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Abstract: Objectives: Successful induction of gonadal somatic cell-like cells (GSCLCs) from mouse embryonic stem
cells (mES) is important for studying ovarian somatic cell differentiation, development and their function for oocyte
genesis and maturation. This study demonstrates the successful differentiation of GSCLCs from mES in vitro by
utilizing novel green-synthesized Fe, O, nanoparticles (G-Fe,0,-NP). Methods: mES were differentiated in vitro using
G-Fe,0,-NP in the absence of BMP4, RA and SHH. GSCLCs identity was confirmed by RT-gPCR analysis of FoxI2,
Amh, and Gata4, and by Immunofluorescence staining of FOXL2, AMH, FSHR, and GATA4. Mitochondrial function
and cellular redox status were evaluated using JC-1 and DCFH-DA assay. Gene Set Enrichment analysis (GSEA) was
performed to evaluate transcriptional reprogramming during GSCLCs differentiation. Results: G-Fe,0,-NP derived
GSCLCs were achieved without supplementation of BMP4 and retinoic acid considered as key cellular factor for
GSCLCs differentiation, suggesting a unique ability of G-Fe,0,-NP to independently induce gonadal somatic lineag-
es. Transcriptional profiling and gene set enrichment analysis (GSEA) further elucidated the interplay of transcrip-
tional, epigenetic, and metabolic reprogramming during GSCLC differentiation. Metabolic assessments showed
that GSCLCs possessed functional mitochondria and maintain basal oxidative stress levels, reflecting mitochondrial
functionality and stability. Key regulators including transcription factor 21 (TCF21), E-cadherin-mediated epithelial
stabilization, and interleukin-12 were identified as a critical drivers of GSCLC maturation, supporting cells structural
integrity, homeostasis, and gonadal lineage specification. Conclusion: This study establishes that G-Fe O,-NPs en-
able the cytokine independent derivation of GSCLCs from mES by driving lineage specification. This coordinated
transcriptional, epigenetic, and metabolic reprogramming establishes a foundation for in vitro GSCLCs generation.

Keywords: Mouse, embryonic stem cells, gonadal somatic cell-like cells (GSCLCs), magnetic nanoparticles, differ-
entiation in vitro, lineage specificity

Introduction expression, which promote primordial germ
cells (PGC) proliferation while expending them-
selves to form paired gonads. Following sex
determination around embryonic Day 12,
somatic cells in female gonads differentiates in

to granulosa cells and interstitial cells, which

Gonadal somatic cells (GSCs) are essential
regulators of follicle oogenesis, coordinating
oocytes maturation, steroidogenesis, and folli-
cle development [1, 2]. In mice, interaction

between oocytes and surrounding somatic
cells began at embryonic days 10 post-coitum
(dpc), when primordial germ cells migrated to
the genital ridges [3]. During this stage, somat-
ic cells in the genital ridges provides critical
signaling cues, such as Fork-head box L2 pro-
tein (FOXOL2)/WANT4-centric regulatory gene

subsequently organized in to ovarian follicle
structure [4]. After puberty, primary oocytes
resume growth and maturation, a process
closely coordinated with ovarian follicle devel-
opment. These follicles provide structural and
functional support essential for oocyte growth
and maturation [5, 6]. GSCs maintain germline
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viability through bidirectional communication
mediated by growth factors (e.g., growth differ-
entiation factor 9, bone morphogenetic protein
15) and hormonal signals (follicle-stimulating
hormone [FSH], anti-Mullerian hormone [AMH]
[5, 7].

Despite their critical roles, studies of GSC in
vitro remain limited by the lack of reliable mod-
els that recapitulate their molecular and func-
tional complexity [8]. Primary GSCs rapidly
dedifferentiate in culture, losing steroidogenic
capacity and marker expression [9]. Recently
mouse embryonic stem cells (MES) are used for
differentiation into gonadal cell lineages, such
as gonadal somatic cell-like cells (GSCLCs) [10,
11] and PGC-like cells. However, only a few
papers reported the progress in differentiating
pluripotent stem cells into GSCLCs [9, 12],
which remains largely challenging. Yoshino et
al. (2021) differentiated follicle ovarian somatic
cell-like cells (FOSLCs) from mES using defined
signaling molecules, such as BMP4, hedgehog
(SHH) and retinoic acid (RA) [11]. The gonadal
somatic cell lineage-specific fidelity requires
precise activation of gene transcriptional net-
works (e.g., FoxI2, GATA binding protein 4
[Gata4]) [13, 14] and metabolic adaptations
resembling native GSCs [15]. Meanwhile,
gonadal cell identity is tightly regulated by epi-
genetic modifiers (e.g., transcription factor 21
[TCF21]) [16] and adhesion molecules (e.g.,
E-cadherin [CDH1]) [17], which suppress epi-
thelial-mesenchymal transition and preserve
follicular integrity. Additionally, mitochondrial
bioenergetics and reactive oxygen species
(ROS) homeostasis are critical for GSC func-
tion, given that oxidative stress disrupts ste-
roidogenesis and compromises follicle survival
[18, 19]. The differentiation of Pluripotent stem
cells into GSCLCs remains challenging, relying
on complex cytokine combination to activate
precise transcriptional and epigenetic pro-
grams while maintaining proper metabolic
function. This limitation highlights the need of
more robust induction platforms [8].

In this context, nanoparticles (NPs) present a
promising alternative, as NPs can directly mod-
ulate stem cells microenvironments by deliver-
ing cues, providing structural scaffolds, and
influence key signaling pathways, oxidative
stress, and epigenetic states [20, 21]. For
example, NP regulate male stem cell differenti-
ation by providing extra-cellular matrix and
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structural scaffolds mimicking the testis niche
and activating SOX9/DMRT1-centric (testis) sig-
nal pathway towards sertoli-like cell linage
specification [22]. They serve as delivery vehi-
cles for lineage-defining bioactive molecules,
such as proteins, miRNA, lipids to targeted cells
[23]. In addition, NP can interact with stem
cells and influence their behavior, including dif-
ferentiation, altering gene expression, modulat-
ing oxidative stress and affecting cellular micro-
environments [21, 24]. Interestingly, Fe,0,-NP
have also been used to activate the mitogen-
activated protein kinase (MAPK) pathway and
direct osteogenic differentiation of mesenchy-
mal stem cells with high efficiency [25].
Magnetic nanoparticles (Fe,O,-NP) were uti-
lized to precisely modulate cell death signaling
pathways in vitro and in vivo via magnetic field-
induced aggregation [26]. In this context,
Plants extract-based green synthesized Fe,O,-
NP offer a distinct advantage, as they exhibit
improved biocompatibility compared with che-
mically synthesized counterparts, primarily due
to plant derived phytochemicals that act as
natural capping agents and reduced oxidative
stress [27]. However, there is no report so far
how NP-mediated interaction couples with
female FOXL2/WNT4-centric gene transcrip-
tion regulatory network or ovarian niche factors
that determine the fate of GSCLCs during the
directed stem cell differentiation.

