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Objective: This study was performed to explore the possibility that each oocyte and its surrounding cumulus cells might have different genetic
expression patterns that could affect human reproduction.

Methods: Differential gene expression analysis was performed for 10 clusters of cumulus cells obtained from 10 cumulus-oocyte complexes
from 10 patients. Same procedures related to oocyte maturation, microinjection, and microarray analyses were performed for each group of
cumulus cells. Two differential gene expression analyses were performed: one for the outcome of clinical pregnancy and one for the outcome
of live birth.

Results: Significant genes resulting from these analyses were selected and the top 20 affected pathways in each group were analyzed. Circadi-
an entrainment is determined to be the most affected pathway for clinical pregnancy, and proteoglycans in cancer pathway is the most affect-
ed pathway for live birth. Circadian entrainment is also amongst the 12 pathways that are found to be in top 20 affected pathways for both
outcomes, and has both lowest p-value and highest number of times found count.

Conclusion: Although further confirmatory studies are necessary, findings of this study suggest that these pathways, especially circadian en-
trainment in cumulus cells, may be essential for embryo development and pregnancy.

Keywords: Assisted reproductive techniques; Circadian clocks; Cumulus cells; Granulosa cells; Infertility; Live birth; Microarray analysis; Ovarian

follicle; Pregnancy; Proteoglycans

Introduction

The prevalence of infertility is increasing, and new treatment op-
tions have been developed and collectively termed assisted repro-
ductive techniques (ARTs) [1,2]. One of the most frequently used ART
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method is intracytoplasmic sperm injection (ICSI). A very important
step in human ARTs is noninvasive oocyte selection, followed by
transfer of appropriate embryos because conducting this step prop-
erly reduces the risk of multiple gestations and increases the proba-
bility of pregnancy and live birth [3]. However, the morphological
parameters used for embryo selection are not always efficient be-
cause embryos that have good morphology may not always have
normal chromosomes [4].

Cumulus cells (CCs) are the follicle cells surrounding the oocyte in
cumulus-oocyte complexes [5], which play an active role in the de-
velopment process of oocytes [1]. Therefore, studies of cumulus-oo-
cyte complexes may yield valuable insights into pregnancy and live
birth mechanisms. Moreover, as CCs are considered to be waste tis-
sue, use of these cells is not restricted by ethical considerations. For
this reason, they are an ideal material for noninvasive methods to de-
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termine markers of oocyte and embryo quality in ICSI and to predict
potential success in terms of clinical pregnancy and live birth in hu-
mans. Ample evidence exists that successful follicle maturation in the
mammalian ovary involves efficient paracrine communication be-
tween oocytes and granulosa cells (GCs), and good paracrine com-
munication requires appropriate genetic control. CCs have the po-
tential to predict oocyte competence. Thus, the expression profiles of
CCs may be used as a parameter to facilitate optimal embryo selec-
tion [4], and may therefore be related to pregnancy and live birth
outcomes. Recent reports have provided a plethora of information
about GC morphology and/or their genetic expression profiles relat-
ed to ARTs. Gene expression microarray analyses are used for mRNA
profiling [6], and this technique has been applied to predict differ-
ences in genetic expression between CCs grouped according to vari-
ous parameters of oocyte and embryo competence. However, a dis-
advantage of analyzing grouped CCs is that pooled genetic informa-
tion is analyzed using microarray sequencing, rather than CCs be-
longing to a specific oocyte.

Enrichment of the transcriptome analysis results of CCs could pro-
vide information about critical cellular mechanisms involved in clini-
cal pregnancy and live birth, potentially facilitating the development
of novel ARTs and therapies. This study was performed to explore the
possibility that specific oocytes and their surrounding CCs might
have different genetic expression patterns that could affect human
reproduction. To this end, this study sought to identify differentially
expressed genes in cases of clinical pregnancy and live birth in com-
parison to non-pregnancy and stillbirth, respectively. These results
were further enriched by pathway analysis using the PANOGA tool,
providing valuable insights into the cellular mechanisms involved in
clinical pregnancy and live birth, which may be possible to exploit in
order to predict the outcomes of clinical pregnancy and live birth af-
ter embryo transfer.

Methods

This prospective case series included 10 women (age, 23-35 years)
who were referred to Ege University Medical Faculty Hospital for idio-
pathic infertility and received ART therapy. The total sample size was
10 oocyte-cumulus complexes obtained over a period of 14 months
between October 2011 and December 2012. CC gene expression in
10 clusters of CCs obtained from 10 cumulus-oocyte complexes from
10 patients was individually evaluated by microarrays using a Nim-
bleGen human gene expression 12 x 135K microarray kit (Roche,
Penzberg, Germany). Although very few CCs were associated with
each oocyte, each oocyte from which a transferred embryo devel-
oped was analyzed individually, along with its surrounding CCs,
through microarray analysis. The results were reported using clinical
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pregnancy and live birth as outcome variables. This study included
only patients with unexplained infertility, and excluded cases of infer-
tility based on male factors and other female factors in the standard
patient population. All participating patients provided oral and written
consent. Approval for this study was granted by the Ethics Committee
for Human Research of Ege University (11-2, 9; 28.03.2011). All proce-
dures were applied in accordance with the ethical standards de-
scribed in the 1964 Declaration of Helsinki and its later amendments.

