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Abstract

Purpose Although significant improvements in assisted reproductive technology (ART) outcomes have been accomplished,
a critical question remains: which embryo is most likely to result in a pregnancy? Embryo selection is currently based on
morphological and genetic criteria; however, these criteria do not fully predict good-quality embryos and additional objec-
tive criteria are needed. The cumulus cells are critical for oocyte and embryo development. This systematic review assessed
biomarkers in cumulus-oocyte complexes and their association with successful IVF outcomes.

Methods A comprehensive search was conducted using PubMed, Embase, Scopus, and Web of Science from inception until
November 2022. Only English-language publications were included. Inclusion criteria consisted of papers that evaluated
genetic biomarkers associated with the cumulus cells (CCs) in humans and the following three outcomes of interest: oocyte
quality, embryo quality, and clinical outcomes, including fertilization, implantation, pregnancy, and live birth rates.
Results The search revealed 446 studies of which 42 met eligibility criteria. Nineteen studies correlated genetic and biochemi-
cal biomarkers in CCs with oocyte quality. A positive correlation was reported between oocyte quality and increased mRNA
expression in CCs of genes encoding for calcium homeostasis (CAMKID), glucose metabolism (PFKP), extracellular matrix
(HAS2, VCAN), TGF- family (GDF9, BMP15), and prostaglandin synthesis (PTGS2). Nineteen studies correlated genetic
and biochemical biomarkers in CCs with embryo quality. A positive correlation was reported between embryo quality and
increased mRNA expression in CCs of genes encoding for extracellular matrix (HAS2), prostaglandin synthesis (PTGS?2),
steroidogenesis (GREM1), and decreased expression of gene encoding for hormone receptor (AMHR?2). Twenty-two studies
assessed genetic and biochemical biomarkers in CCs with clinical outcomes. Increased expression of genes encoding for
extracellular matrix (VCAN), and TGF-f family (GDF9, BMP15) were positively correlated with pregnancy rate.
Conclusion Genetic biomarkers from cumulus cells were associated with oocyte quality (CAMKID, PFKP, HAS2, VCAN,
GDF-9, BMP-15, PTGS2), embryo quality (GREM 1, PTGS2, HAS2), and pregnancy rate (GDF9, BMP15, VCAN). These
results might help guide future studies directed at tests of cumulus cells to devise objective criteria to predict IVF outcomes.
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Introduction

Embryo selection yielding successful in vitro fertilization
(IVF) outcomes remains one of the major challenges of
assisted reproductive technology (ART). To date, embryo
selection is based on morphological criteria and chromo-
somal status [1, 2]. Preimplantation genetic testing (PGT)
has greatly improved the prediction of IVF outcomes,
however, the use of cumulus cells (CCs) biomarkers could
complement current technologies and further improve IVF
outcomes.

The use of cells around the oocytes to determine oocyte
and embryo quality has been on the rise. Granulosa cells
around oocytes differentiate into two different phenotypes
during follicular development: the cumulus cells (CCs)
surrounding the oocyte and the mural cells lining the fol-
licular antrum. While the latter is important for estrogen
production, cumulus cells are essential for oocyte devel-
opment. Luteinizing hormone (LH) and follicle-stimula-
tion hormone (FSH) surges lead to increased cAMP and
cGMP as well as extracellular matrix production in CCs
which results in their expansion to assist oocyte meiotic
resumption [3]. Communication between CCs and oocytes
is established via gap junctions which connect the cyto-
plasm of the oocytes to the CCs. Gap junctions between
the CCs and oocytes are present on specific structures
which are known as thin cytoplasmic projections called
transzonal projections (TZPs) [3]. The bi-directional com-
munication between the CCs and the oocytes through gap
junctions is fundamental to the regulation of oocyte matu-
ration by allowing the passage of cyclic nucleotides into
the oocyte from the CC. cAMP and cGMP regulate oocyte
maturation by preventing spontaneous meiotic activation
from the germinal vesicle before the ovulatory signal and
by enabling reinduction of meiosis after the ovulatory
signal. In turn, oocytes communicate with the CCs via
oocyte-secreted factors (OSFs) to dictate cumulus cell
differentiation and support their growth and maturation.
CCs, being in close proximity and communicating with
oocytes, may therefore reflect oocyte function, and qual-
ity, as well as embryo developmental potential. Under-
standing the role of CCs during follicular development
may help predict IVF outcomes including oocyte qual-
ity, embryo quality, chromosomal status, and clinical
outcomes. With the emergence of new technologies for
genotyping and gene expression analysis such as micro-
array, next generation sequencing (NGS), and reverse
transcription-polymerase chain reaction (RT-PCR), many
biomarkers have been identified and studied in the CCs
to help assess for oocyte and embryo quality [4]. These
biomarkers show promise in IVF success.

