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Abstract

Metadata analysis of public microarray datasets using bioinformatics tools has been successfully used in several biomedical
fields in the search for biomarkers. In reproductive science, there is an urgent need for the establishment of oocyte quality
biomarkers that could be used in the clinical environment to increase the chances of successful outcomes in treatment cycles.
Adaptive cellular processes observed in cumulus oophorus cells reflect the conditions of the follicular microenvironment and
may thus bring relevant information of oocyte’s conditions. Here we analyzed human cumulus cells gene expression datasets
in search of predictors of oocyte quality, a strategy which uncovered several cellular processes positively and negatively
associated with embryo development and pregnancy potential. Secondly, the expression levels of genes that were present in
the majority of processes observed were validated in house with clinical samples. Our data confirmed the association of the
selected biomarkers with blastocyst formation and pregnancy potential rates, independently of patients’ clinical characteris-
tics such as diagnosis, age, BMI, and stimulation protocol applied. This study shows that bioinformatic analysis of cellular
processes can be successfully used to elucidate possible oocyte quality biomarkers. Our data reinforces the need to consider
clinical characteristics of patients when selecting relevant biomarkers to be used in the clinical environment and suggests a
combination of positive (PTGS2) and negative (CYPBI) quality biomarkers as a robust strategy for a complementary oocyte
selection tool, potentially increasing assisted reproduction success rates. Also, GPX4 expression as pregnancy potential
biomarker is indicated here as a possibility for further investigations.

Keywords Cumulus oophorus cells - Bioinformatic - Oocyte quality - Blastocyst formation - IVF - Functional enrichment
analysis

Introduction

Despite its exponentially increasing popularity, the rate of
assisted reproduction technique (ART) success is still rel-
atively low (around 23%) [43] and the outcome is hardly
predictable. In this scenario, appropriate oocyte selection
would improve in vitro fertilization outcomes, limit embryo
overproduction, and abbreviate time for fake-home babies.
Nowadays, oocyte selection relies mainly in morphological
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analyses [60], which is not an unbiased method and may fail
to reveal the gamete real competence status [10, 11].

Cumulus oophorus cells (CCs) are somatic cells that sur-
round the oocyte in the antral follicle. These cells represent
the interface of the gamete with the ovarian environment
[56]. Connected to the oocyte through several special-
ized junctions, the CCs deliver essential compounds to the
oocyte, receive metabolic products from the gamete, and
protect [4, 67] and participate in the oocyte maturation pro-
cess [5, 44]. Therefore, analysis of CCs may provide valu-
able information on the quality and genetics [32, 33] of the
oocyte and its environment. Since CCs are discarded before
fertilization by intracytoplasmic sperm injection (ICSI)
procedure, the use of CC offers no ethical barriers, being
a non-invasive, easy-to-access surrogate tissue for oocyte
evaluation.
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Gene expression patterns in CCs have previously been
considered a predictive tool for oocyte quality in several
studies [1, 9, 23, 27, 28, 31, 38, 45, 51, 62, 66, 70, 73].
However, there is little consensus about which biomarkers
would actually be clinically relevant [16, 37, 48, 50, 57, 65].
This might be a consequence of the strong influence that the
patient characteristics (such as diagnosis, age, body mass
index (BMI), and stimulation protocol applied) have over
oocyte’s and CC’s biology, as observed when the same bio-
markers were analyzed in different clinical profiles [7, 8, 15,
17, 19, 22, 30, 39, 49, 66, 76]. Thus, biomarkers for oocyte
quality that considers individual patient’s characteristics are
highly needed and still not available.

In this context, high-throughput genomic scanning
technologies, such as microarray gene expression analy-
sis, allow the study of a large variety of gene expres-
sion patterns, obtaining a systemic understanding of sev-
eral biological phenomena and conditions [14, 20, 71].
Besides facilitating the identification of differentially
expressed genes (DEGS) in various conditions, it is possi-
ble to extract biological features/meaning associated with
groups of DEG (such as molecular and cellular processes
that analyzes the differences through functional enrich-
ment analyses). These approaches increase the likelihood
of identifying biological processes and markers most rele-
vant to the event of interest, saving time and resources by
enabling data-driven hypothesis generation and research
[40], and have been applied successfully in distinct fields,
such as neuroscience [21, 58, 71] and oncology [13]. Fur-
thermore, this kind of analysis can drastically abbreviate
research costs and time, since it can be done with public
available datasets, and provide a very robust approach to
search for possible targets to be validated in the labora-
tory, identifying not only the most expressed genes but
also the genes involved in the majority of biological pro-
cesses responsible for the success of the outcome of inter-
est [12, 24, 47, 75].