1. Ovarian stimulation protocol and oocyte pick-up

Ovarian stimulation therapy was applied to women prior to ICSI.
Recombinant follicle-stimulating hormone (FSH, 75-225 1U; Gonal F,
Serono International, Geneva, Switzerland) was administered accord-
ing to the patient’s ovarian response. Then, 0.1 mg of a gonadotro-
pin-releasing hormone (GnRH) analogue (Decapeptyl; Ferring, Kiel,
Germany) was started on the 21st day of the previous menstrual cy-
cle. Transvaginal ultrasonography was performed at regular intervals
during induction, and blood estradiol and progesterone levels were
measured in order to assess follicular development. Human chorionic
gonadotropin (hCG, 5,000-10,000 IU; Ovitrelle, Merck-Serono, Rome,
Italy) was administered when the follicles achieved a sufficient diam-
eter. After 34 to 36 hours, follicles were aspirated transvaginally into
sterile tubes under anesthesia [7].

2. Evaluation of oocyte quality and collection of CCs

Cumulus-oocyte complexes were incubated in an incubator at 37°C
in an atmosphere containing 5% CO,. CCs were dissected from cu-
mulus-oocyte complexes using a sterile pipette and immediately
transferred into a sterile tube individually. The CCs surrounding the
same oocyte were taken as individual groups, and were not pooled
together. The CCs were then stored at —80°C for further analyses for
about 3 months [8]. The remaining CCs adjacent to the oocytes were
removed from the oocytes with enzymatic and mechanical methods
using a sterile pipette and hyaluronidase (Hyase, Vitrolife, Frolunda,
Sweden). Oocytes were evaluated morphologically and according to
their nuclear maturation.

3.1CSl and fertilization

Approximately 30 to 60 minutes after denudation, mature oocytes
were subjected to microinjection procedures. After microinjection, all
oocytes were incubated in a fertilization medium using an incubator at
37°C with an atmosphere of 5% CO; (individually, not pooled). After 18
hours, the morphology of the pronuclei was evaluated to determine
whether fertilization of the oocytes had occurred. Normal fertilization
was defined as the presence of two pronuclei, with the first and second
polar bodies and cytoplasmic localization of the polar bodies.
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4. Embryo transfer and monitoring of pregnancy

About 20 hours after fertilization of an egg, the first mitotic division
began and two-cell embryos were formed. Starting then, the embry-
os were evaluated according to the shape, size, and number of blas-
tomeres, rate of fragmentation, rate of multinucleation, and degree
of compaction [9,10]. On day 4 after fertilization, developing embry-
os were evaluated for compaction, morulation, and blastocoel for-
mation. The inner cell mass and trophectoderm cell mass were evalu-
ated for the compaction and cavitation processes of blastomeres. On
day 4 after fertilization, laser-assisted hatching was applied to the
embryos, and embryo transfer was performed. Beta-hCG levels in the
blood of the patients were measured to determine pregnancy 12 to
14 days after embryo transfer. The patients were monitored to deter-
mine whether there was a gestational sac and to measure the fetal
heart rate with ultrasound.

5. Microarray protocol

Gene expression in CCs was individually evaluated by microarrays in
10 clusters of CCs obtained from 10 cumulus-oocyte complexes from 10
different patients using a NimbleGen human gene expression 12 x 135K
microarray kit according to the manufacturer’s instructions.Twelve-
sample hybridization was performed on a single microarray slide, with
three probes per gene. Total RNA was isolated using an RNeasy kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s instructions.
¢DNA synthesis from total RNA was carried out using a Superscript Dou-
ble Chain cDNA synthesis kit (Invitrogen Life Technologies, Carlsbad, CA,
USA). cDNA was marked using a single color DNA labeling kit (Nimble-
Gen). cDNA was hybridized using the NimbleGen Hybridization System.
Washing and drying of the array were carried out with a NimbleGen MS
2000 microarray scanner, and raw probe expression data were collected
using DEVA Software (Roche Nimblegen, Meylan, France).

6. Microarray data analysis

Microarray data resulting from the sequencing of 10 CCs, each sur-
rounding an oocyte from one of 10 different patients, were analyzed to
identify differentially expressed genes associated with the dichoto-
mous outcomes of clinical pregnancy (pregnant vs. nonpregnant) and
live birth (livebirth vs. stillbirth). Two differential gene expression analy-
ses were performed: one for the outcome of clinical pregnancy and
one for the outcome of live birth. Data were preprocessed using the
oligo package [11]in R (www.R-project.org, 2016) and statistical analy-
ses for differential gene expression analyses were performed using the
limma package [12]in R. Several probes can be used to detect the tran-
scriptome level of a single gene. In such cases, we used the probe with
the most significantly differentiated value of significance for that gene.
Significant genes resulting from these analyses (with p < 0.05) were se-
lected and input into the PANOGA tool [13] for pathway analysis.
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In order to determine the functionally enriched pathways of genes,
PANOGA tool first aims to determine active subnetworks associated
with those genes and their interactions via a protein-to-protein net-
work. The BioGrid 3.4.141 protein-protein interaction (PPI) network
[14] is loaded into Cytoscape [15] and the list of affected genes and
their p-values are mapped onto the PPI network. To determine the
active subnetworks of interacting proteins that are possibly associat-
ed with a disease, greedy search implementation of JActive Modules
[16] is used. For functional enrichment of subnetworks, PANOGA tool
computes the proportion of genes in a subnetwork that are also
found in a human Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway, compared to the overall proportion of genes described for
that pathway. For this purpose, ClueGO [17] plugin of Cytoscape is
utilized. ClueGO works by facilitating a biological interpretation
through visualization of functionally grouped terms in form of net-
works and charts. In order to determine statistical significance of an
enrichment of the identified subnetwork, two-sided (enrichment/
depletion) test based on hypergeometric distribution is applied, and
the resulting p-values are corrected using the Bonferroni method for
multiple testing.

