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Abstract 

Background: In-vitro-grow (IVG) of preantral follicles is essential for female fertility preservation, while practical 

approach for improvement is far from being explored. Studies have indicated that neurotrophin-4 (NT-4) is preferen-

tially expressed in human preantral follicles and may be crucial to preantral follicle growth.

Methods: We observed the location and expression of Tropomyosin-related kinase B (TRKB) in human and mouse 

ovaries with immunofluorescence and Western blot, and the relation between oocyte maturation and NT-4 level 

in follicular fluid (FF). Mice model was applied to investigate the effect of NT-4 on preantral follicle IVG. Single-cell 

RNA sequencing of oocyte combined with cell-specific network analysis was conducted to uncover the underlying 

mechanism of effect.

Results: We reported the dynamic location of TRKB in human and mouse ovaries, and a positive relationship 

between human oocyte maturation and NT-4 level in FF. Improving effect of NT-4 was observed on mice preantral 

follicle IVG, including follicle development and oocyte maturation. Transcriptome analysis showed that the repara-

tive effect of NT-4 on oocyte maturation might be mediated by regulation of PI3K-Akt signaling and subsequent 

organization of F-actin. Suppression of advanced stimulated complement system in granulosa cells might contribute 

to the improvement. Cell-specific network analysis revealed NT-4 may recover the inflammation damage induced by 

abnormal lipid metabolism in IVG.

Conclusions: Our data suggest that NT-4 is involved in ovarian physiology and may improve the efficiency of preant-

ral follicle IVG for fertility preservation.
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Background

In vitro follicle culture is an essential issue for female fer-

tility preservation (FP) and research of folliculogenesis. 

Since females confronted with potentially gonadotoxic 

treatment have a greater opportunity for long-term sur-

vival than ever before, there is a general consensus on 

providing FP options [1, 2]. However, due to limited time 

or contraindication of ovarian stimulation, the harvest 

of mature oocytes from antral follicles is far less than 

the number required for a take-home baby [3, 4]. By 

comparison, preantral follicles are considered a richer 

oocyte banking than antral follicles and more achievable 
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than activation of primordial follicle. For patients with 

the risk of reseeding cancer cells when transplanting 

cryopreserved tissue, in-vitro-grow (IVG) of preantral 

follicles could eliminate the risk [5]. Investigations on 

isolated follicle IVG have been performed for mice [6–8], 

domestic animals [9, 10], non-human primates [11–14], 

and humans [5, 15–17]. �e recent encouraging study 

reported the production of metaphase II human oocytes 

[18] following IVG. However, only nine oocytes with 

abnormal polar bodies were achieved with 136 pieces 

of ovarian tissue. Moreover, the comparison between 

oocytes derived from extended IVG versus in  vivo 

was not fully investigated. Considerable researches are 

needed to confirm the efficacy and safety of oocytes 

derived from preantral follicle IVG before used in fertility 

preservation.

Follicular growth in  vivo involves a series of precise 

intraovarian and neuroendocrine regulators. Micro-

environment of the existed IVG systems simulate only 

a small portion of neuroendocrine regulators, which 

intraovarian factors could not compensate. Accumulat-

ing evidence has suggested neurotrophins’ roles in fol-

licle assembly, follicular growth and oocyte maturation 

[19, 20]. Neurotrophin-4 (NT-4), a member of neurotro-

phins, has been identified as distinct stage-specific and 

preferentially expressed in human preantral and antral 

follicles [21]. With gene knock-out mice, study indicated 

that the deficiency of TRKB, the tyrosine kinase receptor 

for NT-4, decreased secondary follicles and FSH receptor 

expression in the ovary [22]. However, the role of NT-4 

in the IVG of mammalian preantral follicles is far from 

being explored.

In this study, we observed the dynamic location of 

TRKB in ovaries of human and mouse, and explored the 

relation between oocyte maturation and level of NT-4 in 

the follicular fluid (FF) aspirated from follicles of in vitro 

fertilization (IVF) or Intracytoplasmic sperm injection 

(ICSI) cycles. �en we first investigated the effect of 

NT-4 on preantral follicle IVG applying mice model, to 

develop a more effective and safe method for female fer-

tility preservation. Single-cell RNA sequencing of oocyte 

combined with cell-specific network analysis was con-

ducted to uncover the underlying mechanism of effect, 

which is also the first high-throughput data comparing 

oocyte derived from preantral follicle IVG versus in vivo.

Methods

TRKB receptor identi�cation in human and mouse ovaries

Source and collection of ovaries

�is study was approved by the ethics committee of the 

Reproductive Medicine Centre of the Sixth Affiliated 

Hospital of Sun Yat-sen University (2014ZSLYEC-002S), 

and all participants had signed the informed consent on 

enrollment. �e ovarian specimens used for immuno-

histochemical studies derived from 5 women diagnosed 

with nongynecological cancer from 26 to 33  years old, 

undergoing pelvic surgery for cancer treatment or ovary 

cryopreservation. Mouse ovaries were collected from 

female Kunming mouse aged 2-week-old and 6-week-old. 

Cumulus oocyte complexes (COCs) growing in vivo were 

collected by antral follicle puncture. Oocytes and granu-

losa cells were denuded by gently pipetting in a droplet 

of PBS buffered medium containing 80 IU/ml hyaluroni-

dase (Vitrolife, Sweden). Oocytes, somatic granulosa cells 

and cumulus cells (CCs) were collected respectively and 

washed twice with phosphate-buffered saline (PBS), then 

stored at -80 °C until Western blot or RNA extraction. All 

the animal procedures were performed under the ethical 

guidelines of the Laboratory Animal Center of Sun Yat-

sen University.

Immuno�uorescence

Formalin-fixed, paraffin-embedded ovarian specimens 

were sectioned at five μm. After dewaxing, antigens 

were retrieved by pressure cooking in sodium citrate 

buffer at 90  °C for 40  min. Sections were blocked for 

30 min in 3% diluted in phosphate-buffered saline (PBS; 

pH7.4). �e immunoreactions were performed with the 

TRKB (Novus biologicals, Bio-Techne, USA) antibody 

(10  μg/ml) and DDX4 (Abcam, USA) antibody (1:100) 

simultaneously. Slides incubated in the absence of pri-

mary antibodies were used as a negative control. After 

an overnight incubation at 4  °C, the primary antibody 

was detected using fluorochrome-tagged secondary 

antibodies by incubating the sections with Alexa Fluor 

488 Goat Anti-Mouse (Abcam, USA; 1:400) and Cy™3 

AffiniPure Donkey Anti-Goat IgG (Jackson ImmunoRe-

search Laboratories, Inc., West Grove, PA; 1:400) for 1 h 

at room temperature. Cell nuclei were stained with DAPI 

dihydrochloride (Solarbio Life Sciences, China). Confo-

cal images were acquired using a Leica Corp. TCS SP8 

confocal system (Leica Corp. Microsystems, Heidelberg, 

Germany). In general, six to eight representative sections 

were acquired for each image. Images were further pro-

cessed using Photoshop.

