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ABSTRACT 

Biphasic IVM can be offered as a patient-friendly alternative to conventional ovarian stimulation in IVF patients predicted to be 
hyper-responsive to ovarian stimulation. However, cumulative live birth rates after IVM per cycle are lower than after conventional 
ovarian stimulation for IVF. In different animal species, supplementation of IVM media with oocyte-secreted factors (OSFs) improves 
oocyte developmental competence through the expression of pro-ovulatory genes in cumulus cells. Whether the addition of OSFs in 
human biphasic IVM culture impacts the transcriptome of oocytes and cumulus cells retrieved from small antral follicles in mini-
mally stimulated non-hCG-triggered IVM cycles remains to be elucidated. To answer this, human cumulus–oocyte complexes (COCs) 
that were fully surrounded by cumulus cells or partially denuded at the time of retrieval were cultured in a biphasic IVM system ei-
ther without or with the addition of pro-cumulin, a GDF9:BMP15 heterodimer. Oocytes and their accompanying cumulus cells were 
collected separately, and single-cell RNA-seq libraries were generated. The transcriptomic profile of cumulus cells revealed that pro- 
cumulin upregulated the expression of genes involved in cumulus cell expansion and proliferation while downregulating steroido-
genesis, luteinization, and apoptosis pathways. Moreover, pro-cumulin modulated the immature oocyte transcriptome during the 
pre-maturation step, including regulating translation, apoptosis, and mitochondria remodeling pathways in the growing germinal 
vesicle oocytes. The addition of pro-cumulin also restored the transcriptomic profile of matured metaphase II oocytes that were par-
tially denuded at collection. These results suggest that cumulus cell and oocyte transcriptome regulation by pro-cumulin may in-
crease the number of developmentally competent oocytes after biphasic IVM treatment. Future studies should assess the effects of 
pro-cumulin addition in human biphasic IVM at the proteomic level and the embryological outcomes, particularly its potential to en-
hance outcomes of oocytes that are partially denuded at COC collection.
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Introduction
IVM is an assisted reproductive technology designed to produce 
mature oocytes through the culture of immature cumulus–oo-
cyte complexes (COCs) aspirated from unstimulated small- and 
medium-sized antral follicles. Administration of exogenous 
gonadotropins is kept to a minimum or even absent and there is 
no exogenous ovulation trigger. As a result, IVM can be offered as 
a mild alternative to conventional ovarian stimulation in poly-
cystic ovary syndrome (PCOS) patients who are at increased risk 
of hormone-related side effects (De Vos et al., 2021; Gilchrist and 

Smitz, 2023; Marchante et al., 2024). Moreover, IVM is a fertility 

preservation option when conventional ovarian stimulation is 

not possible, e.g. due to urgent cancer treatment. Although still 

considered experimental, IVM of oocytes derived from ovarian 

tissue (OTO-IVM) during processing for ovarian tissue cryopreser-

vation is also emerging as an additional source of mature oocytes 

(Segers et al., 2015; Cadenas et al., 2023; Nogueira et al., 2023). 

However, the cumulative live birth rate in women with PCOS is 

lower after IVM than after conventional IVF (Zheng et al., 2022). 

One of the main reasons for the reduced quality of IVM oocytes 

Received: May 31, 2024. Revised: December 15, 2024. Editorial decision: January 17, 2025. 
© The Author(s) 2025. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/ 
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re- 
use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the 
Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com. 

Molecular Human Reproduction, 2025, 31(1), gaaf001  

https://doi.org/10.1093/molehr/gaaf001 
Advance Access Publication Date: January 25, 2025 

Original Research   

https://orcid.org/0000-0002-8547-0532
https://orcid.org/0009-0001-8334-2027
https://orcid.org/0000-0002-9762-5634
https://orcid.org/0000-0002-8547-0532
https://orcid.org/0000-0002-8547-0532


retrieved from small antral follicles is the loss of synchronization 

between nuclear and cytoplasmic maturation in vitro.
After decades of extensive research in animal models 

designed to improve oocyte competence, the biphasic IVM sys-
tem, termed capacitation (CAPA)-IVM, has been introduced 
(Luciano et al., 2011; Romero et al., 2016; Zhang et al., 2017; Zhao 
et al., 2020a). In CAPA-IVM, the natural meiosis-inhibiting 
peptide, C-type natriuretic peptide (CNP), is added during the 
pre-maturation (CAPA) step. CNP keeps the oocyte under meiotic 
arrest by maintaining high oocyte cAMP levels, therefore enhanc-
ing oocyte cytoplasmic maturation, before triggering nuclear 
maturation with FSH and amphiregulin in the IVM step. CAPA- 
IVM improves the number of matured oocytes and good-quality 
embryos per cycle compared to standard IVM in women with 
PCOS (Vuong et al., 2020b). Moreover, CAPA-IVM safety studies 
have been done in human blastocysts and children born from the 
technology (Saenz-de-Juano et al., 2019; Nguyen et al., 2022; 
Saucedo-Cuevas et al., 2024). However, a large randomized con-
trolled trial revealed that cumulative live birth rates were still 
18.6% lower when compared to conventional IVF, which reflects 
the need to improve the biphasic IVM system (Vuong et al., 
2020a).

The crosstalk between the oocyte and its surrounding cumu-
lus cells (CCs) is essential for proper oocyte maturation 
(Wigglesworth et al., 2013). Through oocyte-secreted factors 
(OSFs), the oocyte orchestrates CC functionality and phenotype, 
which in turn improves the maturation and developmental com-
petence of the oocyte (Diaz et al., 2007; Stocco et al., 2017). Two 
widely recognized OSFs are growth differentiation factor 9 (GDF9) 
and bone morphogenetic protein 15 (BMP15), which form homo-
dimers and/or heterodimers (GDF9:BMP15) (Peng et al., 2013; 
Mottershead et al., 2015). As crucial paracrine regulators of ovar-
ian function and fertility, OSFs bind their receptors (BMP receptor 
type II, BMP receptor type IB, and TGF-βRI) on surrounding CCs to 
activate the transforming growth factor-beta (TGF-β) signaling 
pathway. Previous studies in different species including porcine, 
bovine, and mice have shown that the addition of OSFs during 
monophasic IVM does not affect the maturation rate of the 
oocytes but modulates CC functionality, which in turn improves 
embryo development (Hussein et al., 2006; Yeo et al., 2008; 
Sudiman et al., 2014; Sugimura et al., 2015). Moreover, the addi-
tion of a GDF9:BMP15 heterodimer, termed pro-cumulin, strongly 
promotes extracellular matrix (ECM) formation and expression of 
CC ovulatory cascade genes when compared to using individual 
homodimers or their combination (Peng et al., 2013). Previous 
studies in human granulosa cell (GC) lines (COV434, KGN) con-
firmed the activation of the SMAD signaling pathway by pro- 
cumulin, stimulating the expansion, proliferation, and oocyte- 
regulated differentiation of GCs (Zhang et al., 2000; Spicer et al., 
2008). A recent study using pro-cumulin in a biphasic mouse IVM 
model showed improved CC expansion consistent with an in-
crease in transcripts related to CC ovulatory cascade, more 
closely resembling the in vivo matured COC (Akin et al., 2022). To 
date, there is only one study testing the in vitro addition of OSF to 
human oocytes, in which denuded immature oocytes after con-
ventional IVF (rescue-IVM) were co-cultured with GCs and GDF9, 
showing a beneficial effect on blastocyst viability (Chatroudi 
et al., 2019).