Since PANOGA involves optimization procedures and stochastic
processes, it was run 20 times for each case, and resulting KEGG [18]
pathways were summarized across all runs for the outcomes of clini-
cal pregnancy and live birth. In our analysis, we reported KEGG path-
way ID, KEGG pathway name, significance of each pathway, pathway-
relevant genes that are found inthe original PANOGA input, and num-
ber of times each pathway found. The more frequently a pathway is
found in an analysis, the less likely it is to be a random occurrence.

Results

Clinical pregnancy rates and live birth rates were used to assess the

Table 1. The laboratory and clinical results of 10 patients with unex-
plained infertility who underwent assisted reproductive technologies
and whose cumulus cells underwent microarray analysis

Patient no. Diagnosis ;(\)%e preggg?"f;l( +) L“{i?_';th
1 Idiopathicinfertility ~ 33 - -
2 Idiopathicinfertility ~ 29 - -
3 Idiopathicinfertility 29 - -
4 Idiopathicinfertility 31 + +
5 Idiopathicinfertility ~ 35 + +
6 Idiopathicinfertility 25 + -
7 Idiopathicinfertility 27 - -
8 Idiopathicinfertility 34 - -
9 Idiopathicinfertility 27 - -
10 Idiopathicinfertility ~ 28 - -

https://doi.org/10.5653/cerm.2019.46.2.76
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success of ICSI. Clinical pregnancy was observed in three of the 10 genes for live birth were enriched to 152 and 151 KEGG pathways,
patients, and live birth occurred in two patients (Table 1). A total of ~ respectively, through 20 PANOGA runs. The top 20 affected pathways
4,371 significant genes for clinical pregnancy and 1,975 significant  for clinical pregnancy and live births are summarized in Tables 2 and

Table 2. The top 20 statistically significant pathways for clinical pregnancy according to p-values

KEGG ID KEGG term p-value Times found
04713 Circadian entrainment 6.04E73° 2,142
04610 Complement and coagulation cascades 72287 326
03050 Proteasome 8.73E% 159
04015 Rap1 signaling pathway 1.14E5 1,087
05032 Morphine addiction 148E% 580
05200 Pathways in cancer 32283 182
04724 Glutamatergic synapse 1.06E* 1,073
04080 Neuroactive ligand-receptor interaction 1.17E% 33
04020 Calcium signaling pathway 4.89E% 656
04014 Ras signaling pathway 9.22E7 413
04510 Focal adhesion 9.83E7 233
04725 Cholinergic synapse 227E%® 1,121
04728 Dopaminergic synapse 3.76E% 1,568
04012 ErbB signaling pathway 436E% 1,750
04062 Chemokine signaling pathway 746E% 241
04727 GABAergic synapse 7.60E™% 547
04723 Retrograde endocannabinoid signaling 9.58E% 653
04210 Apoptosis 3.84E" 1,690
04720 Long-term potentiation 7.52E" 3,695
04144 Endocytosis 1.51E7® 58

KEGG, Kyoto Encyclopedia of Genes and Genomes.

Table 3. The top 20 statistically significant pathways for live birth according to p-values

KEGG ID KEGG term p-value Times found
05205 Proteoglycans in cancer 1.296% 532
05200 Pathways in cancer 5512 168
04210 Apoptosis 1.97E2 1119
04014 Ras signaling pathway 1.13E™ 213
04010 MAPK signaling pathway 1.227 283
05032 Morphine addiction 2.78E" 366
04510 Focal adhesion 232E™ 162
04062 Chemokine signaling pathway 591E™ 322
04722 Neurotrophin signaling pathway 1.81E" 1,087
04723 Retrograde endocannabinoid signaling 5.18E" 260
04064 NF-kappa B signaling pathway 8.13E" 190
04012 ErbB signaling pathway 1.17E7¢ 879
04610 Complement and coagulation cascades 1.93E7¢ 105
04015 Rap1 signaling pathway 2.99E7 307
04350 TGF-beta signaling pathway 3.12E 321
04668 TNF signaling pathway 4.70E7¢ 588
05202 Transcriptional misregulation in cancer 8.38E° 341
04713 Circadian entrainment 1.21E" 286
04725 Cholinergic synapse 1.85E" 344
05223 Non-small cell lung cancer 2.06E" 932

KEGG, Kyoto Encyclopedia of Genes and Genomes; MARK, mitogen-activated protein kinases; NF, nuclear factor; TGF, transforming growth factor; TNF, tumor
necrosis factor.
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3, respectively. The two outcomes had 12 pathways in common, with
different levels of significance, showing the involvement of certain
cellular mechanisms in both clinical pregnancy and live birth. The 12
pathways that were significantly affected for both outcomes were:
circadian entrainment, complement and coagulation cascades, Rap1
signaling pathway, morphine addiction, pathways in cancer, Ras sig-
naling pathway, focal adhesion, cholinergic synapse, ErbB signaling
pathway, chemokine signaling pathway, retrograde endocannabi-
noid signaling, and apoptosis. Circadian entrainment had a lower p-
value (6.04 x 107°) than other pathways. The pathways that were dif-
ferent between live birth and clinical pregnancy were primarily sev-
eral signaling pathways involved in neurological signal trafficking.
Unique clinically-relevant pathways include proteasome and endo-
cytosis.