Western blot

Ovaries or denuded granulosa cells were stored at -80 °C. 

Samples were lysed using Sodium dodecyl sulfate (SDS) 

sample buffer, boiled for 5 min, separated on SDS-PAGE 

gel, and then transferred onto a polyvinylidene difluoride 

(PVDF) membrane. �e membrane was blocked in 5% 

low-fat milk for 1  h and incubated at 4  °C with 1:400 

goat anti-TRKB polyclonal antibody (Novus biologicals, 

Bio-Techne, USA) overnight. Membranes were washed 

three times using PBST buffer, and then incubated with 
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anti-goat rabbit-radish peroxidase-conjugated secondary 

antibody (1:5000) for 1  h at room temperature. Finally, 

membranes were processed using a chemiluminescence 

detection system. Detected bands of predicted size for 

TRKB and GAPHD (an internal control for normaliza-

tion) were quantified using ImageJ software.

Human samplea collection and NT-4 assay

Participants

Forty-nine patients undergoing IVF/ICSI in the Repro-

ductive Medicine Center of the Sixth Affiliated Hospital 

of Sun Yat-sen University were included, from September 

to October 2020. �e inclusion criteria were: (1) female 

age < 40  years, (2) underwent IVF or ICSI treatments, 

(3) the number of oocytes retrieved > 3 and AMH (anti-

Müllerian hormone) ≥ 1·1  ng/ml, (4) regular menstrual 

cycles over the previous 3-month period. Couples were 

excluded if female patients were diagnosed with adeno-

myosis, uterine cavity abnormalities, untreated hydrosal-

pinx, immunologic disease, or had any contraindications 

to progesterone and Gn (gonadotrophin) use. Male 

patients whose sperm was collected by surgery were 

not included in the study. Cycles administrating in vitro 

maturation or preimplantation genetic treatment were 

excluded. �is study was approved by the ethics commit-

tee of the Sixth affiliated hospital of Sun Yat-sen Univer-

sity (2020ZSLYEC-277) and all participants had signed 

the informed consent on enrollment.

Follicular �uid retrieval procedures and Cumulus cells 

collection

During IVF/ICSI treatment, patients underwent con-

trolled ovarian hyperstimulation (COH) and follicle 

growth was monitored by transvaginal ultrasonography 

every 2 to 4  days. When at least one follicle reached 

a diameter of 18  mm, or two follicles reached 17  mm, 

recombinant hCG (Ovitrelle, Merck-Serono, Italy) 250 μg 

or hCG (Lizhu Pharmaceutical Trading Co., China) 

10,000  IU were administrated. Oocyte retrieval was 

performed 36  h later. FF aspirates were centrifuged at 

2000 rpm for 10 min to remove cellular components and 

debris. Supernatants were collected for storage at -80 °C 

until assay. FF NT-4 was assessed using enzyme-linked 

immunosorbent assay kits (Elabscience, China) according 

to the manufacturer’s instructions, with a range of 31·25 

to 2000  pg/ml and detection sensitivity of 18·75  pg/ml. 

Intra- and inter-assay coefficients of variation were less 

than 10%. COCs were collected and incubated at 37  °C 

and 5%  CO2 for at least 2  h. �en we denuded CCs by 

gently pipetting in a droplet of HEPES buffered medium 

containing 80  IU/ml hyaluronidase (Vitrolife, Sweden). 

CCs of each patient were collected and washed twice with 

PBS, then stored at -80  °C until Western blot detection. 

Fertilization, embryo culture, and transfer were carried 

out following standardized procedures.

Grouping and Statistical analysis

�e clinical outcomes were recorded, including the num-

ber of mature oocytes, normal fertilization embryos, 

available embryos, high-quality embryos, and blasto-

cysts. For analysis, cases were grouped according to the 

rate of mature oocytes with a threshold value of 80%. 

NT-4 levels in FF, patient demographics, and stimulation 

characteristics were compared between groups with two-

tailed Student’s t-tests, and P < 0·05 were considered as 

statistically significant. Binary logistic regression analy-

sis was conducted to assess the potential factors related 

to the rate of oocyte maturation. �e dependent variable 

was defined as followed: the rate of oocyte maturation 

less than 80% is defined as ‘0’; the rate of oocyte matura-

tion higher than 80% is defined as ‘1’.

In vitroculture of mouse preantral follicle

Animal, follicle dissection and In vitro culture

Animals were housed under controlled temperature 

(25  °C) and light-controlled conditions (12  h light/day). 

Female Kunming mice aged 12 to 14 days were sacrificed 

by cervical dislocation, and the ovaries were collected. 

Follicle dissection was performed according to the pro-

cedure adapted from the Woodruff and Shea Labs pro-

tocols [23] (Fig. 2a). In brief, ovaries were obtained and 

transferred in a 4 °C dissection medium, which contains 

L15 medium (Leibovitz, Gibco) supplemented with 

10% of fetal bovine serum, 100 U/ml of penicillin, and 

100  mg/ml of streptomycin (Biotopped Life Sciences, 

China). Individual preantral follicles were mechanically 

dissected by two  29G1/2 insulin syringes gently in pre-

warm dissection medium on 37  °C heated stages. Folli-

cles measuring 110 ± 20 μm in diameter with a centrally 

placed oocyte and no signs of somatic cell degeneration 

were picked for further culture. Individual follicles were 

placed in 96-V-well microtiter plates in 100-μL preequili-

brated (5%  CO2) and prewarmed (37 °C) culture medium: 

α-MEM (Gibco, US) supplemented with 1  mg/mL of 

fetuin (Sigma, US), 1% of ITS (insulin 10  mg/L; trans-

ferrin 5·5  mg/L; sodium 5  μg/L) (Sigma, US), 3  mg/mL 

of albumin bovine (Sigma, US) and 10mIU/mL of FSH 

(ProSpec, Israel). To determine the optimal dose, dif-

ferent concentrations of NT-4 and medium alone were 

administered. Cultures were carried out in the incuba-

tor with or without NT-4 (0, 50, 100, 200 ng/ml) for ten 

days at 37 °C and 5%  CO2 in air (Application number of 

national invention patent of China: 202,110,274,259.5). 