In this study, we aimed to establish a novel dif-
ferentiation for generating GSCLCs from mES
using green-synthesized magnetic nanoparti-
cles (G-Fe,0,-NP). It was reported that Fe,O,-
NP enhance Runx2 and Bmp2 expression dur-
ing osteogenic differentiation in mouse bone
marrow stromal cells [28], which also plays
critical roles in gonadal development [29]. We
investigated whether G-Fe,0,-NP induction can
direct mES toward efficient and functional
GSCLCs differentiation while preserving cellu-
lar integrity, functionality and GSCLCs line-
age fidelity. Through comprehensive character-
ization, including RNA sequencing (RNA-seq),
RNA expression assay (FoxI2, Gata4, Amh),
protein immunostaining (FOXL2, GATA4, AMH,
FSH receptor [FSHR]), and functional assays
(5,5,6,6’-tetrachloro-1,1',3,3 -tetraethylbenz-
imidazolylcarbocyanine iodide [JC-1] for mito-
chondrial membrane potential; 2’,7’-dichlorodi-
hydrofluorescein diacetate [DCFH-DA] for ROS
levels), we validated the differentiation efficien-
cy and physiological features of derived GSCLCs
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cells. Furthermore, by integrating RNA-seq and
gene set enrichment analysis (GSEA), we identi-
fied key metabolic pathways (e.g., electron
transport chain [ETC], oxidative phosphoryla-
tion [OxPhos], tricarboxylic acid [TCA] cycle) and
molecular regulators (e.g., TCF21, CDH1, IL-12)
governing the process of GSCLCs differentia-
tion. We hypothesized that G-Fe,0,-NPs could
independently induce gonadal somatic lineage
differentiation from mES cells by modulating
cellular signaling and epigenetic pathways. This
study explored directed ES differentiation into
reproductive GSCLCs and elucidated the repro-
gramming of follicular cell fate and linage speci-
fication for the purpose of reconstructing ovari-
oids to further develop functional oocytes from
mES.

Materials and methods
Reagents

All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless stated
otherwise.

Ethics approval

All animal care and experimental procedures
strictly complied with the guidelines of the
U.S. National Institutes of Health and were
approved by the Institutional Animal Care and
Use Committee of Nanjing Normal University
(Approval No. IACUC-20201209).

Isolation of Tribulus terrestris extract for
G-Fe,0,-NP synthesis

Fresh leaves of T. terrestris were thoroughly
washed with distilled water to remove surface
contaminants, air-dried at room temperature
(25°C), and ground into a fine powder using a
sterile mortar and pestle. For aqueous extract
preparation, 10 g of powdered leaves were
refluxed in 100 mL of distilled water at 80°C for
30 min under constant stirring. The mixture
was then filtered through Whatman No. 1 filter
paper to remove particulate matter. The clari-
fied supernatant was cooled to room tempera-
ture, aliquoted, and stored at 4°C for subse-
quent use in nanoparticle synthesis.

Synthesis of G-Fe ,0,-NP and their character-
ization

G-Fe,0,-NP were synthesized using a green
coprecipitation method adapted from Lu et al.
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(2010) with modifications [30]. Briefly, an aque-
ous solution containing equimolar concentra-
tions of ferric chloride hexahydrate (FeCl, 6H,0)
and ferrous chloride tetrahydrate (FeCl, H,O)
was prepared by dissolving the sale in 25 mL of
deionized water. This solution was mixed with
an equal volume (25 mL) of aqueous T. terres-
tris leaf extract at 1:1 (v/v) ratio to coat the
nanoparticle. Citric acid was added dropwise
as a reducing agent under continuous magnet-
ic stirring (300 rpm) at room temperature for 3
h. After stirring, the reaction mixture was incu-
bated for one additional 1 h to ensure complete
precipitation. The resulting magnetic nanopar-
ticles were collected by ultracentrifugation at
13,000 rpm and washed with deionized water
to remove unreacted precursors and byprod-
ucts. The purified nanoparticles were dried in a
convection oven at 80°C for 2 h to yield the
final Fe,0, nanoparticle powder.

The crystalline structure of G-Fe,0,-NP was
analyzed using X-ray Diffraction (XRD) (Rigaku
SmartLab, Corporation, Japan) with Cu-Ka radi-
ation (A = 1.5406 A) at 40 kV and 30 mA. The
diffraction pattern was recorded over a 26
range of 10°-80° with a step size of 0.02°.
Phase identification was performed by match-
ing peaks with the standard JCPDS database
(PDF No. 19-0629 for magnetite). The average
crystallite size was calculated using the Debye-
Scherrer equation. Fourier Transform Infrared
Spectroscopy (FTIR) spectra were obtained
(PerkinElmer Spectrum 3, USA) in the range of
400-4000 cm™ using the KBr pellet method.
Functional groups on the nanoparticle surface
were identified based on characteristic absorp-
tion bands, including Fe-O vibrations (~580
cm) and organic capping agents [31].

mES culture, passage and maintenance

To maintain mES, a 30-mm sterilized culture
dish was coated with 1 mL of 0.01% gelatin
solution to provide a suitable extracellular
matrix for cell attachment. Mitomycin C-treated
mouse embryonic fibroblasts (MEF), serving as
a feeder layer to support mES growth, were
thawed and centrifuged at 1,000 rpm for 5 min
to pellet cells and subsequently resuspended
in fresh MEF medium (Dulbecco’s modified
Eagle medium [DMEM] 1X supplemented with
10% fetal bovine serum, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin) to ensure cell
viability. Resuspended MEFs were plated onto
the gelatin-coated dish and allowed to adhere
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for a minimum of 6 h at 37°C in a humidified
incubator with 5% CO,. After MEF adherence,
the dish was washed with Dulbecco’s phos-
phate-buffered saline (DPBS) to remove non-
adherent cells and debris, and was replaced
with mES culture medium (2i+LIF) including
KnockOut DMEM 1X supplemented with 15%
KnockOut Serum Replacement [KSR], 0.3 uM
PD0325901 [MAPK/ERK kinase (MEK) 1/2
inhibitor], 3 uM CHIR99021 [glycogen synthase
kinase-3 beta inhibitor], 10% IU/mL LIF, 2 mM
GlutaMAX, 1 mM sodium pyruvate, 50 uM
B-mercaptoethanol and 100 U/mL penicillin,
0.1 mg/mL streptomycin. mES were gently dis-
sociated and transferred onto MEF feeder layer
coated dish. Fresh 2i+LIF medium was replen-
ished daily to maintain optimal nutrient levels
and to support mES growth and self-renewal.
mES were cultured for 3d, monitored for growth,
and allowed to reach approximately 75% conflu-
ency while remaining in pluripotent state prior
to GSCLC differentiation.

