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Cumulus and granulosa cell biomarkers:
a good predictor for successful oocyte and embryo
developmental competence in human in vitro
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The oocyte quality is of great importance in infertility as it reflects the follicle developmental potential and further affects the
embryo development, clinical pregnancy outcomes. The analysis of gene expression in somatic cells is an important study
to better clinical in vitro fertilization (IVF) outcomes in embryo selection reflecting the appropriate communication between

the oocyte and somatic cells. Specifically, somatic cell transcriptomic technology can help assess biomarkers of oocyte and
embryo ability. The present article aims to overview the basic aspect of folliculogenesis and review studies involving changes
in candidate gene expression of cumulus or granulosa cell related to clinical outcomes in human IVF.
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Introduction

Since the successful birth in 1978 of Louise Brown, preg-
nancies after in vitro fertilization (IVF) have increased much
more rapidly and have improved pregnancy rates, obstetric
and neonatal outcomes [1]. Oocyte developmental capacity or
oocyte quality greatly limit in female fertility because it affects
fertilization, embryo development, pregnancy rate, and fetal de-
velopment. Therefore, a central step in [VF cycle is to assess the
oocyte developmental capacity to establish embryos viability for
transfer. At the present time, embryo assessment mainly relies
on embryo morphology alone or are used in combination with

morphologic characteristics and invasive method such as pre-
implantation genetic testing [2].

However, some embryos with good morphology have implan-
tation failure and only 25% of all IVF treatments are successful
[3]. Moreover, even euploid embryos transferred fail to implant
33%-45% of the time [4]. The limitations of these evaluations
for embryos have led clinicians to seek adjunctive methods for
the assessment of the embryonic reproductive potential before
transfer. These methods include the evaluation of the genome,
transcriptome profiling analysis of somatic cells such as granu-
losa and cumulus cells, metabolic and proteomic analysis of
embryo [2]. Among them, transcriptomic technology provides
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quantitative real-time polymerase chain reaction (RT-PCR) for
genes expression assessment, as well as microarrays and RNA
sequencing technology for whole genome transcriptome profil-
ing. Analysis of cumulus/granulosa cells transcriptome profiling
related to oocyte developmental competence can help identify
new diagnostic markers as an addition or alternative to existing
embryo assessment criteria. ldentifying key genes in the oocyte-
somatic cells will provide deeper understanding of the complex
mechanisms on oocyte developmental capacity and discover
new regulators and significant predictors of oocyte quality. Ulti-
mately, these efforts will improve the effectiveness and clinical
outcomes of IVF.

In the present article, we review the basic aspect of folliculo-
genesis and summarize potential candidate genes to aid oocyte
developmental competence for better clinical outcomes in IVF.

Folliculogenesis

Folliculogenesis is the physiological process including the pri-
mordial structures activation, granulosa or theca cell develop-
ment, oocyte maturation, follicle growth and ovulation. Thisis a
markedly complex process that regulate carefully orchestrated
expression of multiple factors for synchronization between oo-
cyte maturation and development of the surrounding somatic
cells. Folliculogenesis begins from migration of the primordial
germ cells, that is undifferentiated cells that have developing
potential into spermatozoa or oocyte [5], to made up the pri-
mordial structures in the fetal ovary [6]. Primordial (non-grow-
ing) follicles are recruited from the primary follicles to begin to
growth and differentiation [7]. The first sign of this recruitment
of primordial follicles is that granulosa cells begin to turninto a
cuboidal shape and vigorous cell division begins [8].

1. From primary follicle to the preantral follicle
Then the granulosa cells made up multiple layers of somatic
cells, forming secondary follicle. After further growth of these

secondary follicles, they reach the preantral stage. One of the
most critical changes is the creation of a theca layer in the devel-
opment of a secondary follicles [9]. Thecal layer acquires a vas-
cular cover consisting of networks of capillary, possibly through
angiogenesis. This is an important event because ensuring greater
vascular supply is an essential course in the maturation and selec-
tion of the dominant follicle, providing nutrients and hormones
from the secondary follicle to waste products and secretion [10].