We also conducted analyses of genes associated with both out-
comes, and the results for the top 20 affected genes are summarized
in Tables 4, 5 for clinical pregnancy and live birth, respectively. None
of the top 50 significant genes for either outcome is in common. The
most distinct significantly differentially expressed genes from both
analyses that were also directly involved in the most affected path-
ways are reported below.

In clinical pregnancy, PRKCAB ranks 16th among the most signifi-
cantly altered genes, and is found in 13 of the top 20 significantly af-
fected pathways. COL4A ranks 7th among the most significantly al-
tered genes, and takes part in two of the top 20 significantly affected

Table 4. The top 20 statistically significant genes for clinical pregnan-
cy according to p-values

Clin Exp Reprod Med 2019;46(2):76-86

pathways. FGG and (4BPA rank 21st and 24th, respectively, among
the most significantly altered genes, and are also found in the com-
plement and coagulation pathway. SLC8A2 ranks 27th among the
most significantly altered genes, and plays a role in the calcium sig-
naling pathway.

In the live birth transcriptome analysis, BDNF ranks 10th among the
most significantly altered genes, and is found in two of the top 20
significantly affected pathways. NR4A3 ranks 2nd among the most
significantly altered genes, and is found in the transcriptional mis-
regulation in cancer pathway. ENDR ranks 22nd among the most sig-
nificantly altered genes, and plays a role in pathways in cancer.
MAGIT ranks 26th among the most significantly altered genes, and is
also found in the RAP1 signaling pathway.

Since our method maps the significant genes to a PPl network and
finds active subnetworks involving many of the affected genes, it
also takes into account the indirect effects of genes through cascades
of interactions with certain cellular processes. Therefore, some of the
genes might not be directly involved in the affected pathway, but in-
stead may affect some of the genes in that pathway through interac-
tions of proteins.

With this in mind, we investigated distances between genes within
the PPI network for the top 20 significant genes resulting from differ-
ential expression analysis and for genes associated with the most
significant pathways of both outcomes; circadian entrainment for
clinical pregnancy and proteoglycans in cancer for live birth. Distance

Table 5. The top 20 statistically significant genes for live birth accord-
ing to p-values

Gene

logFC p-value Gene logFC p-value
PPHLN1 -1.747187984 2.10E% MYoC 3.737516546 7.04E7
ZFP57 -2.993479513 1.73E% NR4A3 4.324984553 3.15E%
D7 1.634646302 3738 FLJ20701 -3.669639519 3.27E%
ARHGEF4 —-2.972436989 4.99E% BRF1 1.90998993 5.11E%
50X8 -2.706781964 5.05E% STXBP5SL 2.772004737 7.36E
TBX4 1.296222769 5.19E% CRIL 3.329420892 9.84E%
COL4A6 1564709693 5356 BTBD11 —-3.294941796 191E%
DKFZp686L1814 -1.307955019 5.80E% IGSF4 -2.403987308 3.59E%
MAWBP 157256687 5.95E% LDHAL6B 3.312196874 3.62E®
muctz 1477177013 6.87E% BDNF —2.058433847 371E%
C150rf33 -1.600279744 6.92E% BTG2 2.49767883 433E%
WASPIP 1.440695515 823E® EYA2 2.034444882 4.99E%
FCRLM2 1.184684422 841E DKFZP686A01247 1.748650995 5.13E%
SPANXE 1.349434304 8.50E RPS6KA1 -1.64992345 6.60E%
FLJ39502 3.287634413 857E® EPHAT 1863062351 6.77E%®
PRKACB -1.650870764 8.68E* KIAA1345 -1.718641218 7.74E%
ELA2 1.178323805 9.02E ACACB 2.346361813 9.70E%
CNIH3 -1.976904531 9.03E® LOC440508 2.954390096 0.000103611
SSPN -1.749017451 9.14E% DDX12 2.218784482 0.000107346
DDAH1 -1.723440567 9.28E KIAA1841 1.78790507 0.000115263

https://doi.org/10.5653/cerm.2019.46.2.76
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reported herein is the number of proteins in the PPl network in be-
tween two interested gene.

In circadian entrainment pathway, cumulative average distance
over all genes is found to be 3.27. CALML3 is found to be the gene
with lowest average distance of 2.6 and MTNR1B is found to be the
gene with highest average distance of 4.

In proteoglycans in cancer pathway, cumulative average distance
over all genes is found to be 2,91. TP53 is to be the gene with lowest
average distance of 2.07 and /L12B is found to be the gene with high-
est average distance of 4.46. In pathway analysis, we focused only on
the top 20 pathways ranked by statistical significance. The relevance
of these pathways to clinical pregnancy and live birth was estab-
lished via a thorough literature search, which is summarized in the
Discussion section.

Discussion

1. Clinical pregnancy
Our analysis determined that circadian entrainmentis the most sig-

Circadian entrainment
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nificantly affected pathway for clinical pregnancy. The affected genes
and their interactions in circadian entrainment pathway are shown in
Figure 1. Circadian entrainment is stabilized by the maintenance of
regular light/dark and sleep/wake cycle and plays a critical role in
steroid biosynthesis, including luteinizing hormone (LH) and GnRH
secretions in pregnancy. It acts as a regulator of many bioprocesses,
with the circadian clock regulating the timing of ovulation and pro-
gesterone secretion in the GCs and luteal cells of ovarian follicles. Dis-
ruption of the female circadian clock cycle has a negative effect on
women becoming pregnant [19]. Melatonin also has an impact on
reproduction, especially during pregnancy, by protecting against
molecular damage and cellular dysfunction [20].