The effects of adding OSFs to biphasic IVM culture media on 
the transcriptome of human COC retrieved from small antral fol-
licles in minimally stimulated IVM cycles is currently unknown. 
We therefore set out to assess the effects when adding pro- 
cumulin during the pre-IVM step only or in both pre-IVM and 

IVM steps. Additionally, when performing ovarian retrieval in 
non-hCG primed IVM cycles, a percentage of the retrieved COCs 
consist of partially denuded oocytes that have a low competence 
after IVM presumably due to the reduced bidirectional communi-
cation between CCs and the oocyte. Previous unpublished data 
from our laboratory on human CAPA-IVM revealed that more 
than 20% of oocytes are partially denuded at retrieval, yielding 
lower embryonic outcomes compared to the fully surrounded 
counterparts (5% vs 18% Day 5 good-quality blastocyst, respec-
tively). Consequently, we also assessed the potential effects of 
OSFs in restoring the transcriptome of partially denuded oocytes.

Materials and methods
Ethical approval
This study was approved by the local ethics committee for hu-
man clinical studies of the University Hospital UZ Brussel of the 
Vrije Universiteit Brussel (Study code: BUN/143201630723). 
Written informed consent was obtained from all oocyte donors 
before inclusion in the study. The consent form included details 
on the donation of immature COCs to improve and assess the ef-
ficacy of IVM in the presence of OSFs.

Preparation of OSFs
The recombinant human pro-cumulin used in this study was 
produced and purified at the Department of Physiology, Monash 
Biomedicine Discovery Institute, as previously described (Stocker 
et al., 2020). Briefly, HEK-293T cells were transfected with plas-
mids for both GDF9 and BMP15 using polyethylenimine-MAX 
(Polysciences, Warrington, PA, USA). Pro-cumulin was then puri-
fied from the conditioned medium via cobalt-based IMAC 
(Thermo Fisher Scientific, Waltham, MA, USA), followed by dialy-
sis against PBS. Purified pro-cumulin was stored in Protein 
LoBind tubes (Eppendorf, Hamburg, Germany) at −80�C. The pro- 
cumulin dose used in this study was 20 ng/ml and was based on 
previous work from Mottershead et al. (2015).

Patient characteristics and study design
To prospectively evaluate the impact of pro-cumulin addition to 
CAPA-IVM media on COC transcriptome and oocyte maturation, 
a total of 14 oocyte donors with a high functional ovarian reserve 
participated in this study from July 2020 until July 2021 at the UZ 
Brussels University Hospital. Inclusion criteria were age below 
37 years, more than 30 antral follicles on a baseline ultrasound 
scan and serum anti-M€ullerian hormone (AMH) above 2 ng/ml 
(Cobas 8000, Roche Diagnostics, Basel, Switzerland). Three of the 
oocyte donors underwent two IVM cycles, resulting in a total of 
17 IVM cycles. In nine of these cycles, all the aspirated COCs 
were donated for research. In eight cycles, the oocyte donors 
were patients who underwent IVM and donated one-third of the 
aspirated COCs. In donors who contributed twice, follicle aspi-
rates from one of the cycles were allocated to experiment 1 and 
the second cycle aspirates were allocated to experiment 2. The 
oocyte donors received highly purified menotropin (HP-hMG) for 
1–3 days. Ovarian retrieval was scheduled 42–46 h after the last 
HP-hMG injection and was performed using a 17-gauge single- 
lumen needle (Cook Medical, K-OPS-1230-VUB, Limerick, Ireland) 
at a pressure of −70 mmHg. On the day of oocyte retrieval, the 
aspirates from follicles smaller than 9 mm were pooled, and the 
retrieved COCs were randomly allocated to the control arm of 
the study (CAPA-IVM), or the two experimental conditions of the 
study: CAPA (þpro-cumulin)-IVM and CAPA (þpro-cumulin)-IVM 
(þpro-cumulin) (Fig. 1).
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Collection of COCs and culture conditions
Follicular aspirates were collected in Ferticult Flushing (FertiPro; 
Beernem, Belgium) media at a final concentration of 25 nM CNP 
(Peptide Institute, Japan) and 10 nM estradiol (Sigma; Schnelldorf, 
Germany) and filtered through a cell strainer (70 μm mesh size BD 
Biosciences FalconTM Ref 352350). COCs found in the search media 
(25 nM CNP, 10 nM estradiol, 10 mg/ml human serum albumin 
(HSA) (Vitrolife, Gothenburg, Sweden; ref: 10064)) were divided into 
three different categories: (i) fully surrounded COC with at least 
three to four tightly compact layers of CCs fully surrounding the 
oocyte; (ii) partially denuded COC when incomplete corona radiata 
was surrounding the oocyte; and (iii) completely denuded and 
degenerated oocytes where no CCs were surrounding the oocytes, 
which were not used for this study. COCs were washed in a 4-well 
dish (Nunc, ThermoFisher Scientific; ref: 178930) in CAPA medium 
(Medicult IVM medium; Origio, Denmark) supplemented with 
1 mIU/ml rFSH, 5 ng/ml insulin (Roche ref: 11376497001), 10 nM es-
tradiol, 10 mg/ml HSA, and 25 nM CNP. COCs were transferred to a 
60-mm dish (ThermoFisher ref: 150270) and individually cultured 
in 20 µl CAPA medium under mineral oil for 24 h at 37�C, 6% car-
bon dioxide in air. After 24 h in CAPA medium, COCs were washed 
in a 4-well dish in IVM medium (Medicult IVM medium supple-
mented with 100 mIU/ml rFSH, 5 ng/ml insulin, 10 nM estradiol, 
10 mg/ml HSA). COCs were transferred to a 60-mm dish and indi-
vidually cultured in 20 μl pre-equilibrated IVM medium for 30 h at 
the same incubation conditions. To avoid patient-related effects, 
sibling COCs were randomly distributed among the two arms of 
the study to assess the pro-cumulin effect at the germinal vesicle 
(GV) stage and among the three arms of the study when analyzing 
metaphase II (MII) and CC-MII transcriptome.

