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Abstract

Induced pluripotent stem cells (iPSCs) are artificially obtained through cellu-
lar reprogramming technology and functionally resemble embryonic stem cells
(ESCs). They can differentiate into all cell types, including those of the three
germ layers, circumvent the ethical controversies and immune rejection issues
associated with ESCs, and thus hold tremendous promise for broad applications.
This review summarizes the inducers used for in vitro differentiation of iPSCs
into germ cells and their induction efficacies. Research on the mechanisms of
germ cell development is expected to advance future reproductive and develop-
mental technologies.
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Abstract: Induced pluripotent stem cells (iPSCs) are artificially generated
through cellular reprogramming and share similar functions with embryonic
stem cells (ESCs). They can differentiate into all cell types including those
from all three germ layers, while circumventing the ethical controversies associ-
ated with ESCs and immune rejection following transplantation, thus offering
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tremendous application potential. This review summarizes recent advances in
the in vitro differentiation of iPSCs into male germ cells, focusing on various
inducers and their differentiation efficiency. Investigating the mechanisms un-
derlying germ cell development holds promise for advancing future reproductive
and developmental technologies.
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1. iPSCs
1.1 Advantages and Limitations of iPSCs

In 2006, a research team from Kyoto University in Japan first reprogrammed so-
matic cells into pluripotent stem cells, which they defined as induced pluripotent
stem cells [1]. iPSCs possess self-renewal capacity and can undergo symmetric
division to produce daughter cells identical to the parent cell, giving them es-
sentially “unlimited” proliferative potential and “immortality.” These cells also
exhibit multi-lineage differentiation potential, capable of differentiating under
specific induction conditions into mature cells of various phenotypes, such as
neuroepithelial cells [2], pancreatic cells [3], hepatocytes [4], cardiomyocytes [5],
vascular endothelial cells [6], and smooth muscle cells from different germ layers
[7]. iPSCs function almost identically to ESCs, expressing various ESC surface
markers and differentiating into various tissue cells. Their use is not constrained
by immune rejection or ethical limitations, providing unique advantages in tis-
sue engineering and regenerative medicine.

iPSCs have profoundly influenced clinical medicine development [12]. Since
ESCs can differentiate into cells of all three germ layers, they can serve as a
therapeutic approach for animal models; however, clinical applications require
resolution of ethical issues and post-transplantation immune rejection. iPSCs
can be derived from the patient’ s own cells, effectively circumventing ethical
concerns and minimizing immune rejection, which greatly benefits pharmaceu-
tical and regenerative medicine research. However, iPSCs have three notable
defects: first, the reprogramming efficiency of human cells is very low, making
it difficult to generate patient-specific iPSCs from primary cells and initial cell
populations; second, the integration of exogenous genes into the somatic cell
genome, particularly oncogenes such as c-Myc and KLF4, may induce tumor
formation [13]; and third, even if iPSCs form teratomas, a small number of un-
differentiated cells can cause tumors, making it crucial to direct iPSCs toward
beneficial cell types rather than allowing large numbers of undifferentiated cells
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to persist. Although some successful iPSC models exist in chimeric mice, the
tumorigenic risk cannot be completely eliminated [14].

1.2 iPSCs for Germ Cell Differentiation

Besides the ectopic expression of Oct-4, Sox2, KLF4, and c-Myc, other transcrip-
tion factor mutations can also generate iPSCs, such as selection of primary so-
matic cells, reprogramming factors, and transduction methods [15]. Researchers
believe that new iPSCs will eventually replace ESCs as the primary source ma-
terial for inducing germ cells. Before clinical application of iPSC-derived germ
cells, scientific evaluation must be completed based on their meiotic mechanisms,
post-reprogramming processes, and nuclear and mitochondrial functions. The
expression of marker genes or immunostaining of marker proteins such as C-kit,
DDX4, and SSEA1 can be used to identify PGC formation [16]. Characteristics
of cells entering the meiotic phase include detection of haploid differentiated cells
and meiosis-related markers, including transition protein 1 (TP1), protamine 1
(Protl), and acrosin [17].

Since mouse iPSCs can differentiate into germ cells through tetraploid com-
plementation [18], iPSCs have become a feasible option for studying germ cell
differentiation mechanisms in vitro. Kim et al. obtained iPSCs derived from
neural stem cells, which showed elevated expression of Sycp3, GDF9, and early
PGC marker genes during differentiation toward germ cells [19]. Imamura [11]
et al. successfully induced mouse iPSCs from adult hepatocytes under the reg-
ulation of VASA and OCT4 gene promoters [15]. Studies found that VASA-
regulated PGCs could produce transgenic iPSCs in embryoid bodies (EBs) or
under feeder layer conditions without leukemia inhibitory factor (LIF). A small
number of OCT4/VASA oocyte-like cells appeared at the edges of EBs. To pro-
mote germ cell differentiation, researchers attempted to stimulate iPSCs with
epidermal growth factor (EGF), bone morphogenetic protein 4 (BMP4), and
glial cell-derived neurotrophic factor (GDNF) [16]. Interestingly, VASA-labeled
cells appeared in cell colonies. After 21 days, numerous cell colonies were ob-
served, with expression of meiotic marker genes such as Sycpl and Dmcl de-
tected, and migrating PGCs could be observed, though post-meiotic markers
(TP1, Protaminel, etc.) were not detected.