Induction of epiblast-like cells (EpiLCs)

Pluripotent mES was first induced to epiblast-
like celss (EpiLCs) (youshino et al., 2021), and
subsequently into GSCLCs. To initiate EpiLCs)
differentiation, Matrigel was diluted at a ratio of
1:80 and used to coat a 24 well plate, which
was subsequently incubated at 37°C for
approximately 1 hour to ensure proper adher-
ence. Passage-5 mES were dissociated by
treatment with 1 ml Accutase for 3 mints at
37°C, then neutralized with wash medium
(2iLIF) and genital pipetting to achieve a single
-cell suspension. Approximately 1 x 10 mES
were pelleted by centrifugation at 1,200 rpm
for 5 min, and subsequently resuspended in
1.5 mL of EpiLC medium (48% v/v DMEM/F12,
48% v/v Neurobasal medium, supplemented
with 1% v/v N2 serum-free, 15 pg/mL insulin, 2
mM GlutaMAX, 2% v/v B27 serum-free, 15 ng/
mL basic fibroblast growth factor, 20 ng/mL
Activin-A, 1 ug/mL G-Fe,0,-NP, 100 U/mL peni-
cillin, 0.1 mg/mL streptomycin), and the cell
suspension was carefully plated onto the
Matrigel-coated wells of the 24-well plate. The
plate was incubated at 37°C with 5% CO, to
promote differentiation, and the medium was
replaced with the 1-d to maintain optimal
growth conditions. Over the 2-d culture, mES
differentiated into EpiLCs under controlled con-
ditions, supported by Matrigel coating and spe-
cialized medium.
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GSCLC induction and differentiation from
EpilCs

EpiLCs were dissociated with a 3-minutes treat-
ment of 0.05% trypsin at 37°C. The dissociated
cells were collected and centrifuged at 1,200
rom for 5 min, and the pellet resuspended in 2
mL GKF10 medium (80% v/v GMEM, 12% v/v
KSR, 3% v/v a-MEM, 3 uM CHIR99021, 10 uM
Y27632 [Rho-associated kinase inhibitor], 50
MM B-mercaptoethanol, 1 mM sodium pyru-
vate, 2 mM GlutaMAX, 1 pg/mL G-Fe304-NP,
100 U/mL penicillin, 0.1 mg/mL streptomycin).
The differentiation process was divided into
two phases. In Phase 1 (d1-3), cells were dilut-
ed to a concentration of 3 x 10° cells/mL in
GKF10 medium supplemented with 1 pg/mL
G-Fe,0,-NP, as dose-response experiments
confirmed this concentration to be safe and
non-toxic. A 250-uL volume of the cell suspen-
sion was plated into each well of a low-attach-
ment 96-well plate and incubated at 37°C; 50
uL of fresh medium was added daily to replen-
ish nutrients and maintain optimal culture con-
ditions. In Phase 2 (d4-6), the medium was
completely replaced on d3 with GK10 medium
containing 50 ng/mL fibroblast growth factor 9,
1 pg/mL G-Fe,0,-NP, and 1 yM PD0325901,
but without BMP 4 and/or retinoic acid to sup-
port further differentiation and growth. On d5,
PD0325901 was withdrawn from the medium.
Daily supplementation with 50 uL of fresh
medium was continued for next 2d to ensure
proper cell growth and development. The differ-
entiation of mES to GSCLCs by BMP4+RA+SHH
was done by a previously developed method
[11].

Magnetic-activated cell sorting of GSCLCs

GSCLCs were isolated via magnetic-activated
cell sorting (MACS) with the Mini-MACS
Separation Kit (Miltenyi Biotec, Cat. No. 130-
090-312) [11]. Spheroid GSCLCs post differen-
tiation were enzymatically dissociated into indi-
vidual cells by treatment 0.05% trypsin, to
ensure uniform immunolabeling and optimal
magnetic separation. The dissociated cells
were dual-labeled with magnetic microbead-
conjugated anti-stage-specific embryonic anti-
gen-1 (SSEA1) and anti-cluster of differentia-
tion 31 (CD31) antibodies. SSEA1 was used to
identify germline precursor cell populations,
whereas CD31 enabled further refinement of
targeted population [10]. After dual labelling,
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the cells were passed through a magnetic col-
umn, where SSEA1+/CD31+ positive cells (pos-
sibly PGC like cells and/or undifferentiated
cells) were retained under the applied magnetic
field. In contrast, unlabeled and weakly labeled
cells, representing possible GSCLCs popula-
tion, passed through the column and were final-
ly collected as the GSCLCs targeted fraction.
After separation, presumptive GSCLCs were
quantified using a hemocytometer to deter-
mine their proportion relative to the total cell
population.

GSCs from 12.5 dpc mouse gonads were iso-
lated with the similar MACS method and served
as controls for GSCLCs.

Dose-dependent cytotoxicity and cell viability
assessment of G-Fe,0,-NP in GSCLCs and mES
using CCK-8 assay

Nanoparticles generate cellular toxicity or niche
disruption [32]. To evaluate the biological
effects of G-Fe,0,-NP, we examined five con-
centrations (1, 2, 3, 4, and 5 ug/mL). A stable
nanoparticle suspension was prepared by dis-
persing G-Fe,0,-NP in GSCLCs and mES culture
medium, followed by 30 min of sonication to
prevent aggregation. GSCLCs and mES were
seeded in 6-well plates and allowed to adhere
overnight under standard culture at 37°C,
5% CO,. After attachment, the medium was
replaced with fresh medium containing the
respective G-Fe 0,-NP concentrations. Respec-
tive nanoparticle-free medium was served as
control. All treatments were repeated three
times for statistical analysis.