@ Springer

This systematic review evaluates the biomarkers from
cumulus cells that assess oocyte quality, embryo quality,
and IVF clinical outcomes such as fertilization, implanta-
tion, pregnancy, and live birth rates.

Methods
Study eligibility

Pre-clinical and observational studies reporting the role of
biomarkers of CCs in IVF outcomes in English language
were included. The IVF outcomes include oocyte quality,
embryo quality, and clinical outcomes such as fertiliza-
tion, implantation, pregnancy, and live birth rates. Review
articles, abstracts, unpublished, and animal studies were
excluded.

Patient selection criteria

Adults more than 18 years of age undergoing in vitro fer-
tilization (IVF) treatment for unexplained infertility were
included.

Types of outcomes measures

Primary outcomes included oocyte quality, embryo qual-
ity, and clinical outcomes such as fertilization, implanta-
tion, pregnancy, and live birth rates. Studies reporting one
or more of the primary outcomes were included.

Search strategy and data sources

The search involved the following databases: PubMed,
Embase, Cochrane, Web of Science, and Scopus, up until
November 2022. The search strategy is detailed in Supple-
mental Item 1. No organizations or individuals working in
the infertility field were contacted. The Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
reporting guidelines were followed [5].

Data extraction and management

Title and abstract screening were completed first. All arti-
cles meeting inclusion criteria were included, and the full
article was reviewed. Eligibility was assessed based on the
information provided by the article. Data was extracted in a
standardized sheet that included participant characteristics
and outcomes of interest.

The risk of bias in observational studies was assessed
using the Newcastle-Ottawa Scale (NOS). It was assessed as
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good, fair, or poor. Quality was evaluated by the assessment
of selection, comparability, and outcome categories.

Data was summarized narratively. The role of cumulus
cell biomarkers in IVF outcomes was reported.

Results
Search results

The initial search yielded 446 potentially relevant studies
that were identified. A total of 48 duplicates were removed
resulting in 398 studies for title and abstract screening.
Then, 240 studies were excluded. Overall, 157 articles were
retrieved for full-text screening of which 42 met inclusion
criteria (Fig. 1). Forty-two studies were included and pub-
lished between 2005 and 2022. Of which, 4 were pre-clin-
ical and 38 were observational studies (Table 1). Table 1
includes information on population and CCs sample size,
type of study evaluated, and methods used to assess out-
comes of interests. Oocyte quality was reported in 19 stud-
ies, embryo quality was reported in 19 studies, and clinical
outcomes were reported in 22 studies. A total of 1959 indi-
viduals participated in the included studies. They were all
adults between the ages of 22 and 45. They were diagnosed
with infertility, and all were seeking IVF treatment. The
quality of the included studies was assessed by the New-
castle Ottawa Scale and was found to be overall fair. Three
studies were of good quality whereas 31 were of fair quality
(Table 1).

Outcomes
Genetic biomarkers from cumulus cells and oocyte quality

Several studies examined the role of genetic biomarkers
in CCs in assessing oocyte quality. Table 2 summarizes
the association between CC biomarkers and oocyte qual-
ity. Nineteen studies investigated the association between
genetic biomarkers of CCs and oocyte quality. Three out
of 30 genetic biomarkers were examined by two or more
studies. These three biomarkers include genes encoding
for extracellular matrix (VCAN, HAS2) and genes encod-
ing for prostaglandin synthesis (PTGS2). Ekart et al., Shen
et al., and Wathlet et al. looked at the association between
VCAN and oocyte quality, and they all demonstrated that
decreased expression of VCAN was significantly associ-
ated with mature and competent oocytes (p < 0.0001; p =
0.024; p < 0.05, respectively) [20, 39, 43]. Ekart et al. and
Scarica et al. looked at the association between HAS2 and
oocyte quality [20, 38]. These studies showed contradictory
results. Both of them evaluated individual CC masses, the
discrepancy in results might stem from the use of different