�e refreshment was performed every other day by 

replacing half of culture medium and the corresponding 

NT-4 supplement, and spent medium was collected and 
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stored at -80  °C until assay. Experiments for all groups 

were conducted in parallel, and 388 follicles from 3 repli-

cated experiments were analyzed.

Evaluation of follicle survival and hormone Assay

�e diameter of follicles was assessed every other day. 

Follicles were considered atresia or degenerated if the 

oocyte became dark or disappeared or the growth of fol-

licle diameter became stagnant. Antrum formation was 

determined by the presence of a visible translucent area 

in the follicle at the end of the culture. Steroid hormones 

were measured by enzyme-linked immunoassay kit (low-

est amount detectable for estradiol-17 β and progester-

one were 5 pg/mL and 0·03 ng/mL, respectively; Cusabio 

Biotech, China).

In vitro maturation

Cumulus oocyte complexes (COCs) were released 

from antral follicles at the end of IVG and incubated in 

preequilibrated and prewarmed mature medium contain-

ing α-MEM supplemented with 1.5 IU/mL hCG (Ningbo 

Second Hormone Factory, China) and 10% FBS (Gibco, 

US) at 37  °C and 5%  CO2 for 12 to 16  h. �en oocytes 

were released from the surrounding cumulus cells by 

gently pipetting in a droplet of HEPES containing 80 IU/

ml hyaluronidase (Vitrolife, Sweden). �e appearance 

of the first polar body served as markers for complete 

oocyte nuclear maturation.

Oocyte and granulosa cells (GC) collection

For comparison, COCs growing in  vivo were collected 

by antral follicle puncture. Oocytes in the germinal vesi-

cle stage growing in vivo or in vitro (Day 6 and Day 10) 

were released from COC as previously stated. Each sam-

ple containing six oocytes was collected in lysate buffer 

for SMARTer cDNA synthesis and library construction. 

Each group contained three oocyte samples from three 

replicated experiments. �e remaining cumulus granu-

losa cells were collected and kept at -80  °C until the 

assessment of gene expression.

Single cell RNA sequencing analyses of mouse oocyte

SMARTer cDNA synthesis and library construction

Whole oocyte total RNA was amplified using the 

SMARTSeq2 protocol. Briefly, Oocytes were lysed, and 

first-strand cDNA synthesis was conducted with a modi-

fied oligo(dT) primer (the SMART CDS Primer). �e 

resulting full-length, single-stranded (ss) cDNA was 

amplified by LD PCR to get enough dscDNA, and cDNA 

was fragmented by dsDNA Fragmentase (NEB, M0348S). 

For library construction, blunt-end DNA fragments were 

generated, and size selection was performed. A-base and 

indexed Y adapters were administrated to obtain ligated 

products. After amplifying ligated products with PCR, 

paired-end sequencing was performed with an Illumina 

Novaseq™ 6000 (LC Sciences, USA).

Primary analysis and RNA-seq reads mapping

Reads containing sequencing adaptors or sequencing 

primer or nucleotide with q quality score lower than 20 

were considered low quality and removed. Using the 

HISAT2 package [24], the remaining reads were aligned 

to the mus musculus reference genome mm10 from 

the University of California Santa Cruz (UCSC, http:// 

genome. ucsc. edu). �e mapped reads of each sample 

were assembled and merged to reconstruct a comprehen-

sive transcriptome using StringTie [25]. �en, the expres-

sion level for mRNAs was assessed by calculating FPKM 

with StringTie.

Heatmap, Principal Component Analysis (PCA) 

and di�erentially expressed genes analysis

�e RNA-seq normalized data were subjected to heat-

map analysis and PCA, using Seurat method and only 

highly variable genes (coefficient of variation > 0·5) were 

used as inputs. Single-cell data of 9 GV oocytes in IVV, 

IVG, and IVG-NT groups were analyzed to observe the 

whole clustering profile. �e selection of differentially 

expressed genes (DEGs) were performed by using R 

package edgeR (https:// bioco nduct or. org/ packa ges/ relea 

se/ bioc/ html/ edgeR. html) with the log2 |fold change|> 1 

and P < 0·05.

Functional enrichment analysis

Gene Ontology (GO), Kyoto Encyclopedia of Genes and 

Genomes (KEGG) analysis were conducted for each list 

of DEGs and PPI subnetworks by using Gene Set Enrich-

ment Analysis (GSEA) [26] and ClusterProfiler [27] with 

adjusted P < 0·05 as the cutoff.

Transcription Factor prediction and Protein–protein network 

(PPI) construction

We used a reference TF-target interaction database 

-TRRUST v2 (Transcriptional Regulatory Relationships 

Unraveled by Sentence-based Text mining version 2 [28] 

to predict the major factors in transcriptional regulation. 

�e PPI network was constructed by the Search Tool for 

the Retrieval of Interacting Genes (STRING) database 

[29] and visualized by Cytoscape (version 3.6.1) software 

[30].

Bulk RNA-seq analysis of mouse granulosa cell

mRNA library construction and sequencing

Total RNA of each sample was extracted and purified 

using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), 

followed by fragmentation using Magnesium RNA 

http://genome.ucsc.edu
http://genome.ucsc.edu
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
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Fragmentation Module (NEB, USA), and synthesis of 

U-labeled second-stranded DNAs using SuperScript™ 

II Reverse Transcriptase (Invitrogen, USA), E. coli DNA 

polymerase I (NEB, USA), RNase H (NEB, USA) and 

dUTP Solution (�ermo Fisher, USA). After single- or 

dual-index adapters were ligated to the fragments, the 

U-labeled second-stranded DNAs were treated with 

heat-labile UDG enzyme (NEB, USA), and the ligated 

products were amplified with PCR. Sequencing data were 

generated on Illumina Novaseq™ 6000 (LC Sciences, 

USA) with 2 × 150 bp paired-end sequencing (PE150) fol-

lowing the vendor’s recommended manual.

Sequence and DEGs analysis

Raw RNA-seq reads that contained adaptor contami-

nation or with low-quality bases were discarded using 

Cutadapt software (https:// cutad apt. readt hedocs. io/ en/ 

stable/, version:cutadapt-1.9). Clean reads were mapped 

against the genome (mus musculus Ensembl v99) using 

HISAT2 [24] software. �e mapped reads were assem-

bled administrating StringTie [25] with default param-

eters. After all transcriptomes were generated, the 

expression levels were estimated with StringTie and ball-

gown (http:// www. bioco nduct or. org/ packa ges/ relea se/ 

bioc/ html/ ballg own. html). Gene expression levels were 

quantified with FPKM. DEGs were selected with fold 

change > 2 or < 0·5 and P < 0·05 by R package edgeR, and 

Benjamini & Hochberg FDR was calculated for statistical 

significance of DEGs. GO enrichment and KEGG enrich-

ment of the DEGs were analyzed with R package Cluster-

Profiler [27] and GSEA [26].

