MO, USA), 10 mg/mL BSA (bovine serum 
albumin), (Sigma-Aldrich, St. Louis, MO, USA), 0.1 
mg/mL cysteine (Sigma-Aldrich, St. Louis, MO, USA), 
10% (v/v) filtered porcine follicular fluid and go-
nadotropin supplements at final concentrations of 
2.5 IU/mL hCG (Ayerst Laboratories, Inc., Philadel-
phia, PA, USA) and 2.5 IU/mL eCG (Intervet, Whitby, 
ON, Canada). Wells were covered with mineral oil 
overlay and cultured at 38° C, under 5% CO2, for 
22h, and then for additional 22h in medium with-
out hormones. After maturation, the BCB staining 
test was performed again and BCB+ oocytes were 
used for further molecular analyses. Based on visual 
analysis under inverted microscope, around 70% of 
oocytes were determined as BCB+. This makes the 
final number of “after IVM” oocytes around 105 out 
of the initial 150.

RNA extraction from porcine oocytes
Total RNA was extracted from all the samples (both 

before and after IVM), using TRI Reagent (Sigma, St 
Louis, MO, USA) and RNeasy MinElute cleanup Kit (Qia-
gen, Hilden, Germany). The amount of total mRNA was 
determined from the optical density at 260 nm, while 
the RNA purity was estimated using the 260/280 nm 
absorption ratio (higher than 1.8) (NanoDrop spec-
trophotometer, Thermo Scientific, ALAB, Poland). The 
RNA integrity and quality were checked on a Bioan-
alyzer 2100 (Agilent Technologies, Inc., Santa Clara, 
CA, USA). The resulting RNA integrity numbers (RINs) 
were between 8.5 and 10 with an average of 9.2 (Agi-
lent Technologies, Inc., Santa Clara, CA, USA). The RNA 
in each sample was diluted to a concentration of 100 
ng/μL with an OD260/OD280 ratio of 1.8/2.0. From 
each RNA sample, 100 ng of RNA was taken for the mi-
croarray analysis. The remaining amount of isolated 
RNA was used for RT-qPCR study.

Microarray expression analysis and statistics
Experiments were performed in three replicates. 

Total RNA (100 ng) from each pooled sample was 
subjected to two round sense cDNA amplification 
(Ambion® WT Expression Kit). The obtained cDNA 
was used for biotin labeling and fragmentation by 
Affymetrix GeneChip® WT Terminal Labeling and 
Hybridization (Affymetrix). Biotin-labeled frag-
ments of cDNA (5.5 μg) were hybridized to Affy-
metrix® Porcine Gene 1.1 ST Array Strip (48°C/20 
h). Next, the microarrays were washed and stained 
according to the technical protocol, using Affymet-
rix GeneAtlas Fluidics Station. The array strips were 
scanned employing Imaging Station of GeneAtlas 
System. The preliminary analysis of the scanned 
chips was performed using Affymetrix GeneAt-
lasTM Operating Software. The quality of gene ex-
pression data was checked according to quality con-
trol criteria provided by the software. Obtained CEL 
files were imported into downstream data analysis 
software.

All analyzes were performed using BioConductor 
software, based on the statistical R programming 
language. For background correction, normaliza-
tion and summation of raw data, the Robust Mul-
tiarray Averaging (RMA) algorithm implemented 
in “affy” package of BioConductor was applied. Bi-
ological annotation was taken from BioConductor 
“oligo” package where annotated data frame object 
was merged with normalized data set, leading to a 
complete gene data table. Statistical significance of 
analyzed genes was performed by moderated t-sta-
tistics from the empirical Bayes method. Obtained 
p-value was corrected for multiple comparisons 
using the Benjamini and Hochberg’s false discov-
ery rate. The selection of genes with significantly 
changed expression was based on p-value beneath 
0.05 and expression fold higher than |2|. 