The complement and coagulation cascades are other pathways
that showed a significant difference between CCs depending on
whether clinical pregnancy occurred. In a previous study that com-
pared gene expression in CCs and GCs surrounding oocytes, it has
been reported that there were differentially expressed genes related
to the complement and coagulation cascades between these groups
of cells [21]. Proteasomal proteolysis has multiple functions in the

MAPK signaling
pathway

DNA
Q ——# Phase delay

L ofar
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Clock genes
Iramediate early genes
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Irlelatonin

wJl-————* Protein kinse cascades *
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Figure 1. Significantly altered genes in the circadian entrainment pathway and their interactions for clinical pregnancy, denoted by red path-
way nodes. Data from Kanehisa Laboratories. It is permitted to be used for academic purposes. Full definitions and descriptions for the pathway
nodes can be found at https://www.genome.jp/kegg-bin/show_pathway?map =hsa04713&show_description =show.
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process of oocyte meiosis resumption and in other steps of nuclear
maturation [22,23]. The results of current study also indicate that pro-
teasome pathway might impact clinical pregnancy outcomes. Previ-
ous studies have shown that RAP1 signaling pathway, RAS signaling
pathway, and ErbB signaling pathway have an impact on reproduc-
tion [24,25]. The RAS-mediated ERK1/2 pathway in pituitary cells,
which is affected by elevated GnRH, is crucial for stimulating the LH
surge and ovulation [26]. In current study, it is also demonstrated
that RAP1 signaling pathway, RAS signaling pathway, and ErbB sig-
naling pathway may play active roles in clinical pregnancy. Further-
more, genes related to morphine addiction, cancer, calcium signal-
ing, and endocytosis pathways demonstrated significant differences
in expression in CCs depending on whether clinical pregnancy was
achieved. The presence of opioid receptor subtypes has been dem-
onstrated in preimplantation embryos and in oviduct, and these
have active roles in embryo development [27]. The hippo tumor sup-
pressor pathway has functions in follicle cells related tooocyte polari-
ty and development of the body axes in Drosophila [28]. Gonadotro-
pin paracrine factors induce Ca** mobilization in CCs, which affects
gamete development and function, and therefore fertilization and
reproduction [29]. Furthermore, rat GCs may utilize FSH for biological
processes through endocytosis [30].

Genes involved in neurological signaling pathways, such as gluta-
matergic synapse, cholinergic synapse, dopaminergic synapse, gam-
ma-aminobutyric acid (GABA)-ergic synapse, long-term potentiation,
and neuroactive ligand-receptor interaction pathways show signifi-
cant differences in CCs depending on whether clinical pregnancy oc-
curred. These pathways and related genes may play functional role in
pregnancy, as they affect gonadotropin hormone secretion by regu-
lating hormonal signaling pathways. Genes responsive to neu-
rotransmitters, such as dopamine, glycine, and GABA may play im-
portant roles in folliculogenesis and oocyte maturation [31]. GABA is
important for regulation of reproduction via GnRH neurons [32].
Genes that encode receptors for GABA and glutamate have been de-
termined to be related with oocyte maturation [33]. In a recent study,
significant differences have been reported in dopaminergic synapse,
mitogen-activated protein kinases (MAPK) signaling, steroid hor-
mone biosynthesis, steroid biosynthesis, GnRH signaling, oocyte
meiosis, progesterone-mediated oocyte maturation, calcium signal-
ing, and G-protein coupled receptor signaling pathways in goose
ovarian tissue across different reproductive periods [34]. With the in-
duction or inactivation of the LH choriogonadotropin receptor, the
neuroactive ligand-receptor interaction pathway led to changes in
the menstrual cycle, LH levels, ovarian size, and response to LH and
hCG[33].

Clin Exp Reprod Med 2019;46(2):76-86

2. Live birth

In this microarray analysis of human CCs, significant differences are
observed in genes related to several hormonal, metabolic, apoptotic,
and neuronal pathways. These pathways may be associated with live
birth, as shown by their differential expression according to whether
live birth occurred.