Here, we performed functional enrichment analyses in
human CC datasets in order to identify a novel and robust
technique for enlightment of cumulus-oocyte-embryo
dinamic and to determine if this approach could be applied
for biomarker selection, highlighting biologically relevant
genes, representatives of complex processes, that could fur-
ther be easily targeted in the clinical environment for several
patient profiles. Afterwards, selected genes were experimen-
tally validated in house with patient samples as possible
oocyte quality biomarkers. In this sense, we also took into
consideration patients’clinical caracteristics. This approach
uncovered relevant biomarkers that can be used as a support
tool for oocyte selection in clinical scenario.

Materials and Methods
Microarray Data Acquisition

The entire bioinformatics pipeline was conducted in R
statistical environment [59] with Bioconductor packages
[42], and is summarized in Figure S1.

Microarray datasets were obtained from Gene Expres-
sion Omnibus (GEO) public platform [12], under the
accession numbers GSE37277 [30] and GSE55654 [16].
Data acquisition was done using the GEOquery package
[63]. Inclusion criterion was human CC microarray data
related to oocyte quality. Sample classification into good
quality group (GQ) or in poor quality group (PQ) in each
dataset is summarized in Fig. S1 and Fig. 1A.

Differentially Expressed Genes and Functional
Enrichment Analysis

For each dataset, uninformative probes were removed and
duplicated probes were filtered according to their variance
using genefilter package [36]. Next, LIMMA package [61]
was used to assess the DEGs for good versus poor oocyte
quality comparisons, according to the group definitions in
each study. Thus, positive log fold change (1ogFC) values
represent genes upregulated in good-quality oocytes and
negative logFC values genes upregulated in poor-quality
oocytes. For subsequent analyses, we limited our study to
DEG showing an absolute expression fold change of 1.5
and above (Supplementary Tables S1, S2, S3, and S4).

Finally, for the functional enrichment analysis (FEA),
we divided the DEG list into positive and negative and
employed the FGNet package [3, 6] and topGO feature for
biological processes, with a significance cutoff threshold
of 0.001 and node size 50. The network graphical repre-
sentation of FEA results were built using RedeR package
[18].

Ethical Considerations

This study was approved by the Research Ethics Commit-
tee (#68081017.2.0000.5347). CCs were obtained as waste
products of a local fertility clinic’s ICSI procedures and
had no other destination beyond the experiments described
here. They were supplied anonymously to the laboratory
after the patient signed an informed consent.

Patients and Samples

All patient samples were retrieved from the local fertility
clinic. Sample collection is summarized in Fig. 1.
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Pooled CC samples

39 samples from 39 patients

PTGS2, CYP1B1, ANXA1, CCL5,
GST1 and GPX4 expression

GPX4 and PTGS2 expression

644
A microarray data
Public available data (GSE55654/GSE37277)
Individual CC samples
29 samples/80 samples
18 samples FO 11 samples FF
40 samples B 40 samples AD
Functional Enrichment Analysis
RT-qPCR data
C
Individual CC samples
31 samples from 11 patients
PTGS2 expression  CYP1B1 expression
26 pairs 15 pairs 11 SETs
16 samples B 10 samples B 6 samples + B-HCG
13 samples AD 9 samples AD 5 samples - B-HCG

Fig.1 Samples flowchart. (A) 29 and 80 individually collected sam-
ples were included in microarray data obtained from GSE55654 and
GSE37277. Probes were filtered and differentially expressed genes
(DEGs) were assessed through log fold change (IogFC) values. Sam-
ples were categorized according to successful fertilization (FO, n=18)
and blastocyst formation (B, n=40) or failed to fertilize (FF, n=11)
and arrested development (AD, n=40) from the corresponding oocytes
after fertilization. (B) 39 pooled CC samples from all follicles of 39
patients were collected for analysis of PTGS2, CYPIBI, ANXAI,
CCL5, GSTI, and GPX4 expression levels. (C) Individual samples
included at q-rtPCR experimental phase. 31 individually collected CC
samples from 31 follicles of 11 patients were included in this study.
PTGS?2 expression levels were determined in 16 samples derived from
follicles whose oocytes developed into blastocysts (B) 5 days after fer-
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tilization and 13 samples whose oocytes presented an arrested devel-
opment (AD) after fertilization. For CYPIBI expression levels, 10
samples were included in the B group and 9 in the AD group. GPX4
expression levels could be analyzed in 11 samples from 11 patients
submitted to single-embryo transfer (SET): 6 samples related to suc-
cessful implantations (+PHCG) and 5 samples that failed to implant
(=PBHCG). The analysis was made through paired tests combining
samples from the same patient. PTGS2 expression levels could also
be analyzed in 6 samples from 6 patients submitted to single-embryo
transfer (SET): 3 samples related to successful implantations (+ pHCG)
and 3 samples that failed to implant (— BHCG). The analysis was made
through paired tests combining samples from the same patient
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Seventy CC samples from 50 patients were included
in the validation phase of this study. Since individual
collection of CCs requires a longer manipulation time
of oocytes, two types of sample collection were used to
minimize the influence of the study: pooled CC samples
from all follicles of the same patient and individually col-
lected cumulus complexes from each follicle. Therefore,
pooled samples were used for analysis of patient-related
characteristics, since those are not affected by the oocytes,
and individually collected samples were used for analysis
of oocyte-related and intra-patient characteristics. Thirty-
nine patients provided pooled samples, with all CC being
collected from all cumulus-oocyte complex (COC) of the
patient during the same stimulation cycle. Eleven patients
provided 31 individualized CC samples, composed of CC
from each COC retrieved during a single stimulation cycle.
Clinical information about age, infertility diagnosis, BMI,
and ovarian stimulation protocol of samples were retrieved
from patient records, and are listed in Table 1.