housekeeping genes as controls for RT-PCR (B2M, UBC
genes vs RPLI9 gene, respectively) [20, 38]. Additionally,
Anderson et al., Scarica et al., and Wathlet et al. evaluated
the association between PTGS2 and oocyte quality. They
all found that increased expression of PTGS2 in CCs was
significantly associated with competent and mature oocytes
(p = 0.05) [7, 38, 43]. Anderson et al. found that a 4.7-fold
increased PTGS2 expression was significantly associated
with oocyte maturity (p = 0.001) [7].

A correlation between biomarkers and oocyte quality
has been established in several studies. Ito et al. found that
GSTTI, the gene encoding for Glutathione S-Transferases,
was negatively correlated with oocyte maturity (r =—0.31,
P < 0.05) [26]. Li et al. showed that BMP-15 and GDF-9
were positively correlated with oocyte maturity [30], with
a partial correlation coefficient of 0.345 (p < 0.001) and
0.353 (p < 0.001), respectively [30]. Scarica et al. found that
CAMKID, a gene responsible for calcium regulation, was
a strong parameter associated with oocytes’ developmental
potential with an area under the curve (AUC) of 0.78 (95%
CI0.67-0.89, p < 0.01) [38]. Shen et al. used multivariate
logistic regression to assess the correlation between PFKP, a
gene encoding for glucose metabolism, and oocyte maturity.
They found a positive correlation between PFKP and oocyte
maturity (p = 0.014) [39].

Genetic biomarkers from cumulus cells and embryo quality

Several studies examined the role of genetic biomarkers in
CCs in assessing embryo quality. Table 3 summarizes the
association between CCs and embryo quality. Nineteen stud-
ies investigated the association between genetic biomark-
ers of CCs and embryo quality. Three out of 31 biomarkers
were examined by two or more studies. These biomarkers
include genes involved in follicular development (GREM 1)
and genes encoding for prostaglandin synthesis (PTGS2)
as well as extracellular matrix (VCAN). Anderson et al.,
Cillo et al., and McKenzie et al. looked at the association
between GREM1 and embryo quality, and they all showed
that increased expression of GREMI was associated with
good-quality embryos [7, 14, 33]. McKenzie et al. further
studied the predictive value of GREM for embryo quality.
It was shown to be a predictor of embryo quality with area
under the curve (AUC) 0.81 (95% CI 0.71-0.90) [33]. They
also found that a 5.2-fold increased relative expression of
GREM 1 yields sensitivity and specificity for embryo qual-
ity of 83% and 81%, respectively [33]. Although the asso-
ciation evaluated by Anderson et al. between GREM 1 and
embryo quality was not significant (p = 0.09), they found
a significant positive predictive ability of embryo quality
with AUC 0.61 (95% CI 0.53-0.70, p = 0.012). Ander-
son et al. and McKenzie et al. looked at the association
between PTGS2 and embryo quality. They both found that
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Identification of studies via databases ]

Identification

Screening

Studies identified from:
Databases (n = 446)

> Duplicate records removed

!

Studies screened

| Studies excluded

(n = 398)

Studies sought for retrieval

— | Studies not retrieved

(n = 158)
'

Studies assessed for eligibility
(n=158)

Studies added through manual
search (n=5)

N Abstract (n = 43)

Studies included in review
(n=42)

Fig. 1 PRISMA identification of studies flowchart

increased expression of PTGS2 in CCs was significantly
associated with good-quality embryos (p < 0.05) [7, 43].
McKenzie et al. also showed that PTGS2 could be a pre-
dictor of embryo quality and that combining PTGS2 and

@ Springer

Studies removed before screening:

(n=48)

(n = 240)

(n=0)

Studies excluded:

Wrong outcomes (n = 25)
Wrong comparator (n=1)
Wrong intervention (n=12)
Wrong study design (n=17)
Language not English (n=1)
Article not accessible (n=15)
Wrong population (n=7)