2. Inducers for iPSC Differentiation into Male Germ Cells
2.1 Retinoic Acid (RA)

Retinoic acid (RA) is a non-peptide lipophilic small molecule extracted from
vitamin A (retinol) that serves as a ligand for nuclear retinoic acid receptors
(RARs) [17], functioning by binding to ligand-dependent transcription factors
RAR, RAR, and RAR [18]. Different spermatogenic epithelial cells express
different RARs: Sertoli cells express RAR , round spermatids express RAR ,
and type A spermatogonia express RAR [19]. RA reportedly acts as a testicu-
lar stimulant immediately after birth to stimulate downstream gene expression.
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Additionally, RA can stimulate meiosis and STRAS8 gene expression. Koubova
et al. confirmed that RA-activated STRAS in embryoid bodies ensures proper
timing of sexual development. Numerous studies have verified RA’ s mode of
action in stimulating meiosis initiation [20] and its influence on PGC prolifera-
tion and development [21]. Tan and Bowles et al. demonstrated that RA can
induce iPSCs or ESCs to differentiate into PGCs [17]. During mouse PGC cul-
ture, RA promotes PGC proliferation and slows PGC degeneration, acting as
a cytokine both in vivo and in vitro. Moreover, RA can prevent apoptosis in
mouse PGCs [22]. Studies show that RA both promotes differentiation of stem
cells into PGCs and PGC proliferation [23], and can act on EB cells to promote
ESC differentiation [24].

Although iPSCs possess the capacity to differentiate into numerous male germ
cells, whether this differentiation occurs spontaneously or results from RA in-
duction requires further investigation. Li et al. showed that following RA or
testosterone treatment, the induction results of mouse iPSCs differentiating
into male germ cells through EB formation could even identify these cells as
likely haploid [25]. One drawback of RA is its role in neuronal differentiation,
which may lead to iPSC differentiation into neural cells. RA is recognized as the
most potent morphogen for inducing neural progenitors and neural cells from
stem cells.

2.2 Bone Morphogenetic Proteins (BMPs)

BMPs are multifunctional cytokines belonging to the transforming growth
factor- (TGF- ) superfamily, released by early embryonic ectoderm and playing
important roles in germ cell development and function [26]. When animals are
implanted with aged bone, a cellular response induces new bone formation due
to the action of one or a class of proteins called bone morphogenetic proteins
[27]. In vitro treatment with BMPs can induce iPSCs to differentiate into
male germ cells [28]. In mammals, the induction of specific epithelial cells into
PGCs is regulated by BMPs, including BMP8b and BMP4, both expressed
through extraembryonic ectoderm (ExE) [29]. Male germ cells express certain
proteins of the Gbb-60A subfamily, which are closely related to BMP8a and
BMP8b involved in spermatogenesis and maintaining germ cell proliferation
and survival [30]. Cytokines such as BMP4 can make human and mouse ESCs
more susceptible to germ cell differentiation. Therefore, BMPs are important
factors in cell proliferation, apoptosis, differentiation, and morphogenesis.

In mouse epiblast transplantation culture, BMP4 and BMP8b proteins can in-
duce PGC formation [31]. During the initial 3 days of differentiation, the germ
cell marker gene VASA is expressed by human recombinant BMP4 protein in a
dose-dependent manner, and combined use of BMP7, BMP8b, and BMP4 can
further enhance VASA expression [32].

To confirm whether BMP addition could induce iPSC differentiation into germ
cells, Panula et al. [33] used iPSCs (IMR90) and iHUF4 cells differentiated for 7
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and 14 days, divided into groups with and without BMP4, BMP7, and BMPS8b,
to observe the effects of BMP supplementation on germ cell induction from
iPSCs and hESCs. The experimental group detected low expression of DAZL
and VASA genes in undifferentiated iHUF4 cells, and low VASA expression
in undifferentiated iPSCs (IMR90). Extended culture, BMP addition (BMP4,
BMP7, BMP8b), and co-culture with human or mouse fetal gonadal stromal
cells could promote spontaneous PGC differentiation [34]. Western blotting
after BMP induction showed elevated expression of the germ cell marker gene
VASA, providing evidence for the specific function of BMPs in germ cells.

One disadvantage of BMPs is their high cost, and their mechanism of action
and side effects are not yet fully understood.