The corresponding oocytes were tracked and the number
of retrieved, injected, and fertilized oocytes were computed.
Embryos were tracked individually until day 5 of culture and
analyzed for developmental capacity. For pooled samples,
samples containing >50% CCs corresponding to oocytes
that generated embryos presenting a well-defined blastocoel
at day 5 and considered top quality blastocysts (using Gard-
ner criteria) [34] were classified as blastocysts (B). Sam-
ples containing < 50% CCs corresponding to oocytes that
did not generate embryos that reach blastocyst stage and did
not present a blastocoel were classified as arrested develop-
ment (AD). Of the 39 pooled samples, 23 corresponded to
women who were submitted to embryo transfer and were
analyzed for f-HCG detection at day 14 after transfer and
were divided between positive and negative groups. All the
corresponding embryos from the 31 individualized CC sam-
ples were accompanied until day 5 of culture after ICSI, and
samples were characterized according to the embryo devel-
opment potential (blastocyst formation or arrested develop-
ment) and f-HCG results when single embryo transfer was
performed.

Ovarian Stimulation and Luteal Phase Support

Controlled ovarian stimulation followed the methods
adopted by the clinic (Table 1), which consisted of short
protocols, with administration of gonadotropin-releasing
hormone (GnRH) antagonist (Orgalutran®, Schering-
Plough, Brazil), or the GnRH agonist, with or without
recombinant (Puregon®, Organon, Holland) or urinary
follicle-stimulating hormone (FSH) (Fostimon®, IBSA
Institut Biochimique S.A., Switzerland), and human highly
purified menopausal gonadotropin (HP-hMG) (Menopur®,
Ferring Pharmaceuticals, Copenhagen, Denmark), with or

Table 1 Clinocopatological information of cumulus oophorus sam-
ples

Pooled samples (n=39)
Age (years)

Mean (min.—max.) 35.30 (2542)
Median 42

Body mass index

Mean (min.—max.) 24.62 (20.28-33.05)

Median 24.61
Diagnosis

Male factor 14

Endometriosis 3

Polycystic ovary 4

Tubarian factor 14

Other

Stimulation protocol
Short (GnRH antagonist+ FSH+hMG) 26
Short (GnRH antago- 11
nist+FSH+hMG + CC) 2
Long (GnRH agonist+ FSH)

Individual CC samples (from 10 patients) (n=29)

Age (years)
Mean (min.—max.) 33.9 (29-39)
Median 335

Body mass index

24.10 (15.98-32.25)
24.24

Mean (min.—max.)

Median
Diagnosis

Male factor

Endometriosis

Polycystic ovary

Tubarian factor

o=

Stimulation protocol

Short (GnRH antagonist+ FSH+hMG) 2
Short (GnRH antago- 5
nist+FSH+hMG + CC) 1
Short (GnRH agonist+FSH +CC) 1
Short (GhRH antagonist+LH) 1
Short (GnRN antagonist + hMG)

Thirty-nine pooled samples from 39 patients and 29 individual sam-
ples from 10 patients were considered in the experimental phase of
this study. BMI body mass index, GnRH gonadotropin-releasing hor-
mone, FSH follicle-stimulating hormone, AMG human menopausal
gonadotropin, CC clomiphene citrate, LH luteinizing hormone

without clomiphene citrate (Clomid®, Medley, Brazil).
Long protocol (approximately 30 days) was also used with
some patients, with GnRH agonist and FSH.
Ultrasonography follow-up of the cycle initiated on the
seventh day of stimulation was performed daily or at every
2 days, and the gonadotropin dose was adjusted accord-
ing to the follicular growth observed (between 225 and
300 IU). About 34 to 36 h after administration of recom-
binant human chorionic gonadotropin (HCG) (Ovidrel®,
Serono, Brazil), each patient underwent oocyte retrieval
under intravenous sedation with propofol (Diprivan®,
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AstraZeneca, Brazil) and fentanyl citrate (Fentanyl, Jans-
sen-Cilag, Brazil).