GREM 1 would improve the predictive value for embryo
development compared to GREM1 alone (AUC 0.82 vs
0.81, respectively), however, results were not significant
[33]. Two studies examined the association between VCAN
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_ and embryo quality [24, 39]. Hammond et al. found that
= increased expression of VCAN was significantly associ-
Er ated with good-quality embryos [24], however, Shen et al.
gz showed that decreased expression of VCAN was associated
§ 2 with good-quality embryos [39]. Contradictory results could
_gx é % stem from different methods used to isolate cumulus cells
ZISE (enzymatic denudation using hyaluronidase enzyme vs
- e 5 o mechanical denudation, respectively).
2 - § é 7 LS RSB é’ Several studies evaluated the predictive value of dif-
<ZC % & .E 2 é %’ % g E % E g ferent biomarkers for embryo quality. Desquiret-Dumas
Qé E j i 4 = 5 E2 E L: E E 2 et al. found that mitochondrial DNA (mtDNA) of CCs was
3 % § § g k=t gjs’ =255 2 g § . a positive predictor of embryo quality (AUC 0.806, 95%
2885552258385 322¢ CI 0.719-0.869) [18]. Anderson et al. showed a signifi-
E g SESASECIR - e s§20x5¢2m cant negative predictive value of BDNF for embryo quality
" (AUC 0.40,95% CI1 0.32-0.49) [7]. Devjak et al. showed that
% AMHR?2 could predict embryo quality, the binary logistic
2 regression model yielded AUC 0.69 + 0.08 [19]. McKenzie
= = et al. also found that increased HAS2 expression could act as
g :é a predictor of embryo quality, AUC 0.76 (95% CI 0.65-0.88)
E E [33]. Baratas et al. also showed that the cumulus cell DNA
2 fragmentation index (CCDFI) was negatively correlated to
o E é embryo development [10]. Receiver operator characteris-
g § o ; § tics curves (ROC) suggested that a cut-off value of 20.3%
5, % Q 2 4q CCDFI with a sensitivity of 71.2% and a specificity of 61%
2 (85283 § Py was able to predict embryo quality [10].
PR EE £E
= | @ £ g : s
5 = Genetic and morphological biomarkers from cumulus cells
L g S and clinical outcomes
g 'Fg E % Several studies examined the role of genetic biomarkers in
g5 £ g‘ CCs in assessing clinical outcomes including implantation,
% § E) .§ % pregnancy, fertilization, and live birth rates. Table 4 sum-
a8: = 8 % & marizes the association between CCs biomarkers and IVF
. = % clinical outcomes. Twenty-two studies evaluated the asso-
o - g § 8 ciation between genetic biomarkers in CCs and IVF clinical
QE o g g g ;;3 g outcomes. Six out of 41 biomarkers were examined by two
E é 2 E E 9 :i or more studies. These six biomarkers include gene encod-
S g § £ . EI e ing for calcium-binding protein (CALM 1), for extracellular
é é e} ;é 5 b g matrix (VCAN), for prostaglandin synthesis (PTGS2), for
el g 2z Ephrin B2 receptor (EFNB2), for regulation of inflam-
o % g mation (PTX3) and for G-protein signaling (RGS2). Two
s|[ES Fo z2 studies looked at the association between CALM I and preg-
s15 § L§ gl % g nancy rate [8, 37]. Although Assidi et al. found a significant
E E g ii 3 = association between pregnancy rate and increased CALM I
% g E ® % E)‘) ‘l;), expression (p < 0.05), Papler et al. did not find any associa-
E § 2 2m § § tion between the two (p = 0.63) [8, 37]. The discrepancy in