Experiment 1 (7 IVM cycles)
For CC-GV and GV collection: after 24 h CAPA culture, individual 
COCs were mechanically denuded in HEPES-buffered media con-
taining 100 µM IBMX. Oocytes were scored as GV-oocytes when a 
visible GV was seen under the stereomicroscope. To assess the 
proportion of meiosis arrest, the ratio of GV-arrested oocytes ver-
sus the total number of oocytes denuded after the CAPA step was 
calculated. CC-free GV-oocytes were individually collected in 

2.5 μl RLT-Buffer (Qiagen, Hilden, Germany) in 0.5 ml Protein 

LoBind tubes (Eppendorf ref: 022431064) and immediately snap- 

frozen in liquid nitrogen. A minimum of 50 CCs from each GV 

were collected in 4 μl of HEPES media and transferred to 0.5 ml 

Protein LoBind tubes containing 4 μl RLT-Buffer.
Number of samples for experiment 1: a total of 59 GVs were 

collected (31 GV-Control and 28 GV-Pro-cumulin). Two CC sam-

ples per patient were processed for each condition: 14 CC-GV- 

Control and 14 CC-GV-Pro-cumulin (Fig. 2A).

Experiment 2 (10 IVM cycles)
For CC-MII and MII collection: after 24 h CAPA followed by 30 h 

IVM, individual COCs were denuded with hyaluronidase 

(CooperSurgical, Trumbull, VT, USA; ref: 16125000) and washed 

three times in HEPES media. After denuding, the oocytes were 

classified into GV, metaphase I (MI), and MII, when a GV was visi-

ble in the cytoplasm, when no GV was present, and when no GV 

and the polar body was extruded, respectively. To assess the per-

centage of maturation after CAPA-IVM, the total number of ma-

tured oocytes was divided by the number of denuded oocytes per 

patient and condition. CC-free MII oocytes were snap-frozen in 

2.5 μl RLT-Buffer in 0.5 ml Protein LoBind tubes. Four microliters 

of HEPES media containing at least 50 CCs from MII oocytes were 

snap-frozen in 4 μl RLT-Buffer in 0.5 ml Protein LoBind tubes.
Number of samples for experiment 2.1: a total of 72 MII from 

fully surrounded oocytes at collection, 24 MII-Control, 24 MII- 

CAPA-Pro-cumulin, and 24 MII-CAPAIVM-Pro-cumulin were col-

lected. One CC sample per patient was processed for each condi-

tion: 10 CC-MII Control, 10 CC-MII CAPA-Pro-cumulin, and 10 CC- 

MII CAPAIVM-Pro-cumulin were collected (Fig. 2B).
Number of samples for experiment 2.2: a total of 21 MII 

oocytes from partially denuded (termed DO) COCs were collected 

from the three arms of the study: 8 DO-MII-Control CAPA-IVM, 8 

DO-MII-CAPA-Pro-cumulin, and 5 DO-MII-CAPAIVM; these were 

compared with matured oocytes from fully surrounded COCs at 

collection (24 MII CAPA-IVM). Due to the lower number of CCs in 

partially denuded oocytes, CCs were not collected (Fig. 2C).

Figure 1. Graphical study design. (A) A total of 14 hyper-responder donors were included in the study. Women received two to three HP-hMG injections 
without ovulatory stimulus before oocyte retrieval. Sibling oocytes were distributed among the study conditions. (B) Single oocytes and cumulus cells from 
individual COCs were collected for library generation. GSEA analysis was performed on differentially expressed genes after DESeq analysis. HP-hMG, highly 
purified menotropin; COCs, cumulus–oocyte complexes; GSEA, Gene Set Enrichment Analysis.
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Sample processing: RNA extraction and single- 
cell RNA-seq library generation
For mRNA extraction, individual oocytes or bulk CCs from one 
COC were used. RNA and DNA extraction from single oocytes 
and CCs was performed simultaneously using oligo-dT magnetic 
beads (Dynabeads, MyOne Streptavidin C1, Life Technologies, 
Carlsbad, CA, USA) as RNA binds to beads. The supernatant con-
taining DNA was washed and stored for future use. RNA from in-
dividual oocytes and CCs was isolated following the Genome & 

Transcriptome protocol (Angermueller et al., 2016). Briefly, RNA 
was eluted from the beads, lysated, and converted into cDNA by 
the enzyme Superscript II and oligo-dT primers.

cDNA was amplified using KAPA HiFi HotStart ReadyMix 
(Roche) and assessed for integrity using a High Sensitivity DNA 
Assay Kit of the Bioanalyzer® 2100 system (Agilent Technologies, 

Inc., Santa Clara, CA, USA). The cDNA was stored at −20�C until 
libraries were generated. RNA library generation for single 
oocytes was constructed in one single batch. mRNA library prep-
aration was carried out using the Nexetra XT DNA library 

preparation Kit No. FC-131-1024 (Illumina, Inc., San Diego, CA, 

USA). RNA sequencing was conducted on the NextSeq500 

HighOutput 75-bp Single End with a sequence depth of �3 million 

reads for oocytes and �6 million reads for CCs (Illumina, Inc.).

Raw data priming and bioinformatics analysis
For library trimming and mapping, Trim Galore v0.6.6 was used 

with default parameters on raw FasQC sequence files. Mapping 

of the RNA-seq data was done with Hisat v2.0.5 against the hu-

man Hs38 genome, as guided by known splice sites taken from 

Ensemble v68. Mapped RNA-seq reads were quantified and ana-

lyzed using SeqMonk version v1.48.0 (http://www.bioinformatics. 

babraham.ac.uk/projects/seqmonk/).
Differential expression analysis was performed using DESeq2 

implemented in SeqMonk. Significantly differentially expressed 

genes (DEGs) were considered for false discovery rate (FDR) <0.05 

and a jlog2FCj>1 for bulk CCs and FDR< 0.1 and a jlog2FCj>0.5 

for single-cell oocytes.