Cell communication inference

We used CellTalkDB which contains literature-supported 

ligand-receptor (LR) pairs for human and mouse to iden-

tify cross-talk signals from oocyte and GC cell RNA-seq 

data based on database curated from PPIs in STRING 

database and verified manually in Pubmed by three 

reviewers [31].

Quantitative reverse transcription PCR (qRT-PCR) 

validation

Single cell full length mRNA ampli�cation and DNA libraries 

construction

�e oocytes and GCs that were isolated from follicles 

were lysed and the total RNAs were amplificated and 

purified using a Single Cell Full Length mRNA-Ampli-

fication Kit (Vazyme, N712) according to the manu-

facturer’s instructions. Briefly, the first-strand cDNA 

was synthesized from the whole lysate using the Oligo 

primer containing a 24-nt poly(dT) tail at the 3’ end. 

�en, the first-strand cDNA was amplified by PCR using 

PCR primer. Amplified cDNA was purified with VAHTS 

DNA Clean Beads and evaluated by Agilent 2100 Bio-

analyzer (Agilent Technologies). �e prepared cDNAs 

were sheared into fragments, and used for preparation of 

deep sequencing libraries. �e DNA-Seq libraries were 

constructed by a TruePrep DNA Library Prep Kit V2 

(Vazyme, TD502-02).

Real-time Quantitative Reverse Transcription Polymerase 

Chain Reaction

Quantitative reverse transcription PCR (qRT-PCR) 

analyses were performed on a LightCycler 480 II system 

(Roche, Switzerland). �e reaction solution (10 μL) con-

sisted of 1μL of cDNA, 5μL of 2xRealStar Green Power 

Mixture (GenStar), 0.5 μL of primer mix, and 3.5 μL of 

 ddH2O. �ermal cycling parameters were set up as fol-

lows: 95  °C for 10  min, followed by 50 cycles at 95  °C 

for 15 s and 60  °C for 1 min. �e  2(−△△ct) method was 

applied to calculate the relative expression of targeted 

genes. Transcripts were quantified in triplicate experi-

ments, and Actin was used as the reference gene. �e 

primer sequences used are presented in Table 1.

Table 1 Primers for qRT-PCR 

Gene (mmu) Forward primer Reverse primer

Ntrk2 TCC AGC ACG AGC ACA TTG TCAAG TTC TCT CCC ACC AGG CAG TTCC 

Cacna1s CAG CAG AGG AGG AAC TGG AGAGG ATT GGC ATT GGC GTT GTT GGT ATT G

Orail AGC AAC GTC CAC AAC CTC AACTC AGC GGT AGA AGT GAA CAG CAA AGA C

Prkaca TTA GAC AAG CAG AAG GTG GTG AAG C CGG TAG ATG AGG TCC AGG GAGTG 

Trp53 TGA ACC GCC GAC CTA TCC TTACC CTA GGC TGG AGG CTG GAG TGAG 

Rac1 AAC CTG CCT GCT CAT CAG TTA CAC TGT CGC ACT TCA GGA TAC CAC TTT G

Arf6 TTC GGG AAC AAG GAA ATG CGG ATC TTG TTG GCG AAG ATG AGG ATG ATG G

Ugt1a7c GAA GCC TAT GTC AAC GCC TCTGG ATC ATC ACC ATC GGA ACT CCA TTG C

Fga ATC ACA CAG GTA AAG CGG TCA CTT C GGA TAT GTC TAA CTC GGT GGC ATC G

C3 CAC ACC GAA GAA GAC TGC CTGAC CTG ACT TGA TGA CCT GCT GGA TGG 

https://cutadapt.readthedocs.io/en/stable/
https://cutadapt.readthedocs.io/en/stable/
http://www.bioconductor.org/packages/release/bioc/html/ballgown.html
http://www.bioconductor.org/packages/release/bioc/html/ballgown.html
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Statistical analysis

Enumeration data are presented as n, or the 

means ± standard deviations and analyzed with 

Student’s t-test or Mann–Whitney U test for com-

parison of two groups. Categorical data are pre-

sented as n/n and analyzed with the chi-square 

test, Yates’ correction, or Fisher’s exact probabili-

ties. Logistic regression analysis was conducted to 

assess the relationship between the rate of oocyte 

maturation and FF level of NT-4 to eliminate 

interference from bias factors. Differences in gene 

expression detected by RT-qPCR were analyzed 

using the Wilcoxon matched-pair signed-rank test. 

All the above statistical analyses were performed 

with SPSS statistics software, version 23.0. P < 0·05 

was considered statistically significant. For the 

plotting of RNA-seq data and the subsequent sta-

tistical analyses, R software (The R Foundation, 

https:// www.r- proje ct. org) was administrated. In 

brief, P values were adjusted for multiple compari-

sons according to Benjamini & Hochberg. And sig-

nificance for enrichment of families was assessed 

by Fisher’stest. Graphics were created using Graph-

Pad Prism 8.0, the R core package and gplots, 

ggplot2, RColorBrewer packages.

Result

Detection of TRKB receptor in follicles of human 

and mouse ovaries

TRKB immunoreactivity is abundant in oocytes 

of 6-week-old mice, whereas with the decrease in 

the size of follicles, the intensity of immunostain-

ing in the GCs decreased (Fig.  1a). In the ovary of 

2-week-old mice, TRKB is present in oocytes of pri-

mary follicles and primordial follicles. GCs contain 

lower but detectable levels of TRKB (Fig. 1b). TRKB 

immunoreactivity is detectable in oocytes of human 

primary or primordial follicles (Fig. 1c) and preant-

ral follicles (Fig. 1d). With Western blot experiments 

(Fig. 1e), TRKB was detected in human cumulus cells, 

mouse ovary, mouse cumulus cells and mouse somatic 

granulosa cells.

Correlation between human follicular �uid (FF) NT-4 

and oocyte maturation

�e mean concentration of NT-4 in FF of 49 women was 

532·50 ± 213·70  pg/mL. After patients were grouped 

according to oocyte maturation rate, comparisons were 

performed for age, duration of infertility, BMI (body 

mass index), basal FSH, AMH, antral follicle count, 

total doses of Gn, and no differences were found. �e 

FF NT-4 level of patients with oocyte a maturation rate 

of more than 80% is higher than that of the other group 

(607·76 ± 222·43 vs. 484·84 ± 197·02  pg/mL, P < 0·05, 

Fig. 1f ). In order to adjust potential confounders related 

to oocyte maturation, we conducted a binary logistic 

regression analysis including age, duration of infertility, 

BMI, basal FSH, AMH, antral follicle count, total doses 

of Gn, NT-4 level in FF. �e level of NT-4 in FF was posi-

tively associated with the probability of a high oocyte 

maturation rate (more than 80%) (Beta = 0·302, P < 0·05) 

after adjustment of potential confounders.