Functional annotation clustering of differentially 
expressed genes was performed using DAVID (Da-
tabase for Annotation, Visualization, and Integrated 
Discovery). Gene symbols for up- or down-regulat-
ed genes from each of the compared groups were 
loaded to DAVID by “RDAVIDWebService” BioCon-
ductor package. For further analysis, the enriched 
GO BP terms which have at least 5 genes and p-val-
ue (Benjamini) < 0.05 were chosen. The enriched 
GO BP terms were subjected to hierarchical cluster-
ization algorithm and presented as heatmaps. 

Interactions between chosen differentially ex-
pressed genes/proteins belonging to investigated 
GO BP terms were investigated by STRING10 soft-
ware (Search Tool for the Retrieval of Interacting 
Genes). A list of gene names was used as a query for 
interaction prediction. Searching criteria based on 
co-occurrences of genes/proteins in scientific texts 
(text mining), co-expression and experimentally 
observed interactions. The results of such analysis 
generated gene/protein interaction network where 
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the intensity of the edges reflects the strength of the 
interaction score. Besides interaction prediction, 
STRING also allowed us to perform functional en-
richment of GO BP terms based on previously up-
loaded gene sets.

Finally, the functional interaction between genes 
that belong to the chosen GO BP terms were inves-
tigated by REACTOME FIViz application to the Cy-
toscape 3.6.0 software. The ReactomeFIViz app is 
designed to find pathways and network patterns 
related to cancer and other types of diseases. This 
app accesses the pathways stored in the Reactome 
database, allowing to do pathway enrichment anal-
ysis for a set of genes, visualize hit pathways using 
manually laid-out pathway diagrams directly in 
Cytoscape and investigate functional relationships 
among genes in hit pathways. The app can also 
access the Reactome Functional Interaction (FI) 
network, a highly reliable, manually curated, path-
way-based protein functional interaction network 
covering over 60% of human proteins.

Ethical approval
The research related to animal use has been com-

plied with all the relevant national regulations and 
instructional policies for the care and use of ani-
mals. Bioethical Committee approval no. 83/2012/
DNT. 

Results
The whole transcriptome profiling by Affymetrix 

microarray allowed us to analyze the gene expres-
sion changes in freshly isolated oocytes, before in 
vitro procedure (“before IVM”), in relation to after 
in vitro maturation (“after IVM”). The expression 
of 12258 porcine transcripts has been examined 
by Affymetrix® Porcine Gene 1.1 ST Array. Genes 
with a fold change higher than |2| and with a cor-
rected p-value lower than 0.05 were considered as 
differentially expressed. This set of genes consist-
ed of 419 different transcripts. Subsequently, the 
genes were used for identification of significantly 
enriched GO BP terms. 

FIGURE 1 Heatmap representations of differentially expressed genes belonging to the “protein oligomerization” GO 
BP term. Arbitrary signal intensity acquired from microarray analysis is represented by colors (green, higher; red, lo-
wer expression). Log2 signal intensity values for any single gene were resized to Row Z-Score scale (from -2, the lowest 
expression to +2, the highest expression for a single gene)
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TABLE 1 Gene symbols, fold changes in expression, Entrez gene IDs and corrected p-values of studied genes

Gene Symbol Fold Change P Value Entrez Gene ID
GJA1 0.206907 0.000108 100518636
VCP 0.435612 0.007402 397524
JUP 0.441587 0.034615 397592
MIF 0.375718 0.002882 397412

MAP3K1 0.368765 0.024748 396617
INSR 0.316016 0.001913 396755

ANGPTL4 0.183631 0.000513 397628
EIF2AK3 0.41889 0.008422 100513348
DECR1 0.415159 0.042461 503544

FIGURE 2 STRING-generated interaction network between genes that belong to the “protein oligomerization” GO BP 
term. The intensity of the edges reflects the strength of the interaction score