2.3 Human Fetal Gonadal Cells (hFGCs)

Research has confirmed that iPSCs derived from fetal somatic cells can differ-
entiate into early-stage PGCs, indicating that iPSCs have similar clinical ther-
apeutic value to hESCs [35]. However, differentiation of iPSCs obtained from
reprogrammed human cells into germ cells has not been reported [31]. Park
et al. showed that compared with two induction methods—specific culture and
adherent culture—the induction efficiency of iPGCs using iPSCs and ESCs was
higher. Although human fetal gonadal cells (hFGCs) can produce large num-
bers of iPGCs, iPGCs can also be obtained after induction from non-gonadal
stromal cells of fetal liver and placental tissue.

hFGCs differentiated from iPGC-positive cells are comparable to germ cells from
the first trimester [36]. Co-culture of hiPSCs with hESCs under appropriate
differentiation conditions and labeling with hFGCs can significantly improve
iPGC differentiation capacity. After 7 days of hFGC differentiation, iPGCs
develop into immature PGCs, a process equivalent to development from in vitro
fertilization to 9 weeks of gestation [34]. Hikabe et al. successfully reconstructed
the female germline in vitro, but the applications of this culture system remain
limited.

2.4 Testosterone

Testosterone is a male sex hormone essential for the development of the male
reproductive system and formation of secondary sexual characteristics [37]. An-
drogen receptor expression is present in both blastocyst inner cell mass and ES
cell lines [38]. In Leydig cells of the testis, testosterone under the combined
influence of luteinizing hormone (LH) and follicle-stimulating hormone (FSH)
can promote Sertoli cell-induced gene transcription and growth factor secre-
tion, thereby promoting germ cell differentiation. Sani et al. showed that the
synergistic action of testosterone and FSH in adult rats can prevent germ cell
degeneration and/or stimulate germ cell development [39]. High concentrations
of testosterone, FSH, and co-culture with Sertoli cells all promote germ cell
survival and accelerate meiotic progression [40].
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In vitro, the combination of testosterone and Sertoli cells, along with direct
stimulation of germ cells, can promote germ cell differentiation to the haploid
stage. Studies have shown that co-culture with Sertoli cells and hormones can
induce completion of meiosis in in vitro matured sperm and oocytes [41]. Sliva
et al. found that testosterone and RA can affect the expression capacity of male
germ cell marker genes in ESC-differentiated cells. Cell proliferation and dif-
ferentiation are regulated by sequential changes in sex steroid hormones [41].
Li et al. reported that iPSCs can differentiate into male germ cells through
EB formation and induction with RA or testosterone. Studies show that af-
ter RA or testosterone induction, approximately 2-8% of EB cells are haploid
[25]. Research confirms that testosterone can enhance the ability of iPSCs to
differentiate into male germ cells and may be used in future research on male
infertility.

2.5 Stem Cell Factor (SCF)

Stem cell factor (SCF) is a membrane-bound cytokine on Sertoli cells whose
tyrosine kinase receptor is c-kit, adjacent to the germ cell surface. SCF strongly
regulates germ cell proliferation and apoptosis [43]. SCF regulates expression
of the stem and germ cell marker gene c-kit and can improve cell survival and
proliferation [44]. Mature PGCs in mice are defined as alkaline phosphatase-
positive cell populations at E7.25, which can be marked by re-expression of
the Stella gene, a maternal effect gene actively expressed from the zygote stage
until the blastocyst stage [45]. SCF can promote PGC proliferation and improve
survival rates.

Studies show that mouse basic fibroblast growth factor and embryonic fibroblast
feeder layers are essential for PGC culture, but their role in hESC differentia-
tion into germ cells remains unclear [46]. Research demonstrates that adding
bFGF on MEF feeder layers with continuous culture can increase the proportion
of POU5SF1-positive and DDX4-positive cells differentiated from hESCs to 69%
[47]. Under feeder-free culture conditions, bFGF supplementation is more im-
portant for isolation and maintenance of POU5F1-positive and DDX4-positive
cells [10]. Additionally, combined application of SCF, BMP4, and BMP8b has
proven extremely effective during iPGC-LC induction [16].

2.6 Glial Cell-Derived Neurotrophic Factor (GDNF)

GDNF is a member of the transforming growth factor- family that, together
with three related molecules, forms the GDNF family ligand subfamily (GFLs).
Adding GDNF to culture medium supplemented with EGF or bFGF can pro-
mote in vitro proliferation of mouse spermatogonial stem cells (SSCs) and af-
fect the function of undifferentiated spermatogonia in vivo. Therefore, GDNF
is commonly used as a supplement in mouse SSC culture medium along with
FGF, EGF, and LIF [48]. Wang et al. [49] showed that GDNF is required for
SSC proliferation and maintenance during the induction of porcine iPSCs into
germ cells. Boozarpour et al. [50] first demonstrated that GDNF could distin-
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guish mesenchymal stem cells from chicken SSCs, and that GDNF had stronger
ability than RA to induce SSCs from chicken mesenchymal stem cells, though
this inference requires further verification.

2.7 Potential Mechanisms of iPSC Differentiation into Male Germ
Cells

As a new member of the stem cell family, iPSCs are very similar to ESCs in
terms of colony morphology, gene expression patterns, surface markers, embry-
oid body formation, teratoma and chimera formation (in mice), and differentia-
tion capacity [51]. ESC induction into germ cells involves ethical controversies
and post-transplantation immune rejection issues, while adult