In this study, genes related to proteoglycans in the cancer pathway,
apoptosis pathways, tumor necrosis factor (TNF) and MAPK path-
ways, retrograde endocannabinoid signaling, and the transcription
factor nuclear factor-kB shows a significant association with success
of live birth. CCs and GCs synthesize proteoglycan by gonadotropin
stimulation to produce an elastic matrix with mucus, and the synthe-
sis of proteoglycan changes during follicular development and atre-
sia [35]. Proapoptotic and antiapoptotic pathways in GCs are very im-
portantin ovarian follicles and affect reproductive outcomes of vari-
ous mammals, including humans [36,37]. During mammalian ovula-
tion, TNF maintains apoptosis at the ovarian surface epithelium to
promote stigma development and ovulation [38]. In a recent micro-
array analysis of gene expression in human GCs and CCs, it has been
shown that TNF has been highly expressed in GCs [21]. Jun N-termi-
nal kinase, p38 MAPK, and ERK signaling pathways coordinate pro-
apoptotic and antiapoptotic factors in GCs to regulate follicular atre-
sia [39]. The maturation of the mouse cumulus-oocyte complex de-
pends on MAPK pathway in CCs [40]. Cannabinoid receptors are ex-
pressed in the human ovarian medulla and cortex [41]. The endocan-
nabinoid system mediates pregnancy, implantation, sperm motility,
sperm-oocyte interactions, the capacitation process, and embryo de-
velopment [42]. The focal adhesion pathway and chemokine signal-
ing pathway displays significant differences according to live birth
outcomes of the patients. There is a gap junction-dependent interac-
tion between GCs and oocytes [43]. The chemokine signaling path-
way plays an active role in the regulation of the cumulus extracellular
matrix to promote successful fertilization by stimulating integrin at-
tachment to extracellular matrix proteins [44]. According to our re-
sults, neurotrophic factor pathways and transforming growth factor-
beta (TGF-f) pathways seem to be correlated with patients'live birth
outcome. A family of neurotrophic factors is expressed in ovarian fol-
licles as antiapoptotic factors that promote the developmental com-
petence of oocytes [45]. The TGF- superfamily is a diverse group of
proteins with critical roles in various physiological processes, and the
members of this superfamily include several subfamilies, such as the
bone morphogenetic protein (BMP) subfamily and anti-Mdillerian
hormone (AMH; also termed as Miillerian-inhibiting substance).
These are expressed in the ovary and regulate folliculogenesis [46-
48]. The results of our recent study also demonstrate that there is a
significant difference in the expression of BMP2 in the CCs of good-
quality oocytes, and subsequently good embryos [49]. CCs associat-
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Figure 2. Significantly altered genes in the circadian entrainment pathway and their interactions for live birth, denoted by red pathway nodes.
Data from Kanehisa Laboratories. It is permitted to be used for academic purposes. Full definitions and descriptions for the pathway nodes can
be found at https://www.genome.jp/kegg-bin/show_pathway?map = hsa04713&show_description =show.

ed either with developmentally incompetent or competent antral
oocytes have been compared using microarrays with the whole tran-
scriptome, and increased AMH gene expression has been shown to
be correlated with oocyte competence [47]. Using gene expression
profiles with microarray techniques, it is thought that CCs could have
the potential to be used as a biomarker to predict oocyte quality and
the pregnancy outcome of an embryo [1,50].

Although it was not as significant as in the clinical pregnancy analy-
sis, circadian entrainment is also found to be significantly altered in
the live birth analysis. Circadian entrainment ranks 18th among the
most significantly altered pathways in the live birth analysis, whereas
it ranks first in the clinical pregnancy analysis. This striking difference
between the role of circadian entrainment in clinical pregnancy and
in live birth may have resulted from the fact that different genes and
interactions are significantly altered in the circadian entrainment
pathway in the live birth analysis in comparison to the clinical preg-
nancy analysis. These altered genes and interactions can be seen in
Figure 2.

Circadian entrainment has lower p-value (6.04 x 107°) than the

www.eCERM.org

proteoglycans in cancer pathway, which has a p-value of 1.29x 10,
This discrepancy may have occurred because 30 genes are associated
with circadian entrainment pathway, whereas 17 genes are found in
the proteoglycans in cancer pathway. Furthermore, the genes in the
circadian entrainment pathway are generally connected to differen-
tially expressed genes with higher significance than is the case for
the genes in proteoglycans in cancer pathway. This shows that af-
fected genes in the circadian entrainment pathway is part of many
active subnetworks supporting the significance of that pathway.
Overall, both pathways have relatively low cumulative average dis-
tances, supporting the fact that on average, in PPI, genes associated
with significantly affected pathways are found in close proximity to
the significantly altered genes found in the differential expression
analysis.

In this study, significant differences are observed in the genes relat-
ed to several pathways depending on the outcomes of clinical preg-
nancy and/or live birth. These results shed light on cellular factors
that may play crucial role in clinical pregnancy and live birth. Howev-
er, these results must be supported by further studies, and results
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may differ between patients and cycles. Nonetheless, the results of
this study suggest that these pathways, especially the circadian en-
trainment pathway in CCs, may play essential roles in clinical preg-
nancy and live birth.

In conclusion, the results of this study provide new insights into hu-
man CCs and new information on the crosstalk between different
signaling pathways during pregnancy. Due to their ethical advantag-
es, current methods and those of similar noninvasive studies using
CCs are of great importance. These results may further enhance the
reliability of oocyte and/or embryo selection criteria and could pro-
mote the maintenance of excellent clinical outcomes in in vitro fertil-
ization (IVF)/ICSI programs. These findings will be of value for further
studies conducted to improve the success of IVF/ICSI programs.

Conflict of interest

No potential conflict of interest relevant to this article was reported.

Acknowledgments

We would like to thank Duygu Unuvar Purcu (Biologist) for techni-
cal help in some experiments.

ORCID

Sirin Bakti Demiray
Huseyin Okan Soykam
Ugur Sezerman

https://orcid.org/0000-0002-6261-1267
https://orcid.org/0000-0002-8955-2412
https://orcid.org/0000-0003-0905-6783

Author contributions

Conceptualization: SBD, GO. Data curation: SBD, ENTG, ET, NC. For-
mal analysis: HOS, US. Funding acquisition: SBD, GO. Methodology:
SBD, OY. Project administration: SBD, GO, QY. Visualization: SBD, HOS.
Writing - original draft: SBD, US, HOS. Writing - review & editing: SBD,
US, HOS.

References

1. Assidi M, Montag M, Van der Ven K, Sirard MA. Biomarkers of hu-
man oocyte developmental competence expressed in cumulus
cells before ICSI: a preliminary study. J Assist Reprod Genet
2011;28:173-88.

2. Balasch J. Investigation of the infertile couple: investigation of
the infertile couple in the era of assisted reproductive technolo-
gy: a time for reappraisal. Hum Reprod 2000;15:2251-7.