FIGURE 3 Functional interactions (FI) between differentially expressed genes that belong to the “protein oligomeriza-
tion” GO BP term. In the following figure “->” stands for activating/catalyzing, “-|” for inhibition, “-” for FIs extracted from 
complexes or inputs and “---” for predicted FIs
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DAVID (Database for Annotation, Visualization, 
and Integrated Discovery) software was used for 
extraction of the genes belonging to “protein oligo-
merization” Gene Ontology Biological Process term 
(GO BP). We found that 42 genes from this GO BP 
term were significantly represented in down-regu-
lated gene sets. These sets of genes were subjected 
to hierarchical clusterization procedure and pre-
sented as heatmaps (Fig. 1) 

Sets of differentially expressed genes belonging to 
“protein oligomerization” GO BP term with their offi-
cial gene symbols, fold changes in expression, Entrez 
Gene IDs and corrected p-values were shown (Tab. 1).

STRING-generated interaction network was cre-
ated with differentially expressed genes belonging 
to the “protein oligomerization” GO BP term. The 
intensity of the edges reflects the strength of the 
interaction score (Fig. 2). Finally, the functional in-
teractions between chosen genes were investigated 
with REACTOME FIViz app to Cytoscape 3.6.0 soft-
ware. The results were shown in figure 3.

Discussion
A wide variety of mechanisms controlling oligo-

merization are observed. The dynamic nature of 
protein oligomerization is important for bioactiv-
ity control. A large part of the cellular proteins is 
oligomeric. Oligomerization of protein can often be 
a beneficial feature from the point of view of protein 
evolution and probably evolved by means of various 
mechanisms [5]. The main mechanism for the prop-
er maturation and growth of mammalian oocytes 
is the organization by adequate storage of a large 
amount of mRNA and proteins. As shown in previ-
ous studies of our team [6], both nuclear (reaching 
MII) and cytoplasmic maturation of oocytes are a 
key step before successful fertilization, zygote for-
mation, and then the growth and development of 
early embryos. 

Using microarray tests, we analyzed the expres-
sion profiles of genes involved in the polymeriza-
tion of proteins before in vitro maturation (IVM). 
The data showed substantial up-regulation of sev-
eral genes in oocytes before IVM, as compared to 
after IVM. Before IVM, genetic transcripts of genes 
GJA1, VCP, JUP, MIF, MAP3K1, INSR, ANGPTL4, EI-
F2AK3, DECR1 were expressed. However, after IVM 
these genes were down-regulated. This suggests 
that genes recruited in “protein oligomerization” 
before porcine oocytes in vitro maturation (IVM), 
may have a higher level of expression before the oo-
cyte maturation.

A 2,4 –Dienoyl-CoA Reductase 1 (DECR1) gene 
encodes a mitochondrial enzyme that participates 
in beta-oxidation and controls the rate of fatty acids 
metabolism in order to energy production. It partic-
ipates in the metabolism of unsaturated enoyl-CoA 
fatty esters having double bonds in both even and 
odd positions [7]. Congenital deficiency of DECR1 in 

mammals causes mitochondrial dysfunction, which 
is manifested by severe encephalopathy with neu-
rological and metabolic disorders [8]. Excessive lip-
id accumulation in oocytes and the regenerating en-
dometrium reduces fertility by reducing embryonic 
survival and increasing inflammatory changes [9].

The results of our study have also shown 
decreased expression of Angiopoietin-Like 4 
(ANGPTL4) gene in porcine oocytes after IVM, as 
compared to those analyzed before IVM. ANGPTL4 
encodes a glycosylated secreted protein containing 
the C-terminal domain of fibrinogen. Peroxisome 
proliferation activators induce an encoded protein 
that acts as a hormone in serum. The ANGPTL4 ex-
pression product regulates glucose homeostasis, 
lipid metabolism, and insulin sensitivity. It also 
acts as apoptosis-inducing factor - it can prevent 
metastasis by inhibiting vascular growth and in-
vading cancer cells. The reduced expression of the 
ANGPTL4 gene results in type II diabetes [10]. Al-
Edani et al. indicated that in human cumulus cells 
collected from the group of > 37 years old, genes 
related to angiogenesis, including ANGPTL4, have 
been significantly hyper-pressed, compared to the 
patients from the two younger groups. Angiogene-
sis plays an important role in the late stages of fol-
liculogenesis by providing nutrients and oxygen to 
the growing follicles. The presented results indicate 
that overexpression of ANGPTL4 may be caused by 
insufficient oxygen (a hypoxic factor) [11].