Post 72 h of incubation (with medium change
every 24 h), cell viability was determined by Cell
Counting Kit-8 (CCK-8) assay [33]. Briefly, cells
were transferred to a 96-well plate, and CCK-8
reagent was added to each well according to
the manufacturer’s protocol. After 2-4 h incu-
bation, the absorbance at 450 nm was mea-
sured using a microplate reader. The results
were normalized to untreated controls to deter-
mine relative cell viability at each nanoparticle
concentration.

RNA-seq analysis

About 250-300 purified GSCLCs were lysed in
2 uL of lysis buffer (TD503, Vazyme, China),
and the extracted RNAs were reverse tran-
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scribed into cDNAs via the Single Cell Full-
Length mRNA Amplification Kit (N712, Vazyme,
China). The cDNA was amplified by PCR to
construct sequencing libraries. Library prepara-
tion was carried out with the TruePrep DNA
Library Prep Kit V2 for Illumina (TD503, Vazyme,
China), which utilized a transposase-based tag-
mentation to fragment and tag the cDNA. The
prepared libraries underwent rigorous quality
control to assess size distribution, concentra-
tion, and integrity before high-throughput
sequencing on the NovaSeq 6000 platform.
After sequencing, raw reads were processed to
remove adapter sequences and filter out low-
quality bases. Cleaned reads were aligned to
the appropriate reference genome using STAR
software, a highly accurate and efficient aligner
for RNA-seq data. After alignment, GSEA was
performed to identify biologically relevant path-
ways and gene sets significantly enriched in
GSCLCs. The raw sequence data were deposit-
ed in the Genome Sequence Archive at the
National Genomics Data Center, China National
Center for Bioinformation/Beijing Institute of
Genomics, Chinese Academy of Sciences (GSA:
CRA025129), publicly accessible at https://
ngdc.cncb.ac.cn/gs/s/Tycartdw.

Reverse transcription and quantitative PCR
(RT-gPCR) analysis (RNAs) and immune-fluo-
rescent (IF) staining (proteins)

Relative mRNA expression levels were calcu-
lated using an established method [34]. Briefly,
total RNA was isolated from MACS (magnetic
cells sorted) purified GSCLCs using a triazole-
based extraction protocol. cDNA synthesis was
performed by adding 5 pyL of All-in-One RT
MasterMix (Abm, Cat. No. G592 Canada) and
incubating the mixture at 25°C for 10 min,
42°C for 30 min, and 85°C for 5 min, respec-
tively, in accordance with the manufacturer’s
instructions. The Gapdh gene was used as an
internal control for normalization, and primer
sequences are listed in Table 1. gPCR was con-
ducted with EvaGreen BlasTag™ 2X qPCR
MasterMix system (Abm, Cat. No. G891,
Canada) and the relative mRNA expression
level was calculated as described previously
[35, 36].

For IF staining, after GSCLCs differentiated at
Day 4 (d4) and Day 6 (d6), cells were gently
washed three times with PBS, subsequently
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Table 1. Primers used for RT-gPCR

Genes Forward Primer Reverse Primer Size bp
AMH GCTCTGATTCCCGCTGTTTC CAAGCGAGTGAGGGTCTCTA 183
Gata4 AATCTCCTTCACCCCAGCTC GAGATGTGCCATGCCTCAAG 189
FoxI2 GTCCGGCATCTACCAGTACA GGTAGTTGCCCTTCTCGAAC 200
Gapdh TCAACAGCAACTCCCACTCTTCCA ACCACCCTGTTGCTGTAGCCGTAT 233

fixation was performed by incubating the cells
with 4% paraformaldehyde in PBS for 15 min at
room temperature. For permeabilization, the
cells were treated with 0.3% Triton X-100 in
PBS for 10 min. Nonspecific binding was
blocked by incubating with 4% bovine serum
albumin for 1 h. Primary antibodies against
AMH (Invitrogen, Cat. No. MA5-43969, USA,
1:200 dilution), FOXL2 (Invitrogen, Cat. No.
MA5-60883, USA, 1:300 dilution), GATA4
(Invitrogen, Cat. No. MA5-15532, USA, 1:200
dilution), and FSHR (Invitrogen, Cat. No. MA5-
61687, USA, 1:300 dilution) were incubated
with relative cells overnight at 4°C in a humidi-
fied chamber. After PBS washes, fluorophore-
conjugated secondary antibody, mouse IgG
Alexa Fluor 488 (Invitrogen, Cat. No. A28175,
USA, 1:500 dilution) was incubated for 1 h in a
light-protected environment. Images were cap-
tured using a fluorescence microscope (IX73,
Olympus Corporation, Japan).

JC-1 staining (mitochondrial membrane poten-
tial [AWm]) for GSCLCs

AWm was evaluated using JC-1 staining [15].
Briefly, a fresh JC-1 dye solution was prepared
at a concentration of 2-10 uM in either JC-1
buffer or culture medium. Cells were incubated
with the JC-1 solution at 37°C for 30 min at 5%
CO, in humidified air. After incubation, the cells
were washed with warm phosphate-buffered
saline (PBS) to remove unbound dye. Stained
cells were immediately examined under a fluo-
rescence microscope. In functional and inte-
grated cells, mitochondria emitted red fluores-
cence due to JC-1 aggregation, whereas depo-
larized mitochondria exhibited green fluores-
cence, indicating the presence of monomeric
JC-1.

DCFH-DA staining for detecting ROS in GSCLCs

ROS levels were assessed by DCFH-DA staining
[37]. Briefly, DCFH-DA was diluted in PBS to a
final concentration of 10 uM. Adherent cells
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were washed once with PBS, then incubated
with the DCFH-DA solution for 30 min at 37°C
in the dark to allow optimal dye uptake. After
incubation, excess dye was removed by wash-
ing with PBS. Stained cells were visualized
under a fluorescence microscope, detecting
green fluorescence at an excitation wavelength
of 485 nm and emission wavelength of 535
nm.

Statistical analysis

One-way ANOVA followed by Tukey’s HSD
test was uesd to evaluate differences in all
Immunofluorescence measurements, including
FOXL2, AMH, FSHR, GATA4, and H3K37me3,
as well as JC-1 and DCFH-DA staining fluores-
cence intensity among mES cells, GSCLCs
induced by G-Fe,0,-NP, and GSCLCs induced
by BPM4+RA+SHH. RT-qPCR data were ana-
lyzed using SPSS 18.0 (IBM, Chicago, IL, USA).
Comparisons between two groups were per-
formed using two-tailed Student t-test. Sta-
tistically significant was defined as P < 0.05.