Oocyte Retrieval

Follicle aspiration was performed with ultrasonography
with a 5-MHz transvaginal transducer coupled to a puncture
guide. Retrieved COCs were placed on cell culture plates
(2004 FI1V; Ingamed, Brazil) filled with human tubal fluid-
HEPES culture medium (HTF) (Irvine Scientific, USA) sup-
plemented with 10% synthetic serum substitute (SSS; Irvine
Scientific), covered with mineral oil (Sigma-Aldrich, Brazil),
and incubated at 37 °C in 5.8% CO, and 95% humidity for
2 h. After this period, the oocytes were denuded by exposure
of COC to hyaluronidase (H4272 type IV-S, Sigma; 40 U/
mL) for 30 s, and CCs were mechanically removed in HTF-
SSS with the aid of a stripper pipette (130 mm; Denuding
Pipette, Cook). Pooled samples were provided from COCs
denuded altogether in the same media drops, while individu-
alized samples were provided from COCs denuded individu-
ally on its own media drop and using each its own disposable
denuding pipette. Each drop of media containing the CCs
were centrifuged (2000 g/10 min). After centrifugation, the
supernatants were discarded and CC samples were condi-
tioned in 500 pL. TRIzol® Reagent and stored at —80 °C
until experimentation.

Intracytoplasmic Sperm Injection and Fertilization,
Cleavage, Implantation, and Pregnancy Assessment

Mature oocytes characterized by the extrusion of the first
polar body were submitted to ICSI 2 to 4 h after oocyte
retrieval. About 16 to 18 h after ICSI, fertilization was
assessed on the basis of the presence of two pronuclei and
two polar bodies. Embryos were cultivated in Global®
Total® culture media (LifeGlobal®, Brazil). At day 5 after
ICSI, the presence of blastocoel was determined. The total
percentage of retrieved mature, injected, and fertilized
oocytes and cleaved and produced embryos was determined
for each oocyte.

Reagents and Equipment

All reagents were obtained from Sigma-Aldrich (Sio Paulo,
Brazil), except when indicated. All quantitative real-time
polymerase chain reaction (rt-qPCR) experiments were run
in 96-well plates on a StepOnePlus™ (Applied Biosystems,
USA).

Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from 39 pooled CC samples
and 31 individualized CC samples with TRIzol® Reagent
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(Invitrogen, Paisley, United Kingdom), according to the
manufacturer’s instructions. Total RNA quality was deter-
mined spectrophotometrically using a BioPhotometer Plus
(Eppendorf, Germany) and analyzing the 260/280 nm
absorbance ratio.

Complementary DNA (cDNA) was synthetized from 2 pg
of total RNA from each sample using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, USA) and
stored at — 20 °C until use.

Quantitative Real-Time Polymerase Chain Reaction

After single-stranded cDNA synthesis, 3 pL (1:20 dilution)
of the cDNA from each sample was used as a template for
quantitative polymerase chain reaction (QPCR) using 1 U
of enzyme Platinum® Taq DNA polymerase (5 U/uL, Inv-
itrogen, USA), 100 nM of each specific primer and 2 mM
of MgCl,, and 2 pL of SYBR Green (1000X, Molecular
Probes), in a final volume of 20 pL.

Oligonucleotides were selected to be RNA specific
and complementary to the human sequence of annexin 1
(ANXA1I), prostaglandin-endoperoxide synthase 2 (PTGS?2),
glutathione peroxidase 4 (GPX4), glutathione-S-transferase 1
(GSTI), C—C motif chemokine ligand 5 (CCL)5), cytochrome
P450 family 1 subfamily B member 1 (CYPIBI), B-cell
CLL/lymphoma 5 (BCLS5), guanine nucleotide binding pro-
tein beta polypeptide 2-like 1 (GNB2LI), and hypoxanthine
phosphoribosyltransferase 1 (HPRTI). GNB2LI and HPRT]
were used as endogenous controls. Gene sequence infor-
mation was collected from databases (www.ncbi.nlm.nih.
gov/, www.ensembl.org/) and used for primer design with
software from Integrated DNA Technologies (www.idtdna.
com/).

Samples were run in triplicate in 96-well plates on a
StepOnePlus™ (Applied Biosystems, USA). The thermal
cycling profile for all genes was an initial denaturation step
at 94 °C for 10 min followed by 40 cycles of 15 s at 94 °C,
15 s at 60 °C, and 15 s at 72 °C for data acquisition. The
specificity of the amplified products was confirmed by ana-
lyzing the dissociation curves at the end of each reaction.
The relative expression (real quantitative [RQ]) of the genes
analyzed was calculated for each sample by the relative
comparative (AACT) method [52]. Triplicates with stand-
ard deviation > 0.3 threshold cycles (Ct) were excluded and
rerun. A random sample pool was used as positive control
in order to monitor interplacement variation. All negative
controls performed as expected and all results mentioned
later are normalized values.