The macrophage migration inhibitory factor 
(MIF) is a regulator of innate and acquired immu-
nity. MIF has a significant effect on the response 
and behavior of macrophages and lymphocytes. 
The results of many research groups have indicat-
ed that the MIF cytokine also plays key roles in re-
productive biology [12]. The MIF protein has been 
identified in a number of reproductive tissues of 
mammals including an ovary, fallopian tube, uter-
us and placenta [13]. Many research groups deter-
mined the expression of MIF in female reproductive 
tissues - evidence for expression in follicular fluid 
and granular cells was obtained in mice and hu-
mans. The function performed by MIFs in the ovary 
and fallopian tube has not yet been clearly defined. 
However, administration of anti-MIF antibodies to 
mice significantly reduced the follicles development 
and maturation. In the case of cattle, it was shown 
that MIF maintains a population of macrophages in 
the early yellow body. In humans, pigs and cattle, 
the presence of MIF in myometrium cells has also 
been demonstrated [14].

Valosin Containing Protein (VCP) also known as 
p97 / CDC48 is a member of the AAA ATPase family. 
VCP maintains the homeostasis of cellular proteins 
and is responsible for regulating the expression of 
proteins associated with DNA replication, mitosis, 
protein degradation, endocytosis, and cell fusion. 
The results of the conducted studies showed the 
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expression of VCP in embryonic mouse gonads and 
p97 escalation during particular stages of sper-
matogenesis [15]. Capkova et al. presented evidence 
that the intra-acrosomal VCP protein is reduced in 
asthenozoospermics in comparison to healthy men. 
This result indicates the validity of the use of VCP 
as a marker for the evaluation of sperm quality in 
reproductive medicine [16]. Müller et al. demon-
strated that the ablation of the VCP gene in mice 
leads to early mortality of the embryos. This result 
indicates that p97 coordinates cell proliferation and 
determines survival, therefore it is necessary for 
the proper development of mammals [17]. VCP is 
involved in the regulation of transcription in differ-
ent biological contexts, suggesting a broad function 
in gene expression. The decrease in VCP expression 
after IVM in our study also indicates its involvement 
in oocyte maturation.

Eukaryotic translation initiation factor 2-alpha ki-
nase (EIF2A3K), otherwise known as PERK is phos-
phorylated in response to environmental stress. 
Translation initiation is stopped, after phosphory-
lation of eIF2-alpha, which leads to the reduced ex-
change of GDP to GTP [18]. Harding et al. showed 
that misfolded proteins remarkably suppress the 
synthesis of proteins in the endoplasmic reticulum 
(ER). This process is accompanied by increased 
phosphorylation of eIF2-alpha in response to extra-
cellular stress [19]. However, they studied the effect 
of chemical stress in the ER, which leads to transla-
tion initiation suppression. Finally, data showed that 
EIF2A3K plays an important role in ER adaptation to 
stress in mammalian cells in vitro [19]. Recently, Lin 
et al. have focused on the important role of the EI-
F2A3K kinase signaling pathway in maintaining the 
proper balance between cell survival and apoptosis 
[20]. The upregulation of EIF2AK3 in porcine oocytes 
before IVM can be a substantial indicator of ER stress 
during gametes in vitro maturation.

Another marker of oocyte maturation status is the 
expression level of Gap Junction Protein Alpha 1 gene 
(GJA1). GJA1 belongs to the connexin gene family. The 
GJA1 protein is an element of the gap junctions, pro-
viding an intercellular diffusion path for low molec-
ular weight molecules. The coded protein plays a key 
role in the synchronization of cardiac contractions 
and embryonic development through the formation 
of connections in the heart [21]. Bidirectional intra-
cellular communication between oocytes and cumu-
lus cells is crucial for the proper oocyte maturation 
[22]. GJA1 is characterized by the ability to activate 
stopped development of antral follicles, which is why 
Wang et al. proposed the GJA1 as a new gene mark-
er for oocyte maturation [23]. GJA1 controls the ex-
change of cAMP and cGMP between cumulus cells 
and oocytes [24]. According to the results of our re-
search, it can be therefore speculated that GJA1 de-
creases expression in IVM oocytes as a candidate for 
oocyte maturity biomarker.