3 2 results could stem from different housekeeping genes used as
= = 5 RT-PCR control (ACTB, PPIA vs GAPDH, respectively) [8,
é [é RO 37]. Four studies examined the association between VCAN
§ E ER and clinical outcomes [20, 23, 37, 39]. Shen et al. showed
= 5 g g E that decreased VCAN expression in CCs was significantly
% g 2 o § associated with increased implantation rate (p < 0.05) [39].
CRERIS 8 7 Both Gebhardt et al. and Ekart et al. showed that increased
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VCAN expression was associated with increased pregnancy
and live birth rate; (p = 0.02) and (p < 0.05), respectively
[20, 23]. However, Papler et al. did not find any association
between VCAN and clinical outcomes [37]. The aforemen-
tioned studies evaluated individual CC masses, and the dif-
ference in gene expression could be due to other factors. For
instance, Papler et al. used a needle and glass denudation
pipette to separate the cumulus-oocyte complexes, while
Shen et al., Gebhardt et al., and Ekart et al. used hyaluroni-
dase enzyme, which could alter gene expression [20, 23, 37].
Another reason for the discrepancy in results could be attrib-
uted to the different housekeeping genes used as controls
for RT-PCR (B-Actin vs GAPDH vs RPL19, respectively).
Two studies evaluated the association between RGS2 and
pregnancy rate [22, 36]. While Feuerstein et al. found a sig-
nificant positive association between RGS2 and pregnancy
rate (p < 0.05) [22], Papler et al. did not [37]. Both stud-
ies used different controls for RT-PCR (GAPDH vs NTC,
respectively) [22, 37]. Two studies investigated the associa-
tion between PTGS2 and clinical outcomes [23, 37]. Geb-
hardt et al. found a significant positive association between
PTGS?2 and pregnancy and live birth rates (p < 0.02), but
Papler et al. did not find any significant association between
the two [23, 37]. The difference in gene expression could
be due to the different methods used to separate the cumu-
lus-oocyte complexes. Gebhardt et al. used hyaluronidase
enzyme while Papler et al. used the mechanical denudation
method [23, 37]. To note, both studies evaluated individual
CC masses. Two studies examined the association between
EFNB?2 and pregnancy rates [36, 44]. Wathlet et al. found
that increased expression of EFNB2 was significantly associ-
ated with pregnancy rate [44], however, Papler et al. showed
that decreased expression of EFNB2 was associated with
increased pregnancy rate [36]. Contradictory results could
stem from different endogenous genes used as RT-PCR
control (UBC, B2M vs GAPDH, respectively) and different
methods used to isolate cumulus cells (enzymatic denuda-
tion using cumulase enzyme vs mechanical denudation using
needle and glass denudation pipette). Two studies evaluated
the association between PTX3 and clinical outcomes [23,
46]. Gebhardt et al. found that 2.1-fold increased expression
of PTX3 in CCs was associated with increased live birth
rate, although not significant (p = 0.06) [23]. Zhang et al.
found that increased expression of PTX3 was significantly
associated with increased fertilization rate (p < 0.01) [46].