Multiple Regression Analysis

The thirty-nine CC samples collected as a pool from all
the COCs of the same patient were submitted for multiple
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Table 2 Statistical models
generated using a multiple
stepwise regression

Table 3 Statistical models
generated using a multiple
stepwise regression

Model Predictors PR(>F)
Baseline %FO ~ Age + Diag + Stim_Prot + BMI -

ANXAI %FO ~ Age + Diag + Stim_Prot+ BMI+ANXA ] 0.4548503672
PTGS2 %FO ~ Age + Diag + Stim_Prot + BMI + PTGS2 0.487972144
CYPIBI %FO ~ Age + Diag + Stim_Prot+ BMI+ CYPIBI -

GPX4 %FO ~ Age + Diag + Stim_Prot + BMI+ GPX4 0.029765708
GST1 %FO ~ Age + Diag + Stim_Prot + BMI+ GST/ 0.668770931

Statistical models were generated using a multiple stepwise regression. A significant model (P> 0.05),
containing four variables, indicated that GPX4 expression levels are significantly different between pooled
cumulus cells related to oocytes that fertilized successfully and cells corresponding to oocytes that failed
to fertilize, and this significance is independent of the clinical variables of each patient. %FO percentage
of fertilized oocytes relative to cumulus sample, Diag infertility diagnosis, Stim_Prot stimulation proto-
col, BMI body mass index, ANXAI annexin 1, PTGS2 prostaglandin-endoperoxide synthase 2, CYPIBI
cytochrome P 450 1B1, GPX4 glutathione peroxidase 4, GST! glutathione-S-transferase 1

Model Predictors PR(>F)
Baseline %Blast ~ Age + Diag + Stim_Prot + BMI -

ANXA1 %Blast ~ Age + Diag + Stim_Prot+ BMI+ANXA ] 0.699613807
PTGS2 %Blast ~ Age + Diag + Stim_Prot+ BMI+ PTGS2 0.031927186
CYPIBI %Blast ~ Age + Diag + Stim_Prot+ BMI+ CYPIB1 -

GPX4 %Blast ~ Age + Diag + Stim_Prot + BMI+ GPX4 0.185043755
GSTI %Blast ~ Age + Diag + Stim_Prot+ BMI+ GST1 0.151647716

Statistical models were generated using a multiple stepwise regression. A significant model (P> 0.05), con-
taining four variables, indicated that PTGS2 expression levels are significantly different in pooled cumulus
cells related to embryos that reached the blastocyst stage at day 5, and this significance is independent of
the clinical variables of each patient. % Blast percentage of blastocysts relative to cumulus sample, Diag
infertility diagnosis, Stim_Prot stimulation protocol, BMI body mass index, ANXAI annexin 1, PTGS2
prostaglandin-endoperoxide synthase 2, CYPIBI cytochrome P 450 1B1, GPX4 glutathione peroxidase 4,

GST1 glutathione-S-transferase 1

regression analysis to analyze whether patients’ clinical
characteristics or samples’ heterogeneity would affect
biomarkers’ performance. Clinical and experimental data
were combined, and missing values were imputed apply-
ing predictive mean matching algorithm using mice pack-
age [69]. Afterwards, we built four baseline models using
the percent of fertilized oocytes, percent of good quality
embryos, percent of blastocysts, or embryo transfer result
(pregnancy) as dependent variables against age, diagnosis,
stimulation protocol, and BMI as independent variables.
After we obtained the experimental data, we made four test
models using the percent of fertilized oocytes, percent of
good quality embryos, percent of blastocysts, or embryo
transfer result (pregnancy) as dependent variables against
age, diagnosis, stimulation protocol, BMI, and rt-gPCR
results as independent variables. Finally, we compared
test models composed of the four clinical variables and
each rt-qPCR assay data for each gene against the baseline
model (Tables 2, 3, and 4). All procedures and computa-
tions were performed in R statistical environment [59].

Table4 ANOVA model comparison using molecular predictors

Model  Predictors PR(>F)

Baseline Transf~ Age +Diag+ Stim Prot + BMI -

ANXAI  Transf~Age+Diag+ Stim 0. 730378509
Prot+BMI+ANXA]

PTGS2  Transf~Age+ Diag+ Stim
Prot+BMI+ PTGS2

CYPIBI Transf~Age+ Diag+ Stim -
Prot+BMI+ CYPIBI

GPX4  Transf~Age+ Diag+ Stim
Prot+ BMI + GPX4

GSTI Transf ~ Age + Diag + Stim
Prot+BMI+ GST!

0. 196586106

0. 010541996

0.739441369

Statistical models were generated using a multiple stepwise regres-
sion. A significant model (P>0.05), containing four variables,
indicated that GPX4 expression levels are significantly different in
pooled cumulus cells from patients with successful embryo transfer,
and this significance is independent of the clinical variables of each
patient. Transf embryo transfer result, Diag infertility diagnosis, Stim
Prot stimulation protocol, BMI body mass index, ANXA/ annexin 1,
PTGS?2 prostaglandin-endoperoxide synthase 2, CYPIBI cytochrome
P 450 1B1, GPX4 glutathione peroxidase 4, GSTI glutathione-S-
transferase 1

@ Springer



648

Reproductive Sciences (2023) 30:642-655

Statistical Analysis

Experimental data were expressed as means + SD and P
values were considered significant for P <0.05.