Results

Structural, chemical and cytotoxic character-
ization of G-Fe ,0,-NP nanoparticles

X-ray diffraction analysis confirmed the crystal-
line structure of synthesized G-Fe,0,-NP. The
diffraction pattern exhibited characteristic
peaks at 206 = 35.6° and 62.1°, corresponding
to the (311) and (440) crystallographic planes
of the cubic spinel structure, respectively
(Figure 1A). These features are consistent with
magnetite (Fe,0,) phases, and peak broaden-
ing reflected the nanoscale dimensions (15-30
nm) of the particles. The overall diffraction
pattern identified the dominant cubic spinel
phase. Complementary Fourier-transform infra-
red spectroscopy revealed the chemical com-
position and surface characteristics of the
nanoparticles. The spectrum displayed a strong
absorption band at 580 cm?, corresponding to

Am J Transl Res 2026;18(2):1455-1472



Efficient induction of gonadal somatic cell-like cells from mouse ES

>
os]

95

90

85+

80

75

Intensity (a.u.)

70

Transmittance (%)

65

T T T T T

20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
2-Theta (°) Wave number (cm-1)

Figure 1. XRD and FTIR analysis of G-Fe,0,-NP. A. The XRD pattern exhibited broad peaks at 26 ~ 31.1° (311) and
44.0° (400), confirming the nanocrystalline spinel ferrite structure with small crystallite sizes. B. The FTIR spectrum
showed characteristic bands at 3233 ¢cm™ (O-H stretch), 1560 and 1374 cm™ (C=0/C-H bends), and 580 cm™ (M-O
vibration), confirming metal oxide nanoparticle formation. XRD confirmed the cubic spinel structure of G-Fe 0,-NPs
(15-30 nm) with peaks at 26 = 35.6° (311) and 62.1° (440). FTIR revealed Fe-O vibrations (580 cm), surface-OH
groups (3233 cm), adsorbed water (1560 cm™), and residual nitrates (1374 cm').

Fe-O stretching vibration characteristics of minimum of 56.3 + 2.5% in GSCLCS and 58 +
both magnetic (Fe,0,) and maghemite (y-Fe,0,) 3.7% in mEs at the maximum tested dose (5
spinal structure (Figure 1B) additional spectral ug/mL). This monotonic decrease (R? = 0.96 by
feature inculed: (1) a broad band at 3233 cm? linear regression) suggests a strong correlation
attributed to surface hydroxyal (O-H) groups; (2) between nanoparticle concentration and cellu-
an broad band at 1560 cm™ arises from physi- lar damage. The dosage of 1-2 pg/mL was
sorbed water molecule (H-O-H bending); and (3) established as a potential safe working con-
a peak at 1374 cm™ associated with nitrate centration range for subsequent experimental
groups from the green synthesis process. applications of G-Fe,0,-NP in this cell system.
The does dependent cytotoxicity effect of Expression of RNAs and proteins of gonadal
(G-Fe,0,-NP) were quantitatively evaluated somatic cell specific genes in GSCLCs by RT-
using the CCK-8 viability assay. Nanoparticle gPCR and IF analysis

exposure elicited a concentration-dependent

reduction in cells viability over the 72-h treat- To evaluate transcriptional reprogramming dur-
ment period (Figure 6). At lowest tested con- ing differentiation, the relative mRNA expres-
centration (1 yg/mL), GSCLCs maintained 95.5 sion profiles of ovarian somatic cell marker
+ 2.1% and mES 96 *+ 1.5% viability, demon- genes were analyzed by RT-gPCR. By compar-
strating negligible cytotoxicity compered to ing mES, GSCLCs induced by G-Fe,0,-NP and
untreated controls (set as 100%). This non-tox- GSCLCs by BMP4+RA method. RT-gPCR analy-
ic profile persisted at 2 ug/mL (82.3 + 1.8% in sis revealed significantly and distinctly higher
GSCLCS and 83.7 £ 2.1% in mES viability), sug- expression patterns among Fox/2, Amh, and
gesting a potential safe threshold below 3 ug/ Gata4 genes in both G-Fe,0,-NP and BMP4+RA
mL. However, a significant (P < 0.05) decrease induced GSCLCs (P < 0.001) (Figure 2). FoxI2
to 70.4 + 1.2% in GSCLCS and 72.7 + 1.4% in was negligibly expressed in mES but showed
mES viability emerged at 3 yg/mL, marking the pronounced upregulation in G-Fe,O,-NP and
onset of concentration-dependent toxicity. The BMP4+RA induced d6 GSCLCs, the fold change
cytotoxic effects became progressively more was observed round about 37 folds as com-
pronounced at higher concentrations, with via- pared to mES (Figure 2A). Similarly, Amh was
bility declining to 60.1 £ 2.9% in GSCLCS and undetectable in mES but exhibited higher
63 + 3.1% in mEs at 4 ug/mL and reaching a expression of 57 folds in d6 G-Fe,O,-NP and
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Figure 2. Characterization of GSCLCs and ESCs by immunofluorescence staining and mRNA analysis. A. Relative mRNA expression of FoxI2, a transcription factor
essential for gonadal cell development, in ESCs and GSCLCs. B. Relative mRNA expression of Amh, a marker associated with gonadal cell differentiation and func-
tion, in ESCs and GSCLCs. C. Relative mRNA expression of Gata4. D. Fluorescence analysis of FOXL2 expression in GSCLCs induced with or without Fe_O, than in
mES, with phase contrast, blue signals of Hochest, Red signals of FOXL2 and Merge image. E. Fluorescence microscopy analysis of AMH expression both in mES
and GSCLCs induced with or without Fe,0,. The imaging included phase contrast, Hoechst staining (blue) for nuclei localization, and specific green fluorescence
signals corresponding to AMH protein expression. A merged image combination of all channels for comparative analysis. F. Fluorescence analysis of GATA4 expres-
sion in both GSCLCs induced by either Fe O, or BPM4+RA as well as in mES was performed using phase contrast microscopy, along with blue Hoechst staining to
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identify nuclei and red fluorescence signals to detect GATA4 protein expression. G. Fluorescence microscopy analy-
sis of FSHR expression both in mES and GSCLCs. The imaging included phase contrast, Hoechst 33342 staining
blue, and specific green fluorescence signals corresponding to FSHR protein expression. H-K. These figures are the
fluorescence intensity analysis of FOXL2, AMH, GATA4 and FSHR respectively. Images are representative of three in-
dependent experiments. Note the distinct expression patterns of somatic cell markers (FOXL2, AMH, GATA4, FSHR)
in d6 GSCLCs induced by either Fe,O, or BPM4+RA relative to ESCs both in Inmunofluorescence staining and mRNA
analysis, indicating progressive acquisition of GSC characteristics during differentiation. Scale bars: 100 uym.