Several studies evaluated the predictive value of dif-
ferent biomarkers for clinical outcomes. Anderson et al.
showed a predictive value of BDNF for normal fertiliza-
tion of AUC 0.39 (p = 0.001) [7]. The area under the
ROC curve of GDF9 mRNA for pregnancy prediction was
0.816 (0.757-0.875) with a cut-off value of 4.82, a sen-
sitivity of 82%, and a specificity of 64% [30]. The area
under the ROC curve of BMPI15 mRNA for pregnancy
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prediction was 0.746 (0.671-0.821) with a cut-off value
of 2.60, a sensitivity of 78%, and a specificity of 52% [30].
GDF9 and BMP15 genes belonging to the TGF-  family
were positively associated with pregnancy rate (p < 0.05)
[30]. A live birth prediction model established by Wathlet
et al. showed that the combination of the following genes
(EFNB2, CAMKID, STC1, GPX3, and GSTA3) resulted in
an AUC of 0.93 [44].

Discussion

This systematic review summarized the role of multiple
biomarkers of CCs in assessing IVF outcomes, includ-
ing oocyte quality, embryo quality, and clinical outcomes
such as fertilization, implantation, pregnancy, and live
birth rates. Most pertinent findings include the positive
correlation between oocyte quality and increased mRNA
expression of genes encoding for glucose metabolism
(PFKP), calcium homeostasis (CAMKI1D), extracellular
matrix (HAS2, VCAN), TGF-B family (BMP15, GDF9),
and prostaglandin synthesis (PTGS2). Genes encoding for
glucose metabolism are important for oocyte maturation
as the metabolic demands of CCs increase to help sup-
ply the oocyte maturation process [39]. Genes encoding
for calcium homeostasis are crucial for sustaining differ-
ent metabolic functions leading to competent oocytes.
For instance, CAMKID, which is a gene encoding for a
member of the Ca/Camodulin-dependent protein kinase 1
subfamily of serine/threonine kinases, has been involved in
many regulatory processes in the CCs such as regulation of
steroidogenesis during folliculogenesis as well as glucose
metabolism [38]. It has also been suggested that CAMKID
has anti-apoptotic properties which might also assist the
oocyte maturation process [38]. The upregulation of both
the PTGS2 gene encoding for prostaglandin synthesis and
of HAS2 as well as VCAN—genes encoding for extracel-
lular matrix—contributes to CCs expansion during meiotic
resumption and oocyte maturation [38]. BMP-15 protein
binds to the receptors bone morphogenetic protein recep-
tor type II (BMPRII) and ALK6, whereas GDF-9 binds
to TGF-B type I receptor kinase (ALKS) and BMPRII.
Increased levels of both BMP-15 and GDF-9 result in the
development of oocyte and embryonic competence by acti-
vating the SMAD signaling pathway [3]. The SMAD path-
way induces the expression of several transcripts in the
cumulus cells involved in extracellular matrix synthesis
(HAS?2) and steroidogenesis which might promote good-
quality embryo development [3]. Out of the 30 biomarkers
studied for the assessment of oocyte quality, only 3 genetic
biomarkers have been addressed in two or more studies.
The lack of reproducibility of results as well as the dif-
ferences in study methods make it difficult to validate the
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Table 2 Summary of studies that evaluated the association of genetic biomarkers from cumulus cells with oocyte quality

Authors CCs sample size Oocyte quality Biomarkers Mature/ Immature/
competent incompetent
oocytes oocytes

DNA biomarkers

Cheng et al. [13] 350%* Mature oocyte defined by the pres-  Telomere length 1 l
ence of the first polar body

RNA biomarkers
Anderson et al. [7] 674% Mature oocyte defined by the pres-  PTGS2 mRNA 1 l
ence of the first polar body and the
absence of germinal vesicle
Bartolucci et al. [11] - Mature oocytes in metaphase 11 MIR-21-5p 1 |
Daei-Farshbaf et al. [15] - Mature oocyte defined by the pres-  PPP3CB mRNA ) l
ence of the first polar body
Ekart et al. [20] 270%* Mature oocytes in metaphase 11 VCAN mRNA | )
HAS2 mRNA ! t
Ito et al. [26] 43 - GSTTI mRNA | 1
Liet al. [30] 242 Mature oocyte defined by the pres-  GDF9 mRNA 0 |
ence of the first polar body BMPI5 mRNA 1 !
Lietal. [31] 308 Mature oocyte defined by the pres-  GJAI mRNA | )
ence of the first polar body SERPINE? mRNA 1 1
Montazeri et al. [34] - - AMHR2 mRNA l 1
FSHR mRNA l t
Scarica et al. [38] 75% - PTGS2 mRNA 1 l
CAMKID mRNA ) l
HAS2 mRNA ) l
Shen et al. [39] 354%* Mature oocyte defined by the pres- PFKP mRNA 1 l
ence of the first polar body PKM2 mRNA 1 l
VCAN mRNA l 1
Wathlet et al. [43] 42% Fertilization or 2 PN PTGS2 mRNA 1 1
VCAN mRNA l 1
Yao et al. [45] 187* - PTEN mRNA l 1
Zhou et al. [47] 340 - ARRBI mRNA l t
LGR4 mRNA l t
SMC2 mRNA l T
Protein biomarkers
Alfaidy et al. [6] 52% Oocyte competence defined as the PROKI1 1 |
ability to reach the blastocyst stage
Demiray et al. [17] 60* Mature oocyte defined by the pres- BMP2 1 l
ence of the first polar body
Tanriverdi et al. [40] - Mature MII oocytes defined as hav-  Notchl, notch2, notch3, - -
ing clear cytoplasm, normal cell notch4, jagged1, and
size, normal zona pellucida, and jagged2
non-fragmented polar body
Degradation biomarkers
Baratas et al. [10] 130* - CCDFI l 1
Bosco et al. [12] - - pAKT/DFI ratio 1 |

CCDFI cumulus cells DNA fragmentation index, CC cumulus cells, /CSI intracytoplasmic sperm injection, /VF in-vitro fertilization, mtDNA
mitochondrial DNA, MII metaphase 1I, PGT-A preimplantation genetic testing for aneuploidy, R7-PCR reverse transcription polymerase chain
reaction