E�ect of NT-4 on mouse preantral follicle in-vitro-growth

NT-4 administration improves the development of preantral 

follicle and maturation of oocytes

�e diameter of all follicles increased from 103·49 μm to 

428·21  μm on average, and no difference was found on 

the first day of culture among groups. �e addition of 

NT-4 with concentrations of 100 ng/mL and 200 ng/mL 

resulted in incremental improvement of follicle growth 

compared with follicles cultured with medium alone, 

which reached a statistically significant change on the 

ninth day of culture (Fig.  2b). At the end of culture, we 

observed no difference in the survival rate of follicles 

among groups (Fig. 2c), but a significant increase in the 

rate of oocyte maturation with the addition of NT-4 at 

the dose of 100 ng/mL rather than 50 ng/mL or 200 ng/

mL (Fig. 2d). We then used a dose of 100 ng/mL NT-4 for 

our subsequent study.

The e�ect of NT-4 on hormone production of follicles

�ere were no significant differences in levels of estra-

diol and progesterone in the culture medium during the 

first 4 days of culture among groups. Since the sixth day, 

hormone production was significantly increased in the 

Fig. 1 Immunohistochemical localization of TRKB receptor in human and mouse ovaries; human FF level of NT-4. a Tropomyosin-related kinase B 

(TRKB) immunoreactivity is both abundant in GCs and oocyte of 6-week-old mice preantral follicles (arrowhead). In the primary follicle (arrow), the 

expression of TRKB in GCs is slightly lower than in oocytes. The difference is more significant in primordial follicles (*). b TRKB immunoreactivity is 

present in oocytes of primary follicles and primordial follicles of 2-week-old. GCs contain lower but detectable levels of TRKB protein. c, d Detection 

of NGF immunoreactivity in oocytes of human primary or primordial follicles (c) and preantral follicles (d). a-d These are representative images of 

three independent experiments. No signal was detected in the negative control for either set of prime. e Western blot detection of human cumulus 

cells, mouse ovary, mouse cumulus cells and mouse somatic granulosa cells of TRKB receptors. f FF level of NT-4 from 49 women with different 

oocyte maturation rates when undergoing IVF/ICSI. *, P < 0·05

(See figure on next page.)

https://www.r-project.org
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Fig. 2 The administration of NT-4 in the culture of mice preantral follicle in vitro. a Flow diagram of NT-4 administration to in vitro culture of 

mice preantral follicle and the corresponding RNA sequencing. Three independent experiments were conducted. b Dynamic of follicle diameter 

when cultured in vitro (0 ng/mL, 50 ng/mL, 100 ng/mL, 200 ng/mL), n = 99, 95, 98, 96, separately. *, P < 0·05 0 ng/mL vs. 100 ng/mL and 0 ng/

mL vs. 200 ng/mL on Day 9. c Survival rate of follicles in Control and NT-4 groups. d The rate of Maturation in Control and NT-4 groups. *, P < 0·05 

Control group vs. NT-4 group (100 ng/mL). e, f Hormone profiles of estradiol (e) and progesterone (f ) in the Control group and NT-4 group (100 ng/

mL) during ten days of in-vitro culture. *, P < 0·05 Control group vs. NT-4 group. ***, P < 0·001 Control group vs. NT-4 group. Data in (b), (e), (f ) are 

presented as mean percentage (mean ± SEM)
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presence of NT-4, and the difference reached the most 

obvious on the tenth day of culture (Fig. 2e, f ).

Global RNA analysis of GV oocytes developing in vivo 

and in vitro

Global RNA analysis was conducted with oocytes in 

the germinal vesicle stage from follicles growing in vivo 

(IVV) or in vitro for ten days with (IVG-NT) or without 

NT-4 (IVG). We found that oocytes from these groups 

had similar percentages of reads mapping in unique or 

multiple locations. PCA (Fig.  3a) and heatmap (Fig.  3b) 

revealed a clear separation between IVV oocytes and IVG 

oocytes, and the IVG-NT samples clustered between 

IVV and IVG samples.

As a biological control test, we analyzed eight typical 

genes necessary for oogenesis (Lhx8, Nobox, Sohlh2, Zp1, 

Zp3, Foxo3) [32] and fully grown oocyte (Suv39h1, Zp4) 

[33] (Fig.  3c). Results demonstrated that FPKMs of Zp3 

were similar among groups. �e gene expression levels 

of Sohlh2 in IVG oocytes were significantly higher than 

that in IVV oocytes (P < 0·05), and IVG-NT oocytes fell 

in between. A similar pattern was observed in the expres-

sion of Lhx8, Nobox, Zp1, Foxo3 and Suv39h1 with less 

significance (P > 0·05). On the contrary, Zp4 was down-

regulated in IVG oocytes compared with IVV oocytes, 

and IVG-NT oocytes still fell in between (P > 0·05). �e 

transcriptional level of TRKB receptor (Ntrk2) gene 

at different folliculogenesis stages were validated with 

qRT-PCR experiments (Fig. 3g). �e expression of TRKB 

receptor in oocytes cultured in  vitro without NT-4 was 

lower than that in oocytes grown in  vivo (P < 0·05). No 

significant difference was found between other groups.

For DEGs of oocytes between IVV and IVG groups, 

KEGG analysis using GSEA (Fig. 3d) showed that down-

regulated DEGs were highly enriched in neuroactive 

ligand-receptor interaction, and upregulated DEGs 

were enriched in ribosome, oxidative phosphorylation, 

ubiquitin-mediated proteolysis, and protein process-

ing in endoplasmic reticulum pathways (IVG vs. IVV). 

In addition, KEGG analysis using DAVID revealed that 

genes enriched in RNA transport, RNA degradation, 

ribosome biogenesis in eukaryotes, DNA replication, 

and nucleotide excision repair were upregulated (IVG vs. 

IVV, Fig. 3e). And genes enriched in neuroactive ligand-

receptor interaction, metabolic pathways, MAPK sign-

aling pathway, cytokine-cytokine receptor interaction, 

cAMP signaling pathway, and calcium signaling pathway 

were downregulated (Fig. 3f ). �e transcription of repre-

sentative genes of cAMP signaling pathway and calcium 

signaling pathway (Cacna1s, Orail, Prkaca) were down-

regulated in oocytes of IVG group (Fig. 3h, i and j).