BMP4+RA induced GSCLCs (Figure 2B). Gata4
displayed 38 folds higher expression in d6
G-Fe,0,-NP and BMP4+RA induced GSCLCs
(Figure 2C).

Immunofluorescence (IF) analysis further vali-
dated the successful differentiation of GSCLCs
from mES, as indicated by the expression of
key gonadal lineage markers. GSCLCs (d6) exib-
hited distinct epithelial morphology in bright-
field images. Critical makers of GSC identity
were highly expressed in both G-Fe,0,-NP and
BMP4+RA induced GSCLCs but absent in mES.
FOXL2 expression was significantly upregulat-
ed, showing an approximately 120-fold increase
in GSCLCs induced by either method, while it
remained undetectable in undifferentiated
mES cells (Figure 2D). AMH, exhibited cytoplas-
mic and perinuclear localization in GSCLCs,
Quantitative analysis revealed an approximate
23-fold increase of AMH in GSCLCs generated
via either method, contrasting with its com-
plete absence in undifferentiated mES control
(Figure 2E). GATA4, showed prominent nuclear
expression in GSCLCs, GATA4 expression was
markedly upregulated in GSCLCs generated by
both induction method, exhibiting an appro-
ximately 200-fold increase as compared to
undifferentiated mES (Figure 2F). FSHR exhib-
ited clear membrane-associated staining in
GSCLCs, and showed in approximately 32-fold
increase as compared to undifferentiated mES
(Figure 2G). The expression patterns of FOXL2,
GATA4 and the spatial overlap of FSHR and
AMH with nuclear DNA reinforced the ovarian
gonadal somatic cell-like identity of the differ-
entiated population. IF intensity analysis indi-
cated significantly higher expression of gonadal
somatic cell markers as FOXL2 (Figure 2H),
AMH (Figure 2l), GATA4 (Figure 2J) and FSHR
(Figure 2K) in GSCLCs than that in mES (P <
0.05).

Dynamic remodeling of H3K27me3 during
GSCLC differentiation

Immunofluorescence (IF) analysis indicated a
dynamic increase of H3K27me3 modification
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during progressive six days of GSCLCs differen-
tiation from mES. It was observed that D6
GSCLCs and 12.5 dpc GSC exhibited approxi-
mately three-fold higher H3K37me3 signal
intensity compared to d4 GSCLCs and mES
cells (Figure 3). On d4 differentiation, GSCLCs
displayed intermediate H3K27me3 signal high-
er than that in mES (P < 0.05) (Figure 3A).
GSCLCs on d6 exhibited the strongest
H3K27me3 signals with widespread nuclear
deposition, significantly exceeding the levels of
d4 GSCLCs (P < 0.05) and mEs (P < 0.05),
respectively, but closely approximated those in
mature 12.5 dpc GSCs (Figure 3B).

Mitochondrial functional analysis and oxidative
stress status of GSCLCs

To assess the metabolic integrity of GSCLCs,
mitochondrial membrane potential (AWm) and
intracellular Reactive Oxygen species (ROS) lev-
els were evaluated via JC-1 and DCFH-DA stain-
ing, respectively (Figure 4). JC-1 analysis
revealed prominent red fluorescence (aggre-
gate form) in GSCLCs, indicative of preserved
AWm and functional mitochondria. Corres-
ponding green fluorescence (monomeric form)
remained at baseline levels. Merged images
showed a high red-to-green fluorescence ratio
(Figure 4A), confirming normal mitochondrial
polarization in most cells. JC-1 fluorescence
intensity analysis showed that similar mito-
chondrial membrane potential (AWm) between
G-Fe304-NP GSCLCs and d12.5 Gonad GSC,
indicating comparable mitochondrial activity
(Figure 4B).

Parallel analysis of oxidative stress status using
DCFH-DA staining found a minimal green fluo-
rescence in most GSCLCs, indicating mainte-
nance of basal ROS levels. (Figure 4C). DCFH-
DA fluorescence intensity analysis indicated
non-significant difference in intracellular ROS
levels between G-Fe,0,-NP GSCLCs and con-
trols (d12.5 Gonad GSC) (Figure 4D) (P > 0.05),
suggesting that G-Fe,0,-NP exposure did not
induce oxidative stress under the tested
conditions.

Am J Transl Res 2026;18(2):1455-1472
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Figure 3. Assessment of H3K27me3 expression during GSCLCs differentiation. A. Fluorescence microscopy analysis
of H3K27me3 in 12.5 dpc gonadal somatic cells from mice, d6 GSCLCs, d4 GSCLCs and mES. Hoechst 33342 im-
age is for nuclei and a merged image combination of all channels for comparative analysis. B. Fluorescence inten-
sity analysis of H3K27me3 in 12.5 dpc gonadal somatic cells from mice, d6 GSCLCs, d4 GSCLCs and mES. Images
are representative of > 3 independent experiments. Progressive H3K27me3 accumulation from ESCs to d4 GSCLCs
to d6 GSCLCs reflects stage-specific chromatin remodeling during germ cell-like differentiation. Notably, d6 GSCLCs
exhibit the strongest H3K27me3 signal, consistent with their terminally differentiated state. Scale bars: 100 pm.