Bold arrows denote statistically significant results
*Individual CCs
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Table 3 (continued)
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&5 8
£3 5
S &8
O 2 o

Biomarkers

CCs sample size Embryo quality

Authors

Springer

Degradation biomarkers

CCDFI

130*

Baratas et al. [10]

CCDFI cumulus cells DNA fragmentation index, CC cumulus cells, CGC cumulus granulosa cells, /CSI intracytoplasmic sperm injection, /VF in-vitro fertilization, mtDNA mitochondrial DNA,

PGT-A preimplantation genetic testing for aneuploidy, RT-PCR reverse transcription polymerase chain reaction

Bold arrows indicate statistically significant results

*Individual CCs

association between the studied biomarkers and oocyte
quality.

A positive correlation was found between embryo qual-
ity and increased mRNA expression of genes encoding
for extracellular matrix (VCAN, HAS2), hormone receptor
(AMHR?2), prostaglandin synthesis (PTGS2), and GREM1.
PTGS?2 is a gene encoding for an enzyme involved in pros-
taglandin synthesis and is important for oocyte maturation
and eventually good-quality embryo formation [7]. GREM 1
is a BMP antagonist and plays a role in embryonic devel-
opment. Curran et al. showed that mice embryonic fibro-
blasts (MEFs) lacking both copies of GREM1 resulted in
increased cell growth and proliferation in the absence or
presence of growth factors and accelerated wound closure. It
is also involved in the limb development process and angio-
genic sprouting of endothelial cells [48]. Low expression
of genes encoding for hormone receptors such as AMHR2
is indicative of good oocyte quality because AMH triggers
primordial follicle recruitment [34]. This function is not
needed once maturity is reached, hence the low expression
of AMHR?2 in CCs. This also shows that oocyte maturity
is a prerequisite for high-quality embryo formation. Only
two biomarkers for assessment of embryo quality have been
studied in two or more studies and they both highlight the
positive association between GREM 1, PTGS2, and embryo
quality. However, more studies are needed to replicate the
results and find additional biomarkers that could accurately
assess embryo quality.

A positive correlation was also found between preg-
nancy rate and genes encoding for calcium-binding protein
(CALM1), extracellular matrix (VCAN), regulation of G-pro-
tein signaling (RGS2), prostaglandin synthesis (PTGS2),
Ephrin B2 receptor (EFNB2), and regulation of inflamma-
tion (PTX3). CALM1 is a gene that encodes for calcium-
binding protein and it is associated with increased pregnancy
rate, however, its predictive value for pregnancy outcomes
remains debatable. Downstream targets of GDF-9 including
PTGS?2 were correlated with increased pregnancy rate which
aligns with the findings of a systematic review conducted by
Sirait et al. found that increased expression of genes belong-
ing to the TGF- B family (GDF9, BMP15) in cumulus cells
was associated with good-quality oocyte and increased preg-
nancy rate [4]. Increased expression of the TGF- 3 fam-
ily (GDF9, BMP15) results in the activation of the SMAD
signaling pathway which promotes the expression of several
genes encoding for steroidogenesis and extracellular matrix
synthesis which are associated with good-quality embryo
and increased pregnancy rate. Interestingly, Ocampo et al.
proposed a model to assess the association between the
combination of PTGS2 and VCAN with pregnancy rate and
showed that a high PVL index—which evaluates increased
expression of both genes—was associated with increased
clinical pregnancy [49]. Additional studies are needed to
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Table 4 Summary of studies that evaluated the association of genetic biomarkers from cumulus cells with IVF clinical outcomes