Figure 2. Graphical study design summarizing the various experimental treatments. (A) Experiment 1: GV-Control and GV-Pro-cumulin oocytes 
collected after 24 h CAPA and their corresponding CCs. (B) Experiment 2.1: MII-Control and MII-Pro-cumulin oocytes IVM and their corresponding CCs 
after 24 h CAPA followed by 30 h. (C) Experiment 2.2: Partially denuded oocytes retrieved at collection were cultured in the same conditions as 
experiment 2.1. The transcriptome profile of the partially denuded oocytes was compared to MII-Control, from fully surrounded COCs. GV, germinal 
vesicle; CCs, cumulus cells; MII, metaphase II; COCs, cumulus–oocyte complexes; DO, partially denuded oocyte; CAPA, capacitation.
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Gene ontology analysis and KEGG pathways
Gene set enrichment analysis (GSEA) was performed using the 
‘investigate gene sets’ function on the website of the Molecular 
Signature Database (http://www.gsea-msigdb.org/gsea/msigdb/an 
notate.jsp). We used all DEGs as input, then differentiated between 
the up- and down-regulated genes and investigated the Hallmark 
library and all gene ontology (GO) processes to generate charts 
showing activated and inhibited pathways. Heatmaps were gener-
ated with the WishartLab heat mapper tool. When gene enrich-
ment analysis did not cluster genes into pathways, we investigated 
gene functionality using the ‘Reactome’ database.

Results
Study population and collected samples
The demographic characteristics of the donors are shown in  
Table 1. A total of 186 COCs were collected for this study. Mean (± 
SEM) age was 28.4 ± 4.0 years, BMI was 25.5±4.4 kg/m2, AMH was 8.6 
± 5.1 ng/ml and the antral follicle count was 41±15. The mean total 
HP-hMG dose administered to the donors was 458±103 IU. The 
number of COCs recovered per donor was 22.9 ± 9.7. All donors were 
confirmed to be negative for hepatitis B, C, COVID-19, and HIV.

CAPA-IVM outcomes
We found no differences in GV meiotic arrest rates: 31 out of 32 
oocytes and 28 out of 31 were at the GV-stage after the CAPA step 
with or without pro-cumulin, respectively. Hence, both control 
CAPA oocytes and pro-cumulin treated oocytes were maintained 
in meiotic arrest after 24 h culture.

After CAPA-IVM, there were no differences in maturation rate 
among the three different culture conditions (77%, 75%, 79% re-
spectively) nor in oocyte diameter (Supplementary Fig. S1).

Pro-cumulin modulates gene expression in 
growing GV oocytes
A total of 59 GV oocytes were collected and processed for single- 
cell library generation. Out of these, 30 GV-Control oocytes and 
25 GV-Pro-cumulin oocytes passed the quality control as de-
scribed in the raw data priming section (Supplementary Fig. S1).

After running DESeq with a cut-off value of jlog2FC 
changej>0.5 and P-value 0.1, a total of 248 DEGs were identified in 

GV oocytes upon pro-cumulin treatment during the CAPA step 
(Fig. 3A). Of the 248 DEGs, 75 genes were upregulated and 173 
downregulated (Supplementary Tables S1 and S2). GO analysis for 
downregulated genes showed significantly enriched pathways 
(FDR>0.05) for response to stress and DNA damage response 
among others (Fig. 3B–D). Moreover, pro-cumulin downregulated 
the expression of genes related to transcription and translation 
pathways in GV oocytes (Fig. 3B and E). Pro-cumulin also downre-
gulated mitochondria-related genes involved in biogenesis and 
organelle remodeling (Fig. 3B and F) and transcripts related to 
zinc-finger proteins, nucleotide repair, and oxidative phosphory-
lation (ZNF84, ZNF561, ZNF30, POLTB2, TAF2, MRPL33) (Fig. 3B and 
G). Previous studies reported that genes such as TMEM54, 
ARHGAP, and SERPINB were downregulated in oocytes from PCOS 
women compared to normo-ovulatory women (Gao et al., 2023). In 
contrast, NKD2 was found to be upregulated in oocytes from PCOS 
patients (Dinh et al., 2019). Our results suggest that pro-cumulin 
could counteract the dysregulated transcription for the aforemen-
tioned genes in GV oocytes from PCOS women (Fig. 3B and G). No 
clustered pathways were found in Hallmark or GO for the 75 upre-
gulated genes after pro-cumulin treatment. Therefore, the 10 
most significant DEGs (all upregulated) with pathway description 
were assessed by the KEGG source (Table 2).

Among the top 10 upregulated genes, several genes possibly re-
lated to meiosis regulation were upregulated in growing GV 
oocytes upon pro-cumulin addition, such as EPHA10 and PPP2R5B.

Our results also show that pro-cumulin activated the PI3K/ 
Akt pathway in GV oocytes and increased the expression of 
IGFBP2, which encodes an insulin-like growth factor-binding pro-
tein, and promotes the expression of ACTR1B, which transduces 
signals from several members of the TGF family such as cyto-
kines, activins, and BMPs. Interestingly, pro-cumulin promotes 
Glypican 1 (GPC1) expression in GV oocytes, which interacts with 
growth factors such as FGF and TGF-β, WNT, and BMPs (Watson 
et al., 2012; Pan and Ho, 2021). Moreover, even though we found 
upregulated GPC1 in oocytes, GPC1 mRNA abundance in CCs is 
considered a potential embryo quality marker (Xiong et al., 2019). 
MLLT6 and SPATC1L were also found in the top 10 upregulated 
genes, and are associated with chromosome and centriole- 
associated proteins, and growth arrest-specific genes GAS-AS1 
and GAS6, which play a crucial role during oocyte cytoplasmic 
maturation and early embryonic development (Kim et al., 2018, 
2021) (Table 2).

Finally, in addition to the 10 top upregulated genes, metabolism- 
related genes were also upregulated upon pro-cumulin treat-
ment in GV oocytes, such as ABHD12 which is involved in 
arachidonate production and metabolite transporters, such as 
SLC52A, a riboflavin transporter, ASPSCR1 which interacts with 
GLUT4 transporter, and RPIA which is involved in pyrimidine me-
tabolism (Supplementary Table S2). Pro-cumulin also increased 
the expression of CLTB, which is involved in the formation of an-
nular gap junctions and WNT signaling.

Thus, pro-cumulin downregulates GV oocyte transcription 
and mitochondrial pathways which are associated with oocyte 
competence acquisition. Moreover, pro-cumulin may improve 
metabolic performance in oocytes from PCOS women, by upregu-
lating the expression of metabolism genes important for nourish-
ing and supporting oocyte growth, while alleviating stress.

Pro-cumulin does not affect fully surrounded MII 
oocytes, but restores the transcriptome of 
partially denuded oocytes
A total of 72 MII oocytes were collected and processed for 
single-cell RNA-seq analysis, from which 70 passed the quality 

Table 1. Patient characteristics.