Upregulated expression of Insulin Receptor (INSR) 
before IVM is correlated with the expression of other 
genes, which are related to oocyte nuclear matura-
tion process. INSR is located in all ovarian tissues, 
i.a. in the granulosa and theca cells in bovine species. 
Insulin is a peptide hormone that plays an import-
ant role in the ovary, as a mediator of development 
of follicles and oocyte maturation [25]. The research 
results indicate that supplementation of the culture 
medium with insulin and FSH results in an increased 
level of INSR mRNA [26]. INSR gene mutations are 
manifested by disturbed ovulation, as well as oocyte 
maturation dysfunction [27]. The above information 
indicates unambiguously that INSR is an important 
factor in the proper development of oocytes.

Another tested gene was Junction Plakoglobin 
(JUP). The cytoplasmic protein encoded by this gene 
is the only known common component of the sub-
membrane desmosomes, as well as their indirect 
connections. The JUP protein is a member of the cat-
enin family, it is also characterized by the ability to 
create separate complexes with cadherins and des-
mosomal cadherins. The reduction of plakoglobin in 
breast cancer cells increases cell proliferation, while 
its overexpression limits the proliferative potential 
of normal cells in vivo or reduces the rate of tumor 
cells growth in vitro [28]. Mutations in the human 
JUP gene cause myocardial disease (arrhythmogen-
ic right ventricular cardiomyopathy (ARVC)), which 
often leads to sudden cardiac death. Inactivation of 
the JUP gene in mice results in embryo lethality due 
to a cardiac rupture [29]. In this study, the expression 
profile of JUP in porcine oocytes before and after IVM 
has been described, since there is no data indicating 
its role in mammalian oocyte maturation. Our results 
indicated higher JUP transcript levels in porcine oo-
cytes before IVM. 

The last analyzed gene was Mitogen-Activated Pro-
tein Kinases 3 and 1 (MAP3K1). MAP3K1 is involved 
in the regulation of folliculogenesis and oogenesis. It 
is also a kinase that stimulates the growth of the cu-
mulus-oocyte complex (COC) and oocyte maturation 
[30]. This member of intracellular signaling kinases 
showed decreased mRNA expression after in vitro 
maturation in our study. Recently Ou et al. have pre-
sented new findings showing the role of MAPK kinase 
in the maturation of mammalian oocytes. They report-
ed that the role of MAPK is the activation of protein 
kinase 2 (MK2) in the regulation of porcine oocyte 
meiotic progression. The authors observed that in-
hibition or knockdown of the MK2 protein leads to 
mitotic spindle defects and arrests gametes at GV or 
prometaphase I/metaphase I stage. Additionally, they 
suggested that MK2 participates in the spindle organi-
zation, as well as in chromosome, microtubule, and ki-
netochore cellular architecture. Finally, they suggest-
ed that MK2 may be recognized as the main factor of 
porcine oocyte meiotic competence. The current study 
showed that cell stresses, growth factors, and hor-
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mones may activate MAP3K1 and cause downstream 
signals such as the JNK and ERK ½ [31]. The results 
of recently published studies show that deletion or 
silencing of MAP3K1 leads to cell cycle arrest or cell 
death. Silencing the expression of MAP3K1 leads to 
apoptosis of granulosa cells, indicating that MAP3K1 
kinase is essential for the survival of GCs [32]. More-
over, MAP3K1 controls the eyelid closure in the early 
stage of fetal development [33].

As a result of our research, we suggest that all of 
the presented factors are involved in the in vitro mat-
uration of oocytes. 
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