2. From antral follicles to preovulatory follicles

Following the formation of secondary follicles, small and
fluid-filled cavities is formed with the follicle and merges to
form the tertiary (antral) follicle [11]. The first sign of the onset of
the tertiary follicle is the development of a fluid-filled cavitation
in granulosa cells. Antral follicles are divided into two granulosa
cell subgroups: 1) the mural granulosa cells lying the basement
wall of follicle; 2) cumulus cells surrounding oocyte [12].

Without gonadotropin stimulation, the antral follicles become
atretic. However, the antrum continues to enlarge, forming of
a preovulatory follicle in the stimulation of follicle stimulating
hormone (FSH). The oocyte is enveloped by a unique type of
granulosa cell, cumulus cells, which are distinguished from the
granulosa cells in the preovulatory stage [13].

Interactions of Oocyte and the Stromal Cells for
Oocyte Developmental Competence

Ovarian follicles made up of oocyte and somatic follicle cells.
Bidirectional communication between somatic cell and oocyte
ensures the maturation and growth of oocytes and the potential
to maintain fertilization and produce embryos of high viability
[14]. Fine crosstalk between somatic cell and oocyte begins dur-
ing the preantral follicle phase of folliculogenesis [15,16]. The
changes in oocyte gene expression do not act in isolation but
interact in various ways forming complex information networks
[17,18]. Oocytes can promote follicle development and differ-

Table 1. Cumulus cell genes and function affected by oocyte secreted factors for oocyte development

Role Gene (Sié)uc(;:gzjented/ Up/down Material g‘g(')\llgéugér\;]egﬁﬁs Reference
Oocyte maturation HAS2 Up Cumulus cell Individual COC [39]
PTGS2 Cumulus cell Individual COC [[i%)%
Cumulus cell expansion BDNF Up Cumulus cell Pooled COC [40]
TNFAIP6
PTX3

COC, cumulus-oocyte complex.
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entiation via growth factors that act in paracrine factors that
affect surrounding somatic cells. These factors requlate oocyte
development and maturation [19]. There are three major factors
for supporting interaction between oocyte and somatic cells in
follicular maturation and development.

1. Oocyte-secreted factors

Oocyte-secreted factors (OSFs) play a vital role in determin-
ing the oocyte quality or the fertilization capacity of oocytes to
sustain embryonic viability [20]. Growth-differentiation factor
9 (GDF-9) and bone morphogenetic protein 15 (BMP-15) are
representative OSFs and have a significant impact on prolifera-
tion of cumulus cell and the development of Cumulus Oocyte
Complexes (COCs) [21,22]. Table 1 summarizes cumulus cell
gene and function regulated by OSFs for oocyte development.
GDF-9 promotes the cumulus cells expansion via recruitment
of expression of the main components of extracellular matrix
such as hyaluronic acid synthase 2 (HAS2), PTX3, TNFAIP6, and
prostaglandin-endoperoxide synthase 2 (PTGS2) [23,24]. GDF-
9 maintains the consistency of the COC in preovulatory follicles
stage and even after ovulation [25]. BMP-15 promotes ovarian
and follicle maturation under the growth phase that is indepen-
dent of gonadotropins. They also regulate FSH-sensitive follicu-
lar granulosa cells and prevent the granulosa cell apoptosis [26].
As the relevant members of the transforming growth factor 3
superfamily, GDF-9 and BMP-15 are activated by the Sma- and
Mad-related (SMAD) family of transcription factors [27]. While

GDF-9 signals through SMAD 2 and 3, while the BMP-15 signals
via SMADs 1,5, and 8 [28,29].

2.KIT ligand

KIT ligand (KITL) is derived from granulosa cells and is a posi-
tive modulator that simulates somatic cell proliferation and
oocyte growth [30]. FSH mediate granulosa cell production of
KITL to promote activation of KIT receptor in oocytes and down-
requlation the phosphatidylinositol 3-kinase (P/3K)/protein
kinase B (AKT) signaling to stimulate oocyte growth [31]. Several
components of the PI3K signaling cascades have an important
role as inhibitors of follicular activation in the early follicular
developmental stage [32]. PTEN (tumor suppressor phosphatase
with tensin homology) and FOXO3A are essential negative ef-
fectors of KIT expression in oocytes [33].