Mean ± SEM

Age 28.4±4.0
BMI 25.5±4.4
AMH (ng/ml) 8.6±5.1
FSH (IU/l) previous to Menopur treatment 5.8±2.1
Progesterone (µg/l) previous to Menopur treatment 0.2±0.1
Estradiol (ng/l) previous to Menopur treatment 34.1±15.6
LH (IU/l) previous to Menopur treatment 7.8±4.1
Length of stimulation� 2/3�

Dose of stimulation IU (Menopur: highly  
purified metropin (HP-hMG))

500–650

FSH (IU/l) after Menopur treatment 8.7±1.7
Progesterone (µg/l) after Menopur treatment 0.2±0.1
Estradiol (ng/l) after Menopur treatment 340.6±396.4
LH (IU/l) after Menopur treatment 3.8±2.4
Antral follicle count (AFC) 41±15
COCs recovered per retrieval 22.9±9.7
Fully surrounded COCs 136
Partially denuded COCs 55

� Days.
AMH, anti-M€ullerian hormone; COCs, cumulus–oocyte complexes 
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control. An overall decrease of 23.3% in the total number of 
transcripts was seen in mature oocytes compared to immature 
GVs (Fig. 4A).

We therefore investigated first whether the DEGs seen in GV 
oocytes after pro-cumulin treatment were still expressed in matured 
oocytes. A total of 222 genes out of 248 DEGs found at the GV stage 

Figure 3. Gene set enrichment analysis (GSEA) of gene expression differences between treatments in GV oocytes. (A) Volcano plot of 248 
differentially expressed genes identified as being modulated by pro-cumulin in GV oocytes. (B) The top 20 gene ontology pathways that are significantly 
(FDR <0.1) enriched for downregulated genes. (C–G) Heatmaps showing supervised clustering of genes involved in the inhibition or activation of gene 
ontology pathways. GV, germinal vesicle; FDR, false discovery rate.
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upon pro-cumulin treatment were still expressed in MII oocytes 
(Fig. 4A), suggesting that pro-cumulin could continue affecting oo-
cyte expression for the majority of the genes during the IVM phase.

We next compared the effect of pro-cumulin on the transcrip-
tome of MII oocytes that were fully surrounded at collection. 
Compared to MII-controls, pro-cumulin-treated MII-CAPA and 
MII-CAPA IVM oocytes revealed no down-regulated DEGs and one 
upregulated gene (CAPRIN, Supplementary Fig. S2), respectively. 
However, when comparing the MII oocyte transcriptome from 

fully versus partially surrounded COCs at collection, named as 
DO-Control (Denuded Oocyte), a total of 82 DEGs were found 
(Fig. 4B and C). Partially denuded oocytes had altered expression 
of genes related to cell cycle and chromatin remodeling (AVEN, 
LCMT1), post-translation modifications (VDAC, NUP153), lipid ho-
meostasis, and mitochondria compared to the fully surrounded 
counterparts (Supplementary Tables S3 and S4). The lists of the 
top 10 down- and up-regulated genes in DO-MII-control oocytes 
are shown in Tables 3 and 4, respectively. Among the top 10 

Table 2. The 10 most significantly upregulated genes in pro-cumulin-treated germinal vesicle (GV) oocytes compared to the GV control.

Gene symbol Gene name FDR Log2 fold  
change

Function/pathways

PODXL2 Podocalyxin-like protein 2 0.034 13.243 Cell–cell adhesion: GO:0007155
MLLT6 Protein AF-17 0.065 1.050 Chromosome and associated proteins
EPHA10 Ephrin type-A receptor 10 0.049 1.012 Axon guidance
AMZ1 Archaemetzincin-1 0.081 0.988 Metalloproteases
GPC1 Glypican-1 0.023 0.924 Fibroblast growth factor binding
GAS6-AS1 long noncoding RNA 0.080 0.923 GAS6 antisense RNA1
SPATC1L Speriolin-like protein 0.034 0.915 Not characterized in oocytes
PPP2R5B Serine_threonine-protein  

phosphatase 2A
0.082 0.879 Oocyte meiosis: KEGG_04114; Wnt  

signaling: KEGG_04310
ENSG00000270792 lncRNA_gene 0.027 0.868 Novel transcript
IGFBP2 Insulin-like growth factor-binding 

protein 2
0.040 0.867 Glucose metabolism 

and insulin pathway signaling

FDR, false discovery rate; GO, gene ontology.

Figure 4. Differentially expressed genes between treatments in MII oocytes. (A) Venn diagram displaying the total number of transcripts detected in 
GV oocytes compared to MII oocytes. A total of 222 DEGs from GVs are still detectable in MII oocytes. (B) Venn diagram displaying the common DEGs in 
partially denuded oocytes among the three treatment conditions. (C–E) Volcano plots comparing the transcriptome of fully surrounded MII oocytes to 
transcripts in DO-MII-CAPA-control, DO-MII-CAPA-Pro-cumulin, and DO-MII-CAPAIVM-Pro-cumulin, respectively. MII, metaphase II; GV, germinal 
vesicle; DEGs, differentially expressed genes; DO, denuded oocyte; CAPA, capacitation.
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downregulated genes, we found SAT1 and RAB13 which are in-
volved in vesicle-mediated transport, and metabolism-related 
genes such as ACSM3, which is involved in beta-oxidation, and to 
metallothionein (MT2A), which is involved in ion and zinc ho-
meostasis and redox metabolism. Among the top 10 upregulated 
genes, we found CLK4. Previous studies correlated the expression 
of CLK4 in fish embryos with exposure to environmental stress 
conditions (Whiteley et al., 2021). CLK4 is considered to be a ther-
mosensitive gene, which drives ubiquitination and downstream 
alternative splicing regulation linked to sex reversal and epige-
netic modifications. Another upregulated gene in partially de-
nuded oocytes is LINC01122, an uncharacterized long intergenic 
non-protein coding RNA that has been associated with high BMI 
and PCOS diagnosis (Brower et al., 2019). Among other upregu-
lated genes in partially denuded oocytes, we found ANO10, also 
known as TMEM16K, which belongs to the anoctamin family of 
calcium-activated chloride channels, with lipid scramblase activ-
ity. Genes related to apoptosis such as AVEN were also 
upregulated.

CAPRIN was upregulated in partially denuded oocytes com-
pared with fully surrounded counterparts, independently of 
pro-cumulin addition (Fig. 4D and E). However, pro-cumulin 
treatment in partially denuded COCs largely restored the fully 
surrounded phenotype in MII oocytes as only 11 and 6 DEGs were 
found when pro-cumulin was added only during CAPA and dur-
ing CAPA-IVM, respectively (Fig. 4D and E) (Supplementary 
Tables S5–S8).

Thus, pro-cumulin modulates the transcriptome in GV 
oocytes, but does not alter final transcripts present at the MII 
stage (Supplementary Fig. S2A). However, when oocytes undergo 
IVM without supportive CCs, alterations in MII transcripts were 
mitigated by pro-cumulin addition (Supplementary Tables S7 
and S8).