Single-cell transcriptome analysis identi�es the e�ect 

of NT-4 in GV oocytes

As Fig.  4a showed, DEGs were identified through all 

possible pairwise comparisons among IVV, IVG and 

IVG-NT groups. Prominent DEGs were found between 

oocytes from IVV compared to oocytes from IVG. Venn 

diagrams indicated that 151 upregulated genes and 119 

downregulated genes were shared by IVG and IVG-

NT group when compared with IVV group separately 

(Fig. 4b). Eighteen upregulated genes and 14 downregu-

lated genes were shared by IVV and IVG group when 

compared with IVG-NT group separately.

Genes included in ‘improve’ set were defined as genes 

showed significantly different expression level between 

IVV and IVG group, while no significant difference could 

be found between IVV and IVG-NT group, suggesting 

the offset effect of NT-4. �e set of 139 genes contains 

four expression patterns, as Fig. 4c represents. GO analy-

sis demonstrated that they got involved in multiple bio-

logical processes, such as germ cell development, gamete 

generation, and cellular process involved in reproduction 

in multicellular organisms. In addition, biological pro-

cesses related to meiosis, such as actin filament-based 

process, actin filament organization, and protein locali-

zation to cell periphery, were affected (Fig.  4d). Trp53, 

Foxa2, Stat3, and Egr1 were presented as predicted 

driver transcription factors of the ‘improve’ gene set. 

When the ‘improve’ gene set and these four transcription 

Fig. 3 Global RNA analysis of GV oocytes developing in vivo and in vitro. a PCA of GV oocytes developing in vivo (IVV), in vitro (IVG), and in vitro 

with NT-4 (IVG-NT). b Gene-expression profiles of genes necessary for oogenesis (Lhx8, Nobox, Sohlh2, Zp1, Zp3, Foxo3) and fully grown oocyte 

(Suv39h1, Zp4). The transcription level was calculated by the fragments per kilobase of exon model per million mapped fragments (FPKM). 

Bars at each point indicate the SD based on three independent experiments. *, P < 0·05 IVV vs. IVG, IVV vs. IVG-NT. c Heatmap analysis of gene 

expression profiles of oocytes in IVV, IVG, IVG-NT groups. d GSEA enrichment plots of KEGG signaling pathways of upregulated and downregulated 

different-expressed genes (DEGs) in IVT oocytes compared with IVV oocytes. Blue represents upregulated pathways; orange represents 

downregulated pathways. e KEGG enrichment analysis of upregulated DEGs in IVT oocytes compared with IVV oocytes using DAVID. f KEGG 

enrichment analysis of downregulated DEGs in IVT oocytes compared with IVV oocytes using DAVID. g Transcriptional level of TRKB receptor (Ntrk2) 

gene at different folliculogenesis stages with qRT-PCR experiments. *, P < 0·05 IVV vs. IVG of Day 10 oocytes. h, i, j Quantitative RT-PCR detection of 

Cacna1s (h), Orail (i), Prkaca (j) transcripts in oocytes from Day 10 follicles. *, P < 0·05. Each group contains three samples from three independent 

experiments

(See figure on next page.)
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factors were included, 67 genes were filtered into the 

PPI network complex (Fig.  4e). And 26 genes included 

in a main network where the above transcription factors 

were served as nodes, were enriched in PI3K-Akt signal-

ing pathway, TGF-beta signaling pathway, Wnt signaling 

pathway, cell cycle, and cellular senescence using KEGG 

enrichment analysis (Fig. 4f ). Nine GO terms were asso-

ciated with cell development and proliferation (Fig.  4g). 

�e transcriptional level of key transcription factor 

(Trp53), representative genes of PI3K-Akt signaling path-

way (Rac1) and actin filament organization (Arf6) con-

formed to the ‘improve’ pattern (Fig. 4h, i and j).

The e�ect of NT-4 in oocytes during the IVG process

We have noticed that the diameter of follicles and level of 

hormone production had increased with the use of NT-4 

since the sixth day of in-vitro culture. �erefore, oocyte 

and granulosa cells isolated from follicle cultured in vitro 

for six days were collected as representative for RNA-seq 

analysis. KEGG analysis of upregulated DEGs (IVG-NT 

vs. IVG) revealed that genes were enriched in the neu-

roactive ligand-receptor interaction, MAPK signaling 

pathway, calcium signaling pathway, and ECM-receptor 

interaction (Fig. 5a, P < 0·01). Corresponding downregu-

lated DEGs were enriched in base excision repair, meta-

bolic pathways, glycan biosynthesis, and degradation 

pathway (Fig. 5b, P < 0·05). Jun, Nfkb1, and Rela were pre-

sented as predicted driver transcription factors of DEGs. 

When the DEGs and predicted transcription factors were 

included, 34 genes were filtered into the PPI network 

complex (Fig. 5c), enriched in biological functions related 

to meiosis, response to estradiol, and positive regulation 

of cell proliferation (Fig. 5d).

DEGs (IVG-NT vs. IVG) dynamics (from Day 6 to Day 

10) of oocytes during IVG were shown in Fig. 5E. ‘Activa-

tor’ and ‘phenotype’ gene sets contain genes only differed 

in Day 6 or Day 10 oocytes respectively, and the overlap 

of Day 6 and Day 10 DEGs were regarded as ‘sustainer’. 

�e most prominent GO items of ‘activator’ gene set 

were biological functions related to DNA transcription, 

DNA replication, development maturation and Notch 

signaling pathway. DEGs of ‘phenotype’ gene set were 

enriched in cell fate commitment, angiogenesis, regula-

tion of development growth, reproduction system devel-

opment and regulation of apoptotic signaling pathway. 

DEGs sustained throughout the IVG process concen-

trated on biological functions of golgi subcompartment, 

neuroactive ligand-receptor interaction, peptide receptor 

activity, positive regulation of calcium-mediated signal-

ing, regulation of vesicle-mediated transport, positive 

regulation of stress-activated MAPK cascade and posi-

tive regulation of ERK1 and ERK2 cascade.

The e�ect of NT-4 in GCs during the IVG process

Granulosa cells were isolated from follicles cultured 

in  vitro for six days. Enriching 126 DEGs (IVG-NT vs. 

IVG), we found that KEGG pathways related to chemical 

compound metabolism and steroid hormone biosynthe-

sis were upregulated (Fig. 6a), and those getting involved 

in complement and coagulation cascades, fat digestion, 

and absorption were downregulated in IVG-NT group 

(Fig.  6b). �e expression of Fga and C3 (representative 

genes of complement and coagulation cascades path-

ways) were downregulated, and Ugt1a7c (representative 

genes of steroid hormone biosynthesis) was upregulated 

in the IVG-NT group than those in the IVG-C group 

(Fig. 6c, d and e).