3. Gap-junctional communication

At the end of transzonal projections, heterologous gap junc-
tions are formed between oocyte and companion somatic cells.
These supply nutrients, amino acid precursors, and signaling
molecules via gap junctional communication [34]. The natriuretic
peptide C/natriuretic peptide receptor 2 system that produces
c¢GMP in cumulus cells is critical for the maintaining meiotic ar-
rest of oocytes [35]. The inflow of cyclic guanosine monophos-
phate (cGMP) via gap junctions into the oocyte prevents cyclic
nucleotide phosphodiesterase 3A (PDE3A) activation to maintain
high concentrated cyclic adenosine monophosphate (cAMP) [36].

Table 2. Summary of published literature of human cumulus or granulosa cell markers for embryo development

Individual versus

Role Gene documented/studied Up/down Material pooled Reference
sampling
Day 3 embryo morphology COX2, GREM1, HAS2, Up Cumulus cell Individual COC [39,41,42]
TRPM7, ITPKA [43]
BDNF Down Cumulus cell Pooled COCs [40]
Early cleavage status CCND2, CXCR4, DVL3, Down Cumulus cell Individual COC [38]
CTNND1, DHCR?, HSPBT,
GPX3, TRIM28
Day 5 embryo morphology STAR, AREG, SCD1/4/5, Up/down Cumulus cell Individual COC [41,43,47]
ITPKA, CYP11A1
Pregnancy SDC4, VCAN, EFNB2, Up Cumulus cell Individual COC [41,43,48,50]
CAMK1D, STC1, BCL2L11,
PCK1, NF1B, DPP8,
HIST1H4C, UBQLN1,
CALM1, NPR1, PSMD6
CYP19A1, CDC42, SER- Up Granulosa cell Pooled COCs [51]
PINE2, 3BHSD, UGP2,
PHLDAT
Live birth VCAN, PTGS?2, EFNB2, Up Cumulus cell Individual COC [43,52]

CAMKI1D, STC2

COC, cumulus-oocyte complex.
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After the luteinizing hormone-triggered signaling, PDE3A be-
comes activated, decreasing the cAMP expression, which trigger
a subordinate signaling pathways for meiotic resumption during
ovulation [37].

Candidate Gene for Embryo Development in
Cumulus Granulosa Cells

The biomarker for embryo development would improve oocyte
and embryo selection, increasing the likelihood of a successful
pregnancy with IVFand allowing embryos to be transferred.

The cumulus cells may provide a more manageable biomarker
than the oocyte. Previous studies have indicated several tran-
scripts expressed in the cumulus cells, providing a develop-
mental capacity model that represent a non-invasive means
to predict oocyte quality [38]. Table 2 provides an overview of
published literature to date on human cumulus or granulosa cell
markers that are requlated up or down in the somatic cells of
capable oocytes [39-41].

The investigation of gene expression profiles in oocyte and
somatic cells that reflect the embryo developmental potential
was first introduced in 2004. McKenzie et al. [39] reported that
cumulus cell gene expression of HAS2, PTGS2, commonly known
as cyclooxygenase-2 (COX-2) and gremlin (GREM1) was higher
on oocytes that resulted in high-quality cleavage compared
with the lower quality embryos by RT-PCR assay in intracyto-
plasmic sperm injection (ICSI) patients. The higher expression
HAS2 and GREM1 in cumulus cell is in agreement with RT-PCR
findings by Cillo et al. [42] in gonadotropin-releasing hormone
agonist and recombinant FSH (rFSH)-stimulation cycle. Inositol-
trisphosphate 3-kinase A (ITPKA) and transient receptor poten-
tial cation channel subfamily M member 7 (TRPM7) expression
was markedly upregulated and brain-derived neurotrophic fac-
tor was significantly downregulated in cells from oocytes that
did not develop with low quality cleavage embryo [40,43].