For pooled samples, the influence of patients and oocyte
characteristics in gene expression was determined by one-
way analysis of variance (ANOVA). For individual sam-
ples, all the 11 patients included in this phase of the study
presented CC samples corresponding to COCs yielding an
oocyte of good quality (B) and samples from follicles from
poor-quality oocytes (AD), each patient ranging from 1 to
4 B samples and 1 to 3 AD samples. Therefore, for each
patient, it was possible to combine between several dif-
ferent pairs (B vs. AD). A paired Wilcoxon test was used,
based on group normality, analyzed through D’Agostino-
Pearson and Shapiro—Wilk normality tests (GraphPad®
Software 5.0).

Results

Differentially Expressed Genes and Functional
Enrichment Analysis

Our metadata analysis of microarray datasets identified
differentially expressed genes associated with oocyte com-
petence that were further investigated for enriched biologi-
cal processes in each outcome (Fig. 2). In samples from
oocytes that successfully fertilized (good quality) or failed
to fertilize (poor quality), obtained from GSE55654 GEO
dataset, a plethora of cellular processes were observed
(Tables S1 and S2 and Fig. 2). Notably, CCs associated
with oocytes that failed to fertilize showed enrichment of
biological process related to oxidative stress (GO0006979)
(Fig. 2B).

In samples from oocytes that further generated blasto-
cysts (B) vs. embryos that presented AD (raw data extracted
from GSE37277 GEO dataset), genes associated with tis-
sue development (GO0009888) and cell differentiation
(GO0045597) were highlighted (Table S3 and Fig. 3A).
On the other hand, in the AD group, we identified dif-
ferentially expressed genes related to steroid metabolism
(GO0008202), response to external stimulus (GO0009605),
response to organic cyclic compounds (GO0014070),
response to oxygen-containing compounds (GO1901701),
response to nutrients (GO0007584), response to chemical
stimulus (GO0070887), and response to stress (GO0006950)
(Table S4 and Fig. 3B). Thus, in a general manner, CCs
related to good-quality oocytes presented augumented devel-
opment processes, while the ones related to bad-quality
oocytes seems to be responding to an inhospitable, stressful
environment.
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Validation of Selected Targets by Real-Time
Quantitative PCR

Among the differentially expressed genes obtained from
metadata analysis of microarray datasets, six were selected
for in house validation in clinical samples by rt-qPCR: genes
involved in the majority of each GQ group, being CCL5
for GSE55465 dataset, involved in 43 of the 45 processes
observed (Table S1), and PTGS2, for GSE37277 data-
set, involved in all 6 processes observed (Table S3), and
genes involved in the majority of processes in each PQ
group, being ANXAI for GSE55465 dataset, involved in
25 of the 40 processes observed (Table S2), and CYPIBI
for GSE37277 dataset, involved in 17 of the 24 processes
observed (Table S4). Two other genes, glutathione-S-trans-
ferase (GST1) and glutathione peroxidase (GPX4), were cho-
sen for analysis based on the processes highlighted in both
PQ groups, as response to oxidative stress (GO0006979), for
GSES55465 dataset (Table S2), and RESPONSE to oxygen-
containing compound (GO1901700), for GSE37277 dataset
(Table S4), and based on literature [25, 46, 72].

Pooled CC Samples

Thirty-nine pooled CC samples were used for rt-qPCR vali-
dation. Of the 6 genes analyzed, two (CCL5 and CYPIBI)
were not properly detected in pooled samples (possibly due
to primer design) and were not further analyzed.

Patients’ clinical data are listed in Table 1. Pooled sam-
ples were classified according to (1) fertilization rates: sam-
ples were included in the fertilized oocytes (FO) group, if
more than 75% of the corresponding oocytes fertilized suc-
cessfully (n=24), or in the failed to fertilize (FF) group, if
less than 25% of the corresponding oocytes fertilized suc-
cessfully (n=15); (2) blastocyst formation rates: samples
were included in the blastocyst group (B) (n=13), if the
pooled CC sample corresponded to oocytes that generated
50% or more of blastocysts, or in the AD group (n=26), if
less than 50% of the corresponding oocytes generated blas-
tocysts after ICSI; and (3) implantation potential: samples
were included in positive (P) (n=8) or negative (N) (n=15)
groups based on B-HCG results after embryo transfer.

Mann—-Whitney tests did not show statistical differences
between groups for any gene. However, gene expression
results were submitted to multiple regression models consid-
ering the patient’s clinical data, to determine if the observed
results were confused by patient’s clinical profiles. This
analysis revealed a series of differences in gene expression
levels between groups.

A significant model containing four variables indicated
that GPX4 expression levels are altered depending on oocyte
quality, being significantly lower in CCs from good-quality
oocytes, with better fertilizing rates (P=0.0297) (Table 2)
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and in positive B-HCG group, with better pregnancy rates
(P=0.0105) (Table 4). PTGS2 was shown to be a potential
blastocyst development biomarker (P=0.0319) (Table 3).