The role of oocyte and granulosa cell communications 

in NT-4 supplementation

We performed the overlap analysis of GO enrichment 

of oocyte and granulosa cells DEGs (IVG-NT vs. IVG), 

and found overlapped GO items were enriched in path-

way-related, hormone-related, and extracellular matrix-

related biological processes (Fig.  6f, g, h). �e Top 4 

highly expressed L-R interactions were represented in a 

circle plot to characterize the L-R–mediated intercellular 

communication of oocytes and GCs (Fig. 6i).

Discussion

Our data showed that for mice, TRKB is mainly 

expressed in oocytes and targeted to GCs as primary fol-

licles initiate growth, in line with previous studies [34]. 

Limited studies on the human ovary showed that TRKB 

(See figure on next page.)

Fig. 4 Effect of NT-4 supplementation on transcriptome profiling of GV oocytes. a Number of different-expressed genes (DEGs) of each two 

groups among IVV, IVG, and IVG-NT group. Each group contains three samples from three independent experiments. b Venn diagrams showing 

overlap among DEGs of IVV, IVG, and IVG-NT group, upregulated and downregulated genes, respectively. c Four profiles of defined ‘improved 

genes’ according to the comparison of gene expression level among IVV, IVG, and IVG-NT groups. d GO enrichment analysis of ‘improved genes’. 

e Cytoscape plots from ‘improved genes’ and predicted transcription factors (with red circles) were given as an input to be used as potential 

regulators of the network. f KEGG enrichment analysis of ‘improved genes’ which simultaneously targeted by the predicted transcription factors. 

g GO enrichment analysis of ‘improved genes’ which simultaneously targeted by the predicted transcription factors. h, i, j Quantitative RT-PCR 

detection of Trp53 (h), Rac1 (i), Arf6 (j) transcripts in oocytes from Day 10 follicles. Each group contains three samples from three independent 

experiments. *, P < 0·05. **, P < 0·01. ***, P < 0·001
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was immunolocalized to the cytoplasm of oocytes in 

primordial follicles of human fetal ovaries (18 and 21 

wk) [35]. In human adult ovaries [36], immunoreactiv-

ity is abundant in oocytes of preovulatory follicles, with 

lower stains in cumulus cells. Similarly, adult ovaries in 

our study displayed the location of TRKB in oocytes of 

primordial/primary and secondary follicles. Using RNA 

sequencing analysis, NT-4 has been identified as distinct 

stage-specific and preferentially expressed in human pre-

antral and antral follicles [21]. With gene knock-out mice, 

a study indicated that the deficiency of TRKB resulted 

in a diminished number of secondary follicles and FSH 

receptor expression in the ovary [22]. In addition, a 

previous study [37] had noted the presence of NT-4 in 

human follicular fluid samples aspirated from follicles 

of women undergoing IVF, with a similar level to our 

data. In this study, we further discovered a positive rela-

tionship between oocyte maturation rate and FF NT-4, 

which, together with the dynamics expression of TRKB 

and NT-4 in mice and human ovaries, indicated the pos-

sible effect of NT-4 on preantral follicle growth.

As expected, we noted an improving effect of NT-4 on 

follicle growth and oocyte maturation in preantral follicle 

IVG. �e average diameter of follicle and oocyte matu-

ration rate of the control group (without NT-4) were 

similar to data reported previously [38, 39], revealing the 

reliability of our IVG system. In detail, a supplement of 

NT-4 had increased the diameter of follicles since the 

sixth day of IVG, as well as a significant higher level of 

steroid hormone production, and finally elevated the 

maturation rate of GV oocytes at the end of IVG. Collec-

tively, NT-4 had a continuous effect on oocyte and gran-

ulosa cells at the preantral and antral follicle stages. �en 

we collected different cells (oocyte and granulosa cell) 

from different stages (Day 6 and Day 10) for transcrip-

tome analysis to uncover the underlying mechanism.

Due to the transcription arrest during oocyte matu-

ration, GV oocytes at the end of IVG before IVM were 

derived to assess the variation NT-4 had led to. Global 

RNA analysis (heatmap and PCA) of oocytes from fol-

licles in IVV, IVG, and IVG-NT group revealed that 

NT-4 supplementation to some extent narrow the gap of 

genes express profile between IVV and IVG. �e expres-

sion level of typical genes necessary for oogenesis and 

fully grown oocyte in IVG-NT group also fell in between 

IVV and IVG group, implicating the qualified biologi-

cal control of IVG system and compensating effect of 

NT-4. We further discovered that genes related to neu-

roactive ligand-receptor interaction were downregu-

lated in oocyte of IVG compared with IVV, supporting 

our attempt to enhance neuroendocrine regulation in 

IVG. Consistent with a lower maturation rate of oocytes 

derived from IVG follicles than IVV follicles, genes 

related to oocyte maturation and meiosis were also 

downregulated when cultured in  vitro. Upregulated 

DEGs were highly enriched in pathways related to trans-

lation. �is supports the notion that fully developed 

mammalian oocytes become transcriptionally silent 

prior to meiosis resumption, and standard meiotic is 

driven mainly by translational utilization of synthesized 

mRNAs. By translatome profiling, study [40] had found 

that numbers of transcripts were aberrantly translated in 

oocytes from aged females compared to young females, 

indicating that improper translation at the onset of meio-

sis leads to compromised oocyte quality.

Cross-over analyses with GV oocytes in IVV, IVG, 

and IVG-NT groups were conducted to understand the 

improving function of NT-4. Consistent with the notion, 

more DEGs were found when comparing IVV and IVG 

groups than groups with or without NT-4. Even so, 

‘improve’ genes were found to gather in gamete develop-

ment and meiosis process, such as actin filament-based 

process, actin filament organization and protein locali-

zation to cell periphery, indicating that the impairment 

in oocyte maturation of IVG may partly recover with 

NT-4 supplementation by improvement in actin filament 

dynamics which has been reported to play important 

roles during oocyte meiosis [41]. To find the upstream 

master regulators, driver transcription factors and their 

protein interaction network were established. One of the 

driver transcription factors, Trp53, is the downstream 

effector of the neurotrophin signaling pathway activated 

by NT-4 and TRKB. �e function enrichment also indi-

cated that this network referred to PI3K-Akt signaling 

pathway, cell development, and proliferation. PI3K-Akt 

signaling pathway has been validated to mediate the 

organization of F-actin and translocation of the spin-

dle during mouse oocyte meiosis [42]. Collectively, we 

Fig. 5 Effect of NT-4 on transcriptome of oocytes from follicles cultured in vitro for six days. a KEGG enrichment analysis of upregulated 

different-expressed genes (DEGs) in IVG-NT oocytes compared with IVG oocytes from follicles cultured in vitro for six days. b KEGG enrichment 

analysis of downregulated DEGs in IVG-NT oocytes than IVG oocytes from follicles cultured in vitro for six days. c Cytoscape plots from DEGs and 

predicted transcription factors (with red circles) were given as an input to be used as potential regulators of the network. d GO terms of DEGs 

which are simultaneously targeted by the predicted transcription factors. e Definitions and GO enrichment analyses of ‘Activator’, ‘Sustainer’ and 