Authors CCs sample size Biomarkers Fertili- Implan- Pregnancy rate Live birth rate
zation  tation
rate rate
DNA biomarkers
Cheng et al. [13] 350* Telomere length 1 -
Taugourdeau et al. [41] 84 mtDNA - 1 - -
RNA biomarkers
Anderson et al. [7] 674 * BDNF mRNA l - - -
GREM I mRNA - - 1 -
Assidi et al. [8] 6* DPP8, HISTIH4C, UBQLNI, - - 1 -
CALMI, NRP1, PSMD6 mRNA
Assou et al. [9] 50%* BCL2L11, PCKI mRNA - - 1 -
NFIB mRNA - - l -
Daei-Farshbaf et al. [15] - ORI0OH2 mRNA 1 - - -
Ekart et al. [20] 270%* VCAN mRNA - - )
Feuerstein et al. [22] 56* RGS2 mRNA - - 1 -
Gebhardt et al. [23] 38%* PTGS2, VCAN mRNA - - 1 )
PTX3 mRNA - - - )
Kim et al. [27] - LDLR, StAR mRNA - - 1 -
ADCY and HSD17B mRNA - l -
Kordus et al. [28] 163 PAPPA mRNA - - - 1
AREG mRNA - - - l
Li et al. [30] 2426 GDF9 mRNA t - ) -
BMP15 mRNA 1 - ) -
Lietal. [31] 308* PRSS35 mRNA 1 - - -
Papamentzelopoulou et al. [35] - LHR mRNA - - 1 -
Papler et al. [36] 43%* EFNB2 mRNA - - l -
RGS2 and VCAN mRNA - - - -
Papler et al. [37] 55% CALM1, HIPK1, ITM2A, KHDRBS3, - - - -
KRT6A, NUDTI0, PTGS2, TBX6,
TMEMG64, WRB mRNA
Shen et al. [39] 354%* VCAN, PKM2 mRNA l
Wathlet et al. [44] 47%* EFNB2, CAMKID, GSTA4, GSR - 1
mRNA
Yao et al. [45] 187* PTEN mRNA l - - -
Zhang et al. [46] 98* PTX3 mRNA t - - -
Protein biomarkers
Fang et al. [21] - Cited2 | | 1 -
Matos et al. [32] - SOD - - 1 -

CC cumulus cells, ICSI intracytoplasmic sperm injection, IVF in-vitro fertilization, PGT-A preimplantation genetic testing for aneuploidy, R7-
PCR reverse transcription polymerase chain reaction, NGS next-generation sequencing

Bold arrows indicate statistically significant results
*Individual CCs

validate the predictive value of the biomarkers associated
with clinical outcomes.

A number of studies quantitated the association between
genetic biomarkers in CCs and oocyte quality, embryo qual-
ity, and I'VF clinical outcomes. However, only 10 out of 42
studies validated this association and predictive value using
statistical tests such as correlation coefficient and AUC.

Studies included in this review evaluated the association
between a variety of genetic biomarkers and oocyte quality,
embryo quality, and IVF clinical outcomes including fertiliza-
tion, implantation, pregnancy, and live birth rates. Despite the
evident strengths of this review like the comprehensiveness,
there are certain limitations. The outcomes of interests includ-
ing oocyte quality, embryo quality, and clinical outcomes are
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defined with variability among different studies which limits
cross-study comparison and meta-analysis performance. The
inclusion of low-quality studies is another potential limitation
of this study. Although all studies reported the IVF proto-
cols utilized, the use of different protocols makes it difficult
to evaluate their effect on IVF outcomes. The sample size
used in 10 out of 42 studies is small, which could hinder the
generalizability of the results. Also, patient characteristics
differ among studies which adds to the heterogeneity of the
presented data. Finally, CCs were obtained variably in the
included papers. Some CCs were exterior cells cut away from
the oocyte with needles, others were removed by treatment
with hyaluronidase. The latter group contains CCs with inti-
mate contact with the oocytes whereas the others do not.

Conclusion and future perspective

The findings detailed in this systematic review highlight
an important correlation between biomarkers from cumu-
lus cells and oocyte/embryo quality, as well as IVF clini-
cal outcomes. These findings could help to develop a larger
prospective study that would help determine the predictive
value of CC biomarker levels whether individually or com-
bined to potentially devise tests for cuamulus cell biomarkers
that would help select the best quality oocyte or embryo for
uterine transfer with the highest odds of yielding pregnancy
and live birth. Analyzing CC biomarkers offers a non-inva-
sive approach to understanding oocyte and embryo quality
and implementing this method would help fulfill the growing
need to identify the best quality oocyte for cryopreservation
and donor egg banking as well as the best quality embryo
for freezing and successful clinical outcomes. Biomarkers
evaluated in this review could potentially complement cur-
rent morphological and genetic criteria to determine the
quality of oocytes, embryos, and IVF outcomes.
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