Individualized CC Samples

Based on rt-qPCR results of pooled samples, 31 individu-
ally collected CC samples from 11 patients were retrieved
for validation of the potential biomarkers. The paired
analysis revealed that CC associated with blastocyst-stage

embryos have higher levels of PTGS2 gene expression
than CC samples associated with arrested development
(poor-quality group) (P =0.0002) from the same patient
(Fig. 3A). On the other hand, CC associated with blasto-
cyst-stage embryos had lower levels of CYPIBI expression
(P=0.0084) than poor-quality CC samples (Fig. 3B), indi-
cating CYPIBI as a possible biomarker of development
failure. These results are in accordance with the bioinfor-
matics analysis of microarray data (Fig. 3, Tables S3 and
S4). Paired analysis comparing samples from the same
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Fig. 3 Biological profile of
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patient but with opposite outcomes reveals that the dif-
ferential gene expression observed is directly related to
oocyte quality and not a characteristic of the patient her-
self. During the time course of this study, only a few single
embryo transfers were performed at the clinics. Thus, the
biomarker potential of GPX4 expression levels for embryo
implantation was assessed in 11 individually collected CC
samples related to oocytes that further generated blasto-
cysts and were single transferred. GPX4 levels were shown
to be overexpressed in samples related to blastocysts that
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failed to implant (P =0.0296) (Fig. 4C), confirming the
tendency observed for this proposed biomarker in the
bioinformatic analysis and in pooled samples. Likewise,
the biomarker potential of PTGS2 expression levels for
embryo implantation was assessed in 6 individually col-
lected CC samples related to oocytes that further generated
blastocysts and were single transferred. PTGS2 levels were
shown to be overexpressed in samples related to blasto-
cysts that successfully implanted (P =0.0207) (Fig. 4D).



Reproductive Sciences (2023) 30:642-655

651

A PTGS2 B CYP1B1
*k%k *%

8_
c c
2 S
[ [/}
o o &
S a
x x
() [
2 e 4
(] (]
)] o
2 2
£ s 24
© ©
o @ [
74 4

0 r r

B AD

Fig.4 Gene expression analysis on cumulus samples related to
oocyte quality. Paired cumulus cells (CCs) samples from individual
follicles related to embryos with arrested development (AD) (red)
and blastocyst (B) embryos (blue), from 10 patients, were analyzed
for A cytochrome P 450 1B1 (CYPIBI) (n=15 pairs) and B prosta-
glandin-endoperoxide synthase 2 (PTGS2) (n=26 pairs) expression,
relative to housekeeping gene HPRTI. C CC samples from individ-
ual follicles related to embryos that implanted successfully after sin-
gle embryo transfer (SET) (4+PHCG, blue) and that failed to implant

Discussion

In spite of relevant advances in infertility treatments, suc-
cess rates on in vitro fertilization techniques are still sub-
optimal. Tools that enable the selection of good-quality
oocytes in clinical environment are greatly desired. Here,
we proposed the use of bioinformatic tools such as func-
tional enrichment analyses for identification of oocyte
quality biomarkers and validated the approach consider-
ing patients’ characteristics in the clinical scenario. CC
expression profile may reveal existing alterations in cor-
responding oocytes, such as accumulation of oxidative
damage, high expression of detoxification machinery, and
aneuploidies [33]. Through the analysis of databases, bio-
informatic tools are capable of revealing CC responses to
the intra-follicular environment [41], such as signals from
the oocyte. Through the study of CC gene expression data,
our bioinformatic evaluation revealed a series of differ-
entially expressed cellular biological processes related to
embryo competence.

Using the same dataset (GSE37277), but selecting tar-
gets based on the most differentially expressed genes
(P <0.0001), Feurestein [30] identified 3 different poten-
tial biomarkers. Our bioinformatic analysis aimed to firstly
define a threshold for differentially expressed genes, and
secondly, to identify the pattern of the cell processes those
genes compound, to then select genes involved in multiple
processes, despite of their expression levels, the rationale
being that the contribution of genes to cellular processes
are not necessarily correlated with the fold change of their

PTGS2
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Relative gene expression
Relative gene expression

T T N I R
+B-HCG -B-HCG +B-HCG -B-HCG

(= BHCG, red) were analyzed for GPX4 expression levels, relative to
housekeeping gene HPRTI. D CC samples from individual follicles
related to embryos that implanted successfully after single-embryo
transfer (SET) (+BHCG, blue) and that failed to implant (—HCG,
red) were analyzed for PTGS2 expression levels, relative to house-
keeping gene HPRTI. ¥*P=0.0296 (GPX4) and=0.0207 (PTGS2);
(unpaired t test) **P=0.0084; ***P=0.0002 (non-parametric paired
Wilcoxon test)

expression, causing the analysis to highlight distinct bio-
markers even when using the same dataset.