Transcriptional and epigenetic orchestration in
GSCLC differentiation on d6

To elucidate the dynamic interplay of transcrip-
tional and epigenetic mechanisms governing
GSCLCs differentiation, we performed Gene
Set Enrichment Analysis (GSEA) comparing the
transcriptional profiles of d6 GSCLCs and d4
GSCLCs (Figure 5). This analysis indicated a
marked activation of mitochondrial metabolic
pathways, intercellular adhesion, and immune
modulation, reflecting a coordinated ontologi-
cal transition toward GSC-like lineage specifica-
tion. Quantitative analysis showed significant
differences in metabolic pathway activation
(normalized enrichment scor [NES] > 2, P <
0.001) between d4 and d6 GSCLCs. The ETC
(Figure 5A) and TCA cycle, respiratory electron
transport pathway (Figure 5B) showed an NES
> 2.000, OxPhos pathway exhibited an NES >
2.226, indicating substantial upregulation by
d6 then d4 (Figure 5C), suggesting enhanced
mitochondrial respiration and energy produc-
tion as differentiation progressed. Similarly,
Voxphos pathway, with an NES > 2.244 (Figure
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5D), and mitochondrial-associated genes path-
way, represented by an NES > 1.583 (Figure
5E) of d6 GSCLCs as compared to d4 counter-
part, which indicated an improved mitochon-
drial integrity and metabolic function in d6
GSCLCs. The ribosome genes show strong
enrichment (NES > 2.205, P < 0.001) in the d6
GSCLCs, indicating upregulating ribosomal
activity (Figure 5F). Furthermore, TCF21 dis-
played moderate but significant upregulation of
its genes (NES > 1.555, P < 0.001; Figure 5G).
Enrichment of CDH1 associated-pathway (NES
> 1.819, P < 0.003; Figure 5H) underscore a
paradigm shift toward epithelial stabilization.
Similarly, IL-12 showed dramatic enrichment
(NES > 1.685, P < 0.005; Figure 5l), which this
immunological priming may help to maintain
cellular homeostasis during differentiation.

Discussion

We clearly demonstrated that a novel G-Fe,0,-
NP induction can efficiently promote lineage-
specific GSCLCs differentiation from pluripo-
tent mES. In our study, G-Fe304-NP derived

Am J Transl Res 2026;18(2):1455-1472
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GSCLCs represented a wide range of GCS spe-
cific cell lineage gene markers including FoxI2,
Amh and Gata4, which showed a significant
increase in their expression as compared to
pluripotent mES. Our Immunofluorescence (IF)
analysis further conformed the positive protein
expression of FSHR, FOXL2, AMH and GATA4 in
mES derived GSCLCs. In fact, substantial
upregulation of these genes in GSCLCs high-
lights the transcriptional reprogramming re-
quired for GSC specification [37]. The colocal-
ization of FSHR and AMH, along with the co-
expression of FOXL2 and GATA4, strongly sup-
ports the acquisition of a granulosa cell-like
phenotype and broader GSC characteristic [38-
40]. These GSC specific genes play pivotal role
in follicular development, oocyte support, and
steriodogenesis [41]. Fshr mediates FSH-driven
follicle growth and estrogen synthesis, whereas
AMH inhibits excessive follicle activation to pre-
serve the ovarian reserve [42]. In mouse, Amh
gene critical for Mullerian duct regression and
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granulosa cell’s function plays role in this GSC
differentiation [43]. FoxI2 maintains granulosa
cell identity, and Gata4 regulates steroidogenic
genes essential for ovarian function and fer-
tility [44]. It was reported that loss of Fox/2
results in ovary-to-testis sex reversal in fish and
goats, as well as postnatal sex reversal in mice
[45]. The role of FoxI2 gene in driving ovarian-
like cell fate specification during differentiation
reinforces its important role in establishing
somatic cell identity in GSCLCs and its involve-
ment in GSC lineage commitment [38]. A recent
study reported that Fox/2 gene in humans
appears to direct differentiating cells by estab-
lishing a transitional identity prior to commit-
ting the early gonadal support cell fate [46].
Gata4 was also significantly expressed in dif-
ferentiated GSCLCs (Figure 2A), highlighting
the functional maturation of these cells toward
a GSC identity [47]. In goat ovaries, Gata4
showed a stronger expression in granulosa
cells (GCs) [44]. Our findings provide molecular

Am J Transl Res 2026;18(2):1455-1472
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Figure 5. GSEA of mitochondrial and OxPhos pathway, as well as regulators TCF21, CDH1, and IL-12. Enrichment
plots illustrate the enrichment scores (y-axis) across ranked gene lists (X-axis), showing the distribution of gene
set associated with mitochondrial function and OxPhos. The normalized enrichment score (NES) and p-velues in-
dicate significant enrichment in the analyzed dataset. A. ETC and OxPhos system in mitochondria (NES = 2.226, P
< 0.001). B. TCA cycle and respiratory electron transport (NES = 2.060, P < 0.001). C. OxPhos (NES = 2.093, P <
0.001). D. Voxphos, a subset of OxPhos genes (NES = 2.244, P < 0.001). E. Mitochondria-associated genes (NES
= 1.583, P < 0.001). F. Ribosome-related genes (NES = 2.205, P < 0.001). G. GSEA plot for “TCF21 targets 2 up”.
The NES is 1.555, with a sarcastically significant p-value (P < 0.001). The enrichment scor cure peak early in the
ranked dataset, indicating strong positive enrichment of this gene set. H. GSEA plot for “CHD1 target 3 up” The NES
is 1.819, with a p-value P < 0.003, denoting significant enrichment of this gene set. The cure demonstrated the
positive enrichment near the top of ranked dataset. |. GSEA plot for “Interleukin-12”. The NES is 1.885, with a p-
value P < 0.005, confirming significant pathway enrichment. The black vertical bars represent gene hits with in the
ranked dataset, with the enrichment signal reflected in the upward peak of the enrichment score. The color gradient
(red to blue) represents ranking correlation. High NES values suggest strong associations of these pathways with
the analyzed condition.

evidence of successful differentiation and align tic modification revealed a progressive increase
with the established roles of Fox/2, Amh, and in expression during GSCLCs differentiation
Gata4 genes in mouse gonadal development from mES. The dynamic H3K27me3 signature
and function. In addition, H3K27me3 epigene- pattern was similar to that of mouse in vivo GSC
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ment of IL-12 signaling also
indicates a potential role in
immune modulation and mic-
roenvironmental adaptation,
supporting cellular homeosta-
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Figure 6. Dose-dependent effects of G-Fe,0,-NP on cells viability. Cells viabil-
ity (%) of mES and GSCLCs following exposure to increasing concentration
of G-Fe,0,-NP (control, 1, 2, 3, 4 and 5 pg/mL). Both cells’ types exhibited
a gradual, concentration dependent decline in viability with increasing G-
Fe,0,-NP doses. Data are presented as mean + standard deviation (SD), in-
dicating comparable sensitivity patterns between mES and GSCLCs across

the tested concentrations range.

cells (Figure 3). It was reported that modifica-
tion of H3K27me2/me3 via genome editing
alters ESC differentiation trajectories and
destabilizes the ground-state pluripotency net-
work [48]. Recently, we have successfully
reconstructed mouse ovarioids with follicular
structures by those G-Fe,0,-NP derived GSCLCs
and PGCLCs from mES (Du et al., unpublished
data). Taken together, our study with G-Fe,O,-
NP established GSCLCs as a reliable model for
studying gonadal cell biology and associated
reproductive approach to differentiate func-
tional oocytes from mES [49].