‘Phenotype’ gene sets according to the overlap of DEGs from oocyte cultured in vitro for ten days (GV) and six days. Each group contains three 

samples from three independent experiments

(See figure on next page.)
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speculate that NT-4 may upregulate the expression of 

Trp53 by neurotrophin signaling pathway, followed by 

regulation of PI3K-Akt signaling pathway and subsequent 

organization of F-actin, and thus improve the maturation 

of GV oocytes.

Oocytes and GCs from preantral follicles on the sixth 

day of IVG were collected to assess the early effect of 

NT-4. For oocytes, we found that genes related to cal-

cium signaling and ECM-receptor interaction were 

upregulated by NT-4 compared with the control group. 

One of the predicted transcription factors, Nfkb1, was 

also the downstream effector of the neurotrophin sign-

aling pathway. Key regulation network of DEGs referred 

to pathways essential to oocyte maturation, such as 

response to cAMP [43], calcium homeostasis [44], actin 

reorganization [42]. In line with the increasing diameter 

and hormone production, genes related to response to 

estradiol and cell proliferation were upregulated by using 

NT-4. Moreover, establishing stage-specific NT-4 regu-

lation profile, we found that NT-4 mainly regulated the 

transcription process at the beginning and influenced 

the cell fate and development growth at the end of IVG. 

Neurocrine adjustment, calcium-mediated signaling, and 

vesicle-mediated transport were constantly adjusted by 

NT-4 during the IVG process, possibly by MAPK cascade 

or ERK1 and ERK2 cascade.

For GCs, as anticipated, genes upregulated by NT-4 

were involved in steroid hormone biosynthesis. Interest-

ingly, complement and coagulation cascades were down-

regulated by NT-4. Protein in the complement system 

makes up the major part of mammalian follicular fluid, 

inducing an aseptic inflammation for follicular rupture 

and ovulation [45]. However, since granulosa cell samples 

were collected from the preantral follicles on the sixth 

day of IVG, advanced stimulation of the complement sys-

tem and premature induction of the ovulatory process 

may impair oocyte quality and embryo outcomes, as pre-

viously reported [46].

Constructing the cell communication network, we 

discovered that NT-4 might get involved in the interac-

tion of oocyte and granulosa cells through hormone and 

extracellular matrix. �e effect of NT-4 may be mediated 

by the connection of ApoB in granulosa cells with CD36 

and LRP1 in oocytes. Studies have shown that oocytes 

from aged mice [47] and obesity females [48] show 

higher expression of CD36, suggesting the elevated lipid 

uptake. LRP1 is reported to play an essential part in lipid 

degradation, including ApoB [49]. Collectively, reduced 

lipid uptake and elevated lipid degradation in IVG-NT 

oocytes may to some extend recover the inflammation 

damage induced by abnormal lipid metabolism in IVG 

environment.

Our research has several limitations. Due to the pre-

ciousness of human specimens and irregular distribution 

of follicles in the human ovary, the detection of TRKB 

at various stages of folliculogenesis is still inadequate. 

�ough we have collected 15 oocyte samples with differ-

ent treatments for high-throughput sequencing analyses, 

the hypotheses about the mechanism require further 

verification. Owing to the restricted amount of granulosa 

cells derived from the single-follicle culture system, only 

two samples of granulosa cells in each group were gath-

ered for bulk RNA-seq analysis. In addition, we hope that 

with consistent improvement, a preliminary experiment 

of applying NT-4 in human preantral follicle IVG could 

be conducted for further clinical application.

To sum up, in this study, we have confirmed the dynam-

ics location of TRKB in human and mice ovaries, as well 

as a positive relationship between human oocyte matura-

tion and FF NT-4 level, which supports the supplement 

of NT-4. To the best of our knowledge, this is the first 

study to find the improving effect of NT-4 on preantral 

follicle IVG applying mice model, with the goal of devel-

oping a more effective and safe method for female fertil-

ity preservation. Single-cell RNA sequencing of oocyte 

combined with cell-specific network analysis (oocyte and 

granulosa cell) was conducted to uncover the underlying 

mechanism of effect, which is also the first high-through-

put data comparing oocyte derived from preantral follicle 

IVG versus in vivo. In conclusion, our data suggest that 

NT-4 is involved in ovarian physiology and may serve 

as a potentially effective approach to improving the effi-

ciency of preantral follicle IVG for fertility preservation.

Conclusions

For the first time, we observe the improving effect 

of NT-4 on preantral follicle IVG applying the mice 

model, with the goal of developing a more effective 

(See figure on next page.)

Fig. 6 Effect of NT-4 on transcriptome of granulosa cells from Day 6 follicles and their interaction with oocyte. a KEGG enrichment of 

over-expressed genes of granulosa cells in IVG-NT group. b KEGG enrichment of over-expressed genes of granulosa cells in IVG group. c, d, e 

Quantitative RT-PCR detection of Ugt1a7c (c), Fga (d), C3 (e) transcripts in granulosa cells from Day 6 follicles. *, P < 0·05. f, g, h The overlap of GO 

enrichment of oocyte and granulosa cells DEGs (IVG-NT vs. IVG), including pathway-related (f ), hormone-related (g), and extracellular matrix-related 

(h). i The interaction between oocyte and granulosa cells from follicles cultured in vitro for six days (with or without NT-4) using CellTalkDB tool. 

Blue represents genes of granulosa cells, and pink represents genes of oocytes. The origin of arrows represents ligand, and the terminal represents 

receptor. Each group contains two granulosa cell samples from independent experiments
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and safe method for female fertility preservation. Sin-

gle-cell RNA sequencing of oocyte combined with 

cell-specific network analysis (oocyte and granulosa 

cell) was conducted to uncover the underlying mecha-

nism of effect, which is also the first high-throughput 

data comparing oocyte derived from preantral follicle 

IVG versus in  vivo. Collectively, our data suggest that 

NT-4 is involved in ovarian physiology and may serve 

to improve the efficiency of preantral follicle IVG for 

fertility preservation.
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