The two independent databases selected were analyzed
under the same criteria (good- and bad-quality oocytes), but
a much larger set of processes was revealed as significantly
expressed between groups when fertilization potential was
chosen as endpoint (Fig. 2). Since fertilization is the earliest
event in embryo formation, it requires several basic biological
processes to be properly functioning. Embryos that presented
arrested development after this stage, on the other hand, also
presented functional basic processes before arresting. There-
fore, it is understandable that the earlier in the development
timeline the endpoint is defined, the longer the list of pro-
cesses that are differentially expressed between groups.

In CC obtained from oocytes that generated top-quality
blastocysts after fertilization, we observed many cellu-
lar processes related to tissue development and cell dif-
ferentiation, indicating an appropriate environment that
supports cell growth and plasticity (Fig. 3A), whereas
among the processes upregulated in samples related to
oocytes that failed to fertilize and in samples related to
oocytes that did not develop into blastocysts (Figs. 2B and
3B), one can find redox metabolism processes, steroid
metabolism, response to external stimulus, and response
to organic compounds, but also processes as response
to oxygen-containing compounds, response to chemical
stimulus, and response to stress that could be revealing a
potentially toxic environment where these oocytes were
exposed to. Based on this similarity between both groups
with low-quality oocytes, GPX4 and GST1 were selected
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as candidate biomarkers. This selection was also based
on previous works that successfully correlated oxidative
metabolism enzymes with oocyte quality [54, 64, 68].

In order to find representations of the processes
observed, the genes involved in most of the processes in
each of the four groups were investigated further (CCLS5,
PTGS2, ANXAI, and CYPIBI). PTGS?2 is involved in all
six processes observed in the blastocyst sample group
(Table S3 and Fig. 2A) and was previously associated with
oocyte quality [55]. PTGS2 has already been correlated
with high fertilization rates, embryo development [7, 55,
74], and live birth rates [35]. While PTGS2 expression pos-
itively correlates with blastocyst formation (P =0.0002)
(Fig. 4A) and pregnancy (P=0.0207) (Fig. 4D), higher
CYPIBI expression levels were detected in CC samples
from oocytes that further generated embryos that pre-
sented arrested development (P =0.0084) (Fig. 4B).

In this study, GPX4 expression was significantly lower in
CCs from good-quality oocytes, with better fertilizing and
pregnancy rates. During maturation from germinal vesicle to
MII state, oocytes do not synthesize mRNAs and therefore
depend directly on stored mRNAs and CC mRNAs that are
transferred through GAP junctions [53]. GPx mRNA has been
detected in mature human oocytes but was shown to be absent
in germinal vesicle oocytes, which implies it comes from other
cells. The mRNA molecules suffer a specific “last minute”
polyadenylation in mature oocytes, suggesting the gamete’s
recruitment of GPx mRNAs when needed [26]. Still, GPX4
expression as a pregnancy potential biomarker is indicated
here as a possibility for further investigations. Nevertheless,
pregnancy is a highly complex event, and CC biomarkers
should be used carefully when considering this endpoint.
Based on this, a combined set of biomarkers is probably much
more biologically relevant than a single marker.

Studying CC and its relationship with oocyte quality
could provide valuable tools for improving ART rates.
Nevertheless, it is paramount to also take into considera-
tion clinical characteristics known to affect reproduction
success in order to select markers that are applicable to the
clinical environment [72]. Other promising biomarkers have
presented contradictory results [7, 19, 76] [2, 29], and its
oocyte quality biomarker potential was not verified when
clinical variables were considered in the analysis [30]. The
paired analysis applied combined with the ANOVA analysis
in this study considers the influence of clinical characteris-
tics (age, infertility diagnosis, and BMI) and pooled samples
characteristics (percentage of mature oocytes, percentage
of fertilized oocytes, percentage of discarded embryos) in
gene expression levels and brings down to a minimum the
contribution of possible confounding factors.

A large randomized prospective study composed by a
diverse group of patients submitted to single embryo transfer
is needed to further establish PTGS2, CYPIBI, and GPX4
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as biomarkers of oocyte quality, embryo development, and
implantation potential. Using a combination of biomarkers
that act in opposite directions allows a refined prediction
model. By analyzing data from microarray sets from our
group, it was stated that PTGS2 and CYPIBI genes also
follow the same expression pattern in CCs related to oocytes
that were successful in generating a pregnancy, PTGS2 being
significantly overexpressed, while CYP1BI being down reg-
ulated in comparison to samples of embryos that failed to
implant (unpublished data). This indicates that it is possible
CYPIBI could also be related to pregnancy potential.

Thus, this study confirms that the bioinformatics
approach is suitable for finding relevant biomarkers, and can
be used in reproductive sciences, opening new venues in
assisted reproduction. Also, a previous suggested biomarker
is confirmed as blastocyst predictor and novel oocyte qual-
ity biomarkers are proposed, highlighting processes that are
desirably or undesirably upregulated in follicles.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43032-022-01046-2.
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