Pro-cumulin maintains the CC phenotype and 
promotes CC expansion
After running DESeq analysis with a cut-off value of jlog2 fold 
changej>1 and P-value 0.05, we found 283 DEGs in CC-MII upon 
pro-cumulin treatment when added in both CAPA and IVM steps, 
of which 154 were upregulated and 129 were downregulated 
(Fig. 5A) (Supplementary Tables S9 and S10).

Genes involved in CC expansion and ECM organization were 
found to be upregulated upon pro-cumulin treatment (Fig. 5B 
and D–F). GO analysis for upregulated genes showed significant 
enrichment in pathways related to activated epithelial–mesen-
chymal transition, apical junction, and metalloproteases 
pathways (Fig. 5B and D). An increase in CC proliferation by pro- 
cumulin was reflected by enrichment for pathways involved in 
mitosis, transcription, and translation (Fig. 5B and E). Moreover, 
inflammatory responses, IL6–JAK–STAT3 signaling and IL2– 
STAT5 signaling, and cytokine-based pregnancy biomarkers, 
were also enriched for upregulated genes (Fig. 5B and F). ECM ex-
pansion was observed in all conditions (Supplementary Fig. S3A). 
Hyaluronan synthase (HAS2) and VERSICAN (VCAN) are genes in-
volved in CC expansion, and their expression has been detected 
in CC and CC pro-cumulin-treated samples. However, the differ-
ences were not significantly different among conditions 
(FDR> 0.05) (Supplementary Fig. S3B). Pro-cumulin additionally 
upregulated genes involved in preventing apoptosis (DDIAS, 
PDGFRA, GAS5) and downregulated activators of apoptosis 
(DDIT4, PMAIP1, SAT1, TIMP1, and SC5D) (Fig. 5B, C, and G).

Pro-cumulin addition downregulated genes involved in cho-
lesterol homeostasis and lipid metabolism (STAR, HSD17B7, 
HSD3B2, CYP51A1, and MVK), thus reflecting the CC phenotype, 

as opposed to a mural/luteal GC phenotype and stimulated SFRP4 
gene expression, which are associated with anti-luteinizing 
effects (Fig. 5C and H). The expression of the luteinizing hormone 
receptor (LHCGR) was lower in CC upon pro-cumulin treatment. 
However, the FDR value was higher than the established cut-off 
for significant differences after DESeq analysis. Specific genes in-
volved in steroidogenesis, listed in the KEGG steroid biosynthesis 
and steroid hormone pathways, were plotted in the Volcano plot, 
showing these genes clustering in the downregulated section, 
and reflecting the overall decreased expression of genes related 
to steroidogenesis (Supplementary Fig. S3D). Pro-cumulin inacti-
vated the mTOR pathway in CCs (Fig. 5C). Moreover, genes asso-
ciated with PCOS phenotype in CC were downregulated (VTN, 
HSD17B7, CYP11A) and genes associated with floating GCs com-
pared with CCs surrounding the oocyte were downregulated 
(TMEM37, TRIB3) (Fig. 5I) (K~oks et al., 2010; Khan et al., 2019).

An intermediate transcriptome profile was found in CCs when 
pro-cumulin was added only during the capacitation step. A total 
of 49 DEGs were found when compared with control CAPA-IVM 
MII, where 26 genes were upregulated and 23 downregulated 
(Supplementary Fig. S2B) (Supplementary Tables S11 and S12). 
Interestingly, the main pathways downregulated when pro- 
cumulin was added in both steps, such as steroidogenesis and 
luteinization, were not downregulated when not adding pro- 
cumulin from the IVM step (Supplementary Fig. S2). As for 
pro-cumulin added in both steps, cholesterol biogenesis was the 
major downregulated pathway, although fewer cholesterol genes 
were downregulated when compared to CCs which were exposed 
to pro-cumulin only during the capacitation step (Fig. 5J). A total 
of 13 DEGs in CCs from MII oocytes were common between pro- 
cumulin added only during the capacitation step or during both 
culture steps (Fig. 5J). When we compared CCs from GV oocytes 
after the CAPA step, we found no differences in the transcrip-
tome between CCs-CAPA Control and CCs-CAPA-pro-cumulin 
(Supplementary Fig. S2C). The total number of transcripts in CCs 
did not differ between GV and MII stages. However, 1852 tran-
scripts were specific for CC-GV and 1127 specific for CCs-MII. Of 
the 283 DEGs found among CC-MII, 266 were also expressed in 
CC-GVs although pro-cumulin did not affect the expression at 
the immature stage (Fig. 5K).

Thus, in spite of a major effect of pro-cumulin on CCs tran-
scriptome from matured oocytes, pro-cumulin does not affect 
the transcriptome in CCs from GV oocytes.

Discussion
Biphasic IVM consists of a pre-maturation step under oocyte mei-
otic arrest and preserved bidirectional communication between 
the oocyte and CCs in order to enhance oocyte cytoplasmic mat-
uration prior to nuclear maturation in the IVM step (Gilchrist and 
Smitz, 2023). Biphasic IVM improves embryological outcomes in 
PCOS patients when compared to standard monophasic IVM 
(Vuong et al., 2020b). However, to reduce the remaining efficiency 
gap between biphasic IVM and conventional IVF (Vuong et al., 
2020a), further optimization of IVM culture conditions is re-
quired. Previous studies in mice and human IVM reported that 
culturing the oocytes in vitro altered the gene expression profile 
(Virant-Klun et al., 2013; Llonch et al., 2021; Zhang et al., 2021). In 
several animal models, supplementation of culture media with 
paracrine factors naturally secreted by oocytes enhanced the de-
velopmental competence of oocytes matured in monophasic 
IVM. Although not affecting oocyte maturation rates, beneficial 
effects were achieved in mice, bovine, porcine or ovine in terms 
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of CC gene expression or blastocyst yield (Su et al., 2004; Hussein 
et al., 2006; Mottershead et al., 2015; Sutton-McDowall et al., 2015; 
Akin et al., 2022) and in terms of mice fetal viability (Yeo et al., 
2008; Sudiman et al., 2014).

This is the first study which examined the effect of OSF sup-
plementation during human biphasic IVM on CC and the oocyte 
transcriptomes. Besides its relevance for clinical IVM, the bi-
phasic IVM model allows the study of molecular events endors-
ing nuclear but also cytoplasmic maturation at two different 
maturation stages: the GV-stage after the pre-maturation step 
and the MII stage after IVM.

Our study demonstrated that the addition of a GDF9:BMP15 
heterodimer, termed pro-cumulin, during human biphasic IVM 
preserves the CC transcriptomic profile, thus counteracting the 
in vitro de-differentiation of CC toward the mural GC phenotype. 
Moreover, pro-cumulin regulates the GV oocyte transcriptome 
during the pre-maturation step. Pro-cumulin did not modulate 
the MII transcriptome from fully surrounded COCs during IVM. 
However, pro-cumulin addition mitigated the transcriptional 
changes induced by partial oocyte denudation at COC collec-
tion (Fig. 6).