Gene Set Enrichment Analysis (GSEA) reveal-
ed the dynamic interplay of transcriptional
and epigenetic mechanisms regulating GSCLC
differentiation. In d6 GSCLCs, mitochondrial
pathways associated with the electron trans-
port chain (ETC), Oxidative phosphorylation
(OxPhos), and TCA cycle were upregulated, indi-
cating enhanced mitochondrial respiration and
energy production during differentiation (Figure
5). The metabolic profile of stem cells typically
shifts from glycolysis to mitochondrial OxPhos
during cell differentiation, accompanied by
dynamic changes in mitochondrial morphology
and higher ATP yield [39, 50]. This metabolic
transition aligns with the increased energy
demands of differentiated cells and indicates
the importance of mitochondrial integrity in
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sis during differentiation [53,
54]. Collectively, these key
processes can act according-
ly to direct GSCLCs differenti-
ation. Oxidative phosphoryla-
tion pathway supports stem
cell differentiation [55]. Th-
rough ATP generation to meet
high energy demands of ge-
rm cell development, coupled
with broader metabolic repro-
gramming, cellular metabolism plays an impor-
tant role capable of directing lineage-specific
differentiation [40, 56]. TCF21 reprograms
genetic activity, likely fine-tuning cellular identi-
ty and stress responses as Shen et al. reported
TCF21'"" cells act as bipotential somatic progen-
itors in the ovary and testis, and additionally
serve as reserve progenitors for tissue mainte-
nance and repair [55, 57]. By d6 GSCLCs induc-
tion, the dynamic GSEA model coordinated
genetic reprogramming, structural reinforce-
ment, metabolic transition and immune signal-
ing which had driven the induced cells toward a
specialized GSC-like identity, and met with
physical and metabolic demands for cell differ-
entiation [58].

Mitochondrial membrane potential (AWm) and
intracellular Reactive oxygen species (ROS) lev-
els serve as critical indicators for cellular func-
tionality [59]. The decrease in AWm relative to
normal levels may compromise cell viability
[60]. AWm measurements in our study revealed
a prominent red JC-1 Fluorescence in G-Fe,0,-
NP induced GSCLCs compered to control
(Figure 3), indicating that a high level of AWm in
GSCLCs with intracellular metabolically active
and functional mitochondria. The low intracel-
lular ROS levels observed in our study further
supported metabolic stability with a balance
redox state conducive to cellular homeostasis.

Am J Transl Res 2026;18(2):1455-1472



Efficient induction of gonadal somatic cell-like cells from mouse ES

Intracellular ROS levels function not only as a
cornerstone of bioenergetics but as a key regu-
lator of diverse cellular processes, including ion
transport, and redox signaling [61-63]. Our find-
ing supports that GSCLCs are functional and
capable of meeting the high energy demands of
proliferative and functionally active cells [64,
65].

Our novel G-Fe,0,-NP directed GSCLCs differ-
entiation achieved over 78% GSCLCs within a
very shorter time-frame compared to existing
protocols which typically achieve 55-60% of
GSCLC efficiency (Wang et al., 2021; Yoshino et
al.,, 2021). Notably, our approach performed
GSCLCs induction without addition of BMP,
SHH and RA and other small inducing mole-
cules [10, 11]. Yoshino et al demonstrated the
derivation of follicle ovarian somatic cell-like
cells (FOSLCs) from mES using defined signal-
ing molecules, BMP4, SHH, RA, and fibroblast
growth factor 9 (FGF9) [11], while Wang et al
derived GSCLCs from mES with two small mol-
ecules: vitamin C (ascorbic acid) and the reti-
noid receptor agonist AM580 [66]. The biologi-
cal mechanisms of G-Fe,0,-NP for activating
signal pathways during GSCLCs differentiation
still require a further investigation. This study is
limited by the use of a single cell line and in-
vitro differentiation system without in-vivo vali-
dation. Further work is needed to confirm the
signaling pathways underlying nanoparticle-
mediated induction. A recent study found that
incorporating Fe,0,-CA-NPs into VDF-TrFE poly-
mer scaffolds enhances key cellular signaling
pathways, including BMP, TGF-3, and Wnt [66,
67]. The effects of G-Fe,0,-NP nanoparticles
on GSCLCs differentiation may be mediated, in
part, by modulation of key transcription regula-
tors, including runt-related transcription factor
2 (Runx2), BMP, TGF-B, and Wnt. Previous stud-
ies indicated that Fe,0, nanoparticles enhance
the expression of Runx2 and BMP, TGF-B3, and
Wnt during osteogenic differentiation of mouse
bone marrow stromal cells [29, 68-70]. These
factors also play critical roles in gonadal cell
development that Runx2 and Bmp2 were
essential for GSC differentiation and function
[71, 72]. Sun et al., identified the MAPK cas-
cade as a critical regulator of cell differentia-
tion in according to that Fe O, nanoparticles
can activate the MAPK signaling pathway [26,
73]. Studies show that Fe,O, nanoparticles
generate a micro-magnetic field which can
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stimulate cell growth and proliferation [67, 68],
which affects protein crystallization, integrin
and extracellular matrix protein binding, and
cell adhesion [71]. It was reported that Fe O,
nanoparticles can directly activate calcium ion
(Ca?*) channels that drive various signaling
pathways, such as MAPK and BMP [55, 72]. We
also hypothesize that there are a small trace of
ligands existing in culture medium or secreted
by induced cells while G-Fe,0,-NP can amplify
their effects during signal transduction path-
ways. Further investigation is warranted to
explore inherent cellular and biological mecha-
nisms of G-Fe,0,-NP during germ cell related
differentiation.

In conclusion, our study demonstrated the
novel and efficient generation of GSCLCs by dif-
ferentiating mES with G-Fe304 nanoparticles,
but without exogenous BMP4, sonic hedgehog
(SHH) and retinoic acid (RA). The mES derived
GSCLCs recapitulated GSC specific molecular,
functional and metabolic characteristics. This
work exploits the understanding of gonadal
somatic cell differentiation and development
for future generating functional follicles and
oocytes from stem cells in animal reproduction,
breeding and human reproductive medicine.
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