Early cleavage, defined as cell division event completing the
first mitotic division within 25-27 hour after insemination [44],
is a significant marker in determining the developmental com-
petence of embryo [45,46). van Montfoort et al. [38] identified
embryo selection parameters based on the study using elective
single embryo transfer. The investigators compared the gene
expression pattern in cumulus cells from individual oocyte that
exhibited early cleavage status to those from oocytes that ex-
hibited non-early cleavage embryos. They found that cyclin D2
(CCND2), chemokine receptor 4 (CXCR4), glutathione peroxidase
(GPX3), catenin delta 1 (CTNND1), 7-dehydrocholesterol reduc-

tase (DHCR?7), heat shock 27 kDa protein 1 (HSPB1), disheveled
homolog 3 (DVL3), and tripartite motif containing 28 (TRIM28)
had negative correlation with early cleavage embryos. Cumulus
cells from oocyte that have become non-early cleavage embryo
had hypoxia or a delayed oocyte maturation.

Blastocyst morphology was associated with enhanced gene
expression of Amphiregulin (AREG), steroidogenic acute regula-
tory protein (STAR), and stearoyl-Coenzyme A Desaturase 1 and
5(SCD1 and 5) by cumulus cells [47]. Cytochrome P450 family
11 subfamily A polypeptide 1 (CYP11A1) is also responsible for
the biosynthesis of the steroid hormones and improved the
blastocyst quality [43].

Despite syndecan-4 (SCD4) and versican (VCAN) were reliable
biomarkers for predicting pregnancy, they had not been studied
about embryo morphology [43]. Assou et al. [48] reported a re-
lationship between pregnancy outcomes and embryo develop-
mental capacity in the transcriptome of cumulus cells. They ana-
lyzed the differential expression of predominantly up-regulated
gene for Bel-2-like protein 11 (BCL2L11), Phosphoenolpyruvate
Carboxykinase 1 (PCK1) and on down-regulated gene for
Nuclear Factor 1B (NFIB) between cumulus cell from top-quality
embryos with negative pregnancy outcomes and cumulus cells
with top-quality embryos associated with successful pregnancy
outcomes. BCL2L11 and PCK1 play roles in controlling apoptosis
and the regulation of gluconeogenesis, respectively [49].

Previous studies identified significant indicators for selecting
the embryo with good oocyte quality and successful pregnancy
outcomes. Assidi et al. [50] individually selected cumulus cells
based on both good morphology and sub-cellular oocyte struc-
ture, such as high zona pellucida birefringence and found im-
portant components: histone cluster 1, H4c (HIST1H4C), neuro-
pilin 1 (NRP1), ubiquilin 1 (UBQLN1), calmodulin 1 (CALM1), and
proteasome (prosome, macropain) 26S subunit, non-ATPases 6
(PSMDe). Wathlet et al. [43] found significant different expres-
sion pattern of calcium/calmodulin-dependent protein kinase
1D (CAMK1D) and EphrinB2 (EFNB2) among the pregnancy ver-
sus nonpregnancy groups in the cumulus cell.

Hamel et al. [51] identified potential follicular markers from
the transcriptome of granulosa cells from oocyte resulting in
a successful pregnancy. A tendency toward up-regulation in
CC from competent oocyte for cytochrome P450 aromatase
(CYP19A1), cell division cycle 42 (CDC42), and serin proteinase
inhibitor clade E member 2 (SERPINE2) were significantly asso-
ciated with pregnancy outcomes. They also found that 3-beta-
hydrozystereoid dehydrogenase (HSD3b1), UPD-glucose pyro-
phosphorylase 2 (UGP2), and pleckstrin homology-like domain
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family A member 1 (PHLDA1) were correlated with embryo
quality with a positive pregnancy.

More recently, some investigators compared the cumulus cell
gene expression profiling of patients with live birth outcomes to
patients who were not born. Gebhardt et al. [52] identified sig-
nificant expression of VCAN, PTGS2, and EFNB2 in the cumulus
cells of oocytes with healthy live birth outcomes. CAMK1D, stan-
niocalcin-2 (STC2) were up-regulated in the pregnant groups [43].

Conclusion

Suitable interaction between the oocyte and the companion
somatic cells are important to the oocyte development and
embryos viability. It is a little clear that the oocyte has a vital role
in indicating the follicle growth and differentiation by the secre-
tion of paracrine growth factors. However, this is still a relatively
new field and much research remains on identifying OSFs and
their related genes. The overview of the results published in
studies evaluating somatic transcriptomes show limited con-
sensus on the identification of markers. The information about
these markers will aid improvement in pregnancy outcome in
the setting of IVF once the mechanism is fully understood.
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