RNA-seq data from the current study show that pro-cumulin 
supplementation during the first (capacitation) step of biphasic 
IVM modulates the transcriptome in growing GV-oocytes. GO 
analysis for downregulated genes showed significant enrichment 
for response to stress pathways. During in vitro growth and matu-
ration, the oocytes are exposed to several sources of stress (Von 
Mengden et al., 2020; Yan et al., 2021). Therefore, downregulated 
cell-response stress pathways in our study may reflect the bene-
ficial effect of pro-cumulin in reducing culture-induced cellular 
stress. A decreased DNA damage response, including RNA poly-
merase II, DSBs, chromosome, and ribosome-related gene tran-
scripts, suggests that gene transcription is downregulated and 
protein translation is decreased by pro-cumulin, which are 
known to coincide with surrounded nucleolus (SN) organization 
and acquisition of meiotic competence (Miyara et al., 2003; 
Bogolyubova et al., 2023). Moreover, post-transcriptional regula-
tion genes such as YKT6 and THOP1, which are involved in pep-
tide degradation were upregulated, suggesting that pro-cumulin 
modulates mRNA stability in growing GV oocytes.

Immature oocytes undergo stages of active transcription and 
translation during their growing phase, especially during the late 

Table 3. The 10 most significantly downregulated genes in partially denuded (DO)-metaphase II (MII) oocytes compared to fully 
surrounded MII oocytes.

Gene symbol Description FDR Log2 fold change Pathways

RAB13 RAB13, member RAS oncogene family [Source: HGNC 
Symbol; Acc: HGNC: 9762]

0.040 −3.087 Tight junctions

TBC1D22A-DT TBC1D22A divergent transcript [Source: HGNC 
Symbol; Acc: HGNC: 55388]

0.015 −2.316 Membrane trafficking

ACSM3 Acyl-CoA synthetase medium chain family member 3 
[Source: HGNC Symbol; Acc: HGNC: 10522]

0.069 −2.272 Lipid biosynthesis

MT2A Metallothionein 2A [Source: HGNC Symbol; Acc: 
HGNC: 7406]

0.040 −2.034 Motor proteins− 
cytoskeleton

FAM241B Family with sequence similarity 241 member B 
[Source: HGNC Symbol; Acc: HGNC: 23519]

0.012 −1.874 Uncharacterized protein – 
predicted to play a role 
in lysosome 
homeostasis

SNTG2 Syntrophin gamma 2 [Source: HGNC Symbol; Acc: 
HGNC: 13741]

0.054 −1.838 PDZ domain-contain-
ing proteins

SAT1 Spermidine/spermine N1-acetyltransferase 1 [Source: 
HGNC Symbol; Acc: HGNC: 10540]

0.083 −1.812 Transcription factor

LINC02553 Long intergenic non-protein coding RNA 2553 [Source: 
HGNC Symbol; Acc: HGNC: 53588]

6.92E−4 −1.767 Not characterized

ENSG00000241073 Novel transcript 0.060 −1.720 Not characterized
ENSG00000280320 Novel transcript 0.076 −1.710 Not characterized

FDR, false discovery rate.

Table 4. The 10 most significantly upregulated genes in denuded (DO)-metaphase II (MII) oocytes compared to fully surrounded 
MII oocytes.

Gene symbol Gene name FDR Log2 fold change Pathways

ENSG00000287476 lncRNA (Novel Transcript) 0.023 2.08 Not characterized
CLK4 CDC like kinase 0.068 2.024 Splicing-specific kinases
OLFML1 Olfactomedin like 1 0.076 1.22 Embryonic development and tu-

morigenesis
CAPRIN2 Caprin family member 4.09E−4 1.193 mRNA binding protein
AVEN Apoptosis and caspase activa-

tion inhibitor
0.053 1.11 Cell death regulator

KIAA1328 Uncharacterized protein 0.060 1.088 Protein hinderin
ANO10 Anoctamin-10 0.015 1.088 Induction of cell–cell fusion
LINC01122 Long intergenic non-protein coding 

RNA 161
0.040 1.084 Topologically associated 

domains (TADs)
VDAC3 Voltage-dependent anion-selective 

channel protein 3
0.070 1.077 Mitochondrial calcium ion transport

LCMT1 Leucine carboxyl methyltransfer-
ase 1

0.023 1.067 Cyclin A/B1/B2-associated events 
during G2/M transition

FDR, false discovery rate.
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Figure 5. Gene set enrichment analysis (GSEA) of gene expression differences between treatments in cumulus cells. (A) Volcano plot of 283 DEGs 
modulated by pro-cumulin in CC-MII-CAPAIVM pro-cumulin. (B, C) Charts show activated and inhibited pathways from Hallmark library and gene 
ontology (GO) processes, respectively. (D–I) Heatmaps showing clustering of genes involved in the activation or inhibition of biological pathways. (J) 
Venn diagram displaying the number of DEGs detected in CC-MII-CAPAIVM pro-cumulin compared to in CC-MII-CAPA pro-cumulin. A total of 13 DEGs 
from CC-MII-CAPAIVM pro-cumulin are still present in in CC-MII-CAPA pro-cumulin. Volcano plot of 49 DEGs are modulated by pro-cumulin in CC- 
MII-CAPA pro-cumulin. (K) Venn Diagram displaying the total number of transcripts detected in CCs from GV oocytes compared to CCs from MII 
oocytes. A total of 1852 transcripts are specific to CCs-GV, while 1127 transcripts are specific to CCs-MII. MII, metaphase II; DEGs, differentially 
expressed genes; CC, cumulus cells; GV, germinal vesicle; CAPA, capacitation.
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stages of oocyte development. However, mature oocytes are tran-
scriptionally silent, with accumulated mRNA being translated or 
stored, as the embryo relies on stored maternal transcripts and 
on post-transcriptional control of maternal transcripts until em-
bryonic genome activation (Zhao et al., 2020b; Hu et al., 2023). 
Taken together, our results suggest that pro-cumulin contributes 
to transcription and translation silencing in cultured GV oocytes, 
potentially contributing to preparing the oocyte for meiosis re-
sumption and maintaining the stability of stored maternal 
mRNAs. Furthermore, the lower number of expressed genes in 
pro-cumulin-treated compared to control GV oocytes suggests 
that pro-cumulin treatment promotes the degradation of tran-
scripts as part of oocyte maturation.