3.Cillo F, Brevini TA, Antonini S, Paffoni A, Ragni G, Gandolfi F. Asso-

Clin Exp Reprod Med 2019;46(2):76-86

ciation between human oocyte developmental competence
and expression levels of some cumulus genes. Reproduction
2007;134:645-50.

4. Bettegowda A, Patel OV, Lee KB, Park KE, Salem M, Yao J, et al.
Identification of novel bovine cumulus cell molecular markers
predictive of oocyte competence: functional and diagnostic im-
plications. Biol Reprod 2008;79:301-9.

5. Matzuk MM, Burns KH, Viveiros MM, Eppig JJ. Intercellular com-
munication in the mammalian ovary: oocytes carry the conver-
sation. Science 2002;296:2178-80.

6. True L, Feng Z. Immunohistochemical validation of expression
microarray results. J Mol Diagn 2005;7:149-51.

7. Fenwick J, Platteau P. Murdoch AP, Herbert M. Time from insemi-
nation to first cleavage predicts developmental competence of
human preimplantation embryos in vitro. Hum Reprod 2002;17:
407-12.

8. Feuerstein P, Cadoret V, Dalbies-Tran R, Guerif F, Bidault R, Royere
D. Gene expression in human cumulus cells: one approach to
oocyte competence. Hum Reprod 2007;22:3069-77.

9. della Ragione T, Verheyen G, Papanikolaou EG, Van Landuyt L,
Devroey P, Van Steirteghem A. Developmental stage on day-5
and fragmentation rate on day-3 can influence the implantation
potential of top-quality blastocysts in IVF cycles with single em-
bryo transfer. Reprod Biol Endocrinol 2007;5:2.

10. van Montfoort AP, Geraedts JP, Dumoulin JC, Stassen AP, Evers
JL, Ayoubi TA. Differential gene expression in cumulus cells as a
prognostic indicator of embryo viability: a microarray analysis.
Mol Hum Reprod 2008;14:157-68.

11. Carvalho BS, Irizarry RA. A framework for oligonucleotide micro-
array preprocessing. Bioinformatics 2010;26:2363-7.

12. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma
powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res 2015;43:e47.

13. Bakir-Gungor B, Egemen E, Sezerman OU. PANOGA: a web serv-
er for identification of SNP-targeted pathways from genome-
wide association study data. Bioinformatics 2014;30:1287-9.

14. Stark C, Breitkreutz BJ, Reguly T, Boucher L, Breitkreutz A, Tyers M.
BioGRID: a general repository for interaction datasets. Nucleic
Acids Res 2006;34:D535-9.

15. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et
al. Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res 2003;13:2498-
504.

16.Ideker T, Ozier O, Schwikowski B, Siegel AF. Discovering regulato-
ry and signalling circuits in molecular interaction networks. Bio-
informatics 2002;18 Suppl 1:5233-40.

17. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M,

https://doi.org/10.5653/cerm.2019.46.2.76



SB Demiray etal. Circadian entrainment pathway in cumulus cells

Kirilovsky A, et al. ClueGO: a Cytoscape plug-in to decipher func-
tionally grouped gene ontology and pathway annotation net-
works. Bioinformatics 2009;25:1091-3.

18. Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and ge-
nomes. Nucleic Acids Res 2000;28:27-30.

19. Sellix MT, Menaker M. Circadian clocks in mammalian reproduc-
tive physiology: effects of the “other” biological clock on fertility.
Discov Med 2011;11:273-81.

20. Reiter RJ, Tan DX, Korkmaz A, Rosales-Corral SA. Melatonin and
stable circadian rhythms optimize maternal, placental and fetal
physiology. Hum Reprod Update 2014;20:293-307.

21. Burnik Papler T, Vrtacnik Bokal E, Maver A, Kopitar AN, Lovrecic L.
Transcriptomic analysis and meta-analysis of human granulosa
and cumulus cells. PLoS One 2015;10:e0136473.

22. Huo LJ, Fan HY, Zhong ZS, Chen DY, Schatten H, Sun QY. Ubiqui-
tin-proteasome pathway modulates mouse oocyte meiotic
maturation and fertilization via regulation of MAPK cascade and
cyclin B1 degradation. Mech Dev 2004;121:1275-87.

23.YiYJ, Nagyova E, Manandhar G, Prochazka R, Sutovsky M, Park
CS, et al. Proteolytic activity of the 26S proteasome is required
for the meiotic resumption, germinal vesicle breakdown, and
cumulus expansion of porcine cumulus-oocyte complexes ma-
tured in vitro. Biol Reprod 2008;78:115-26.

24, Wayne CM, Fan HY, Cheng X, Richards JS. Follicle-stimulating
hormone induces multiple signaling cascades: evidence that ac-
tivation of Rous sarcoma oncogene, RAS, and the epidermal
growth factor receptor are critical for granulosa cell differentia-
tion. Mol Endocrinol 2007;21:1940-57.

25. Gloaguen P, Crepieux P, Heitzler D, Poupon A, Reiter E. Mapping
the follicle-stimulating hormone-induced signaling networks.
Front Endocrinol (Lausanne) 2011;2:45.

26. Fan HY, Liu Z, Mullany LK, Richards JS. Consequences of RAS and
MAPK activation in the ovary: the good, the bad and the ugly.
Mol Cell Endocrinol 2012;356:74-9.

27.ChenY, Kong S, Tang X, FuY, Wang B, Zhang S, et al. Preimplanta-
tion mouse embryo is a target for opioid ligand-receptor signal-
ing. Biol Reprod 2014;91:4.