Moreover, our results from the top 10 upregulated genes 
showed that pro-cumulin could coordinate MAPK/AKT kinases 
and control the meiotic arrest in fully grown GV oocytes by in-
creasing oocyte ephrin receptor EPHA10 and PPP2R5B expression 
to avoid a precocious nuclear maturation in vitro (Poliakov et al., 
2004). Studies have shown that ephrin receptors may negatively 
regulate meiosis progression, by suppressing MAPK signaling and 
have suggested cAMP as a transcriptional regulator of some EPH 
genes (Palmer and Klein, 2003; Buensuceso et al., 2016). EPH sig-
naling has also been implicated in PCOS pathology and regula-
tion of BMP15 and GDF9 mRNA expression (Worku et al., 2018; 
Adu-Gyamfi et al., 2021). PPP2R5B is involved in oocyte meiosis 
regulation by dephosphorylating AKT1, negatively controlling 
cell division. Furthermore, PPP2R5B cooperates with SGO2 in pro-
tecting chromosome centromeric cohesins from separase- 
mediated cleavage, implicating a role in chromosome stability 
(Cheng and Liu, 2017). Moreover, PPP2R5B was shown to modu-
late the WNT signaling pathway (Liu et al., 2022). Finally, genes 
such as IGFBP2, GAS6, SERPINB, with crucial roles during oocyte 
cytoplasmic maturation and early embryonic development were 
also upregulated upon pro-cumulin treatment (Sagvekar et al., 
2018; Spitschak and Hoeflich, 2018; Kim et al., 2021). IGFBP2 is 
considered a biomarker for oocyte quality by enhancing mito-
chondrial function in oocytes (Lee et al., 2023). Moreover, previous 
studies reported a decrease in mRNA expression of IGFBP2 in GCs 
from PCOS patients (Rodr�ıguez et al., 2011).

Pro-cumulin treatment had minimal effects on the MII oocyte 
transcriptome for oocytes that were fully surrounded at 

collection. However, the transcriptomic profile of MII oocytes 
from partially denuded COCs cultured in CAPA-IVM differs from 
the fully surrounded counterparts. The bidirectional communi-
cation between oocytes and their companion somatic cells is cru-
cial to producing competent oocytes (Gilchrist et al., 2008; Russell 
et al., 2016). During the retrieval procedure of COCs from small 
antral follicles in non-hCG primed IVM cycles, CCs surrounding 
the oocyte are more prone to mechanical disruption possibly due 
to the aspiration procedure. Importantly, IVM of partially de-
nuded oocytes leads to compromised embryological outcomes in 
animal models (Fatehi et al., 2002; Luciano et al., 2005; Aguila 
et al., 2020) and in human (unpublished data from our lab). A to-
tal of 82 DEGs were identified, which revealed alterations in lipid 
homeostasis, mitochondrial genes, chromatin remodeling, and 
methylation-related genes in MII oocytes from partially denuded 
COCs compared to the fully surrounded counterparts. 
Importantly, pro-cumulin treatment in partially denuded COCs 
could successfully restore the fully surrounded phenotype.

When analyzing CCs from MII oocytes after CAPA-IVM, we 
found that pro-cumulin had a major effect on the transcriptome, 
presumably by counteracting FSH-induced GC differentiation.

In vivo, mural GCs produce progesterone and oestradiol, and 
this phenotype differs from cumulus GCs, the somatic cells sur-
rounding the oocyte, due to the paracrine signals mediated by 
OSFs (Stocco et al., 2017; Turathum et al., 2021; Buratini et al., 
2023). We have shown for the first time in human CCs after IVM, 
that one of the major effects of pro-cumulin in CCs is to downre-
gulate the expression of genes involved in steroidogenesis and lu-
teinization pathways, confirming previous findings in animal 
IVM models (Su et al., 2004; Gilchrist et al., 2008; Spicer et al., 2008; 
Caixeta et al., 2013). A recent study showed the upregulation of 
SFR4 and its role in preventing luteinization when OSFs are added 
to a primary culture of human CCs (Esfandyari et al., 2021). We 
corroborate this upregulated expression of SFR4 in CCs after pro- 
cumulin treatment. Interestingly, the fact that pro-cumulin inac-
tivated the mTOR pathway in CCs could be beneficial for PCOS 
patients, as its hyperactivation has been linked with the patho-
genesis of PCOS (Liu et al., 2018). Moreover, our study confirmed 
in human that genes involved in CC invasive migration and ECM- 
related genes were upregulated by OSFs, as well as genes in-
volved in preventing apoptosis.

Figure 6. Overview of the impact of pro-cumulin addition in human biphasic IVM on the transcriptomes of oocytes and cumulus cells during the 
capacitation step (fully grown GV-stage) and maturation step (MII-stage). GV, germinal vesicle; MII, metaphase II.

Pro-cumulin addition for in vitro oocyte maturation | 11  



Different gene expression profiles in GCs have been associated 
with the PCOS phenotype. Metabolism pathways, insulin re-
sponse genes, and ECM and cell adhesion-related genes are al-
tered in CCs from PCOS patients (Hassani et al., 2019; 
Sayutti et al., 2022). Interestingly, in the current study, pro- 
cumulin could revert the upregulated gene expression of some 
genes associated with PCOS such as VTN and HSD17B7, suggest-
ing that pro-cumulin may partially restore altered gene expres-
sion in CCs from PCOS.

The fact that pro-cumulin affected CC transcriptome only 
during the IVM step when FSH levels are high compared to the 
pre-IVM step suggests that pro-cumulin is a negative regulator of 
FSH action in CCs, promoting the CC transcriptomic profile while 
FSH is triggering the differentiation of the GCs into mural GCs.

In contrast to CCs from mature oocytes, CCs from GV oocytes 
treated with or without pro-cumulin during the capacitation step 
did not exhibit differences in their transcriptome profile. During 
the capacitation step, FSH is added in only low concentrations to 
enhance, together with oestradiol, CNP production to keep the 
oocyte under meiotic arrest. We hypothesize that this low FSH 
dose, compared to the IVM step, is insufficient to trigger CC de- 
differentiation and hence the mitigating effects of pro-cumulin 
on the CC transcriptome.

In conclusion, pro-cumulin supplementation in biphasic hu-
man IVM regulates the GV oocyte transcriptome during the ca-
pacitation step promoting the expression of genes related to the 
fully grown GV phenotype and restoring MII transcriptome in 
partially denuded oocytes. Moreover, pro-cumulin upregulates 
genes involved in CC expansion and downregulates genes in-
volved in apoptosis, steroidogenesis, and luteinization. Future 
studies should assess the effect of pro-cumulin addition in bi-
phasic human IVM at proteomic level and embryological out-
comes, assessing fertilization, the embryo epigenetic profile and 
aneuploidy. Furthermore, adding pro-cumulin to partially de-
nuded COCs might potentially increase the number of in vitro 
matured competent oocytes for patients (Fig. 6).
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