28.Yu J, Poulton J, Huang YC, Deng WM. The hippo pathway pro-
motes Notch signaling in regulation of cell differentiation, prolif-
eration, and oocyte polarity. PLoS One 2008;3:¢1761.

29. Chen H, Kui C, Chan HC. Ca(2+) mobilization in cumulus cells:
role in oocyte maturation and acrosome reaction. Cell Calcium
2013;53:68-75.

30. Sanford JC, Batten BE. Endocytosis of follicle-stimulating hor-
mone by ovarian granulosa cells: analysis of hormone process-
ing and receptor dynamics. J Cell Physiol 1989;138:154-64.

31. Devjak R, Fon Tacer K, Juvan P, Virant Klun I, Rozman D, Vrtacnik

www.eCERM.org

CERM B

Bokal E. Cumulus cells gene expression profiling in terms of oo-
cyte maturity in controlled ovarian hyperstimulation using
GnRH agonist or GnRH antagonist. PLoS One 2012;7:e47106.

32.Watanabe M, Fukuda A, Nabekura J. The role of GABA in the reg-
ulation of GnRH neurons. Front Neurosci 2014;8:387.

33. Huang X, Hao C, Shen X, Liu X, Shan Y, Zhang Y, et al. Differences
in the transcriptional profiles of human cumulus cells isolated
from MI and Ml oocytes of patients with polycystic ovary syn-
drome. Reproduction 2013;145:597-608.

34, Luan X, Liu D, Cao Z, Luo L, Liu M, Gao M, et al. Transcriptome
profiling identifies differentially expressed genes in Huoyan
goose ovaries between the laying period and ceased period.
PLoS One 2014;9:¢113211.

35. Salustri A, Camaioni A, Di Giacomo M, Fulop C, Hascall VC. Hyal-
uronan and proteoglycans in ovarian follicles. Hum Reprod Up-
date 1999;5:293-301.

36. Tiwari M, Prasad S, Tripathi A, Pandey AN, Ali |, Singh AK, et al.
Apoptosis in mammalian oocytes: a review. Apoptosis 2015;20:
1019-25.

37. Hennebold JD. Preventing granulosa cell apoptosis through the
action of a single microRNA. Biol Reprod 2010;83:165-7.

38. Murdoch WJ, Lund SA. Prostaglandin-independent anovulatory
mechanism of indomethacin action: inhibition of tumor necro-
sis factor alpha-induced sheep ovarian cell apoptosis. Biol Re-
prod 1999;61:1655-9.

39. Peter AT, Dhanasekaran N. Apoptosis of granulosa cells: a review
on the role of MAPK-signalling modules. Reprod Domest Anim
2003;38:209-13.

40. Su YQ, Denegre JM, Wigglesworth K, Pendola FL, O'Brien MJ, Ep-
pig JJ. Oocyte-dependent activation of mitogen-activated pro-
tein kinase (ERK1/2) in cumulus cells is required for the matura-
tion of the mouse oocyte-cumulus cell complex. Dev Biol 2003;
263:126-38.

41. El-Talatini MR, Taylor AH, Elson JC, Brown L, Davidson AC, Konje
JC. Localisation and function of the endocannabinoid system in
the human ovary. PLoS One 2009;4:e4579.

42. Battista N, Meccariello R, Cobellis G, Fasano S, Di Tommaso M, Pi-
razzi V, et al. The role of endocannabinoids in gonadal function
and fertility along the evolutionary axis. Mol Cell Endocrinol
2012;355:1-14.

43. McGinnis LK, Kinsey WH. Role of focal adhesion kinase in oocyte-
follicle communication. Mol Reprod Dev 2015;82:90-102.

44, Yodoi R, Tamba S, Morimoto K, Segi-Nishida E, Nishihara M,
Ichikawa A, et al. RhoA/Rho kinase signaling in the cumulus me-
diates extracellular matrix assembly. Endocrinology 2009;150:
3345-52.

45. lkeda S, Yamada M. Midkine and cytoplasmic maturation of



B CERM

mammalian oocytes in the context of ovarian follicle physiology.
Br J Pharmacol 2014;171:827-36.

46. Erickson GF, Shimasaki S. The spatiotemporal expression pattern
of the bone morphogenetic protein family in rat ovary cell types
during the estrous cycle. Reprod Biol Endocrinol 2003;1:9.

47.Vigone G, Merico V, Prigione A, Mulas F, Sacchi L, Gabetta M, et
al. Transcriptome based identification of mouse cumulus cell
markers that predict the developmental competence of their
enclosed antral oocytes. BMC Genomics 2013;14:380.

48. Knight PG, Glister C. TGF-beta superfamily members and ovarian

Clin Exp Reprod Med 2019;46(2):76-86

follicle development. Reproduction 2006;132:191-206.

49. Demiray SB, Yilmaz O, Goker EN, Tavmergen E, Calimlioglu N,
Sezerman U, et al. Expression of the bone morphogenetic pro-
tein-2 (BMP2) in the human cumulus cells as a biomarker of oo-
cytes and embryo quality. J Hum Reprod Sci 2017;10:194-200.

50. Hamel M, Dufort |, Robert C, Leveille MC, Leader A, Sirard MA.
Identification of follicular marker genes as pregnancy predictors
for human IVF: new evidence for the involvement of luteiniza-
tion process. Mol Hum Reprod 2010;16:548-56.

https://doi.org/10.5653/cerm.2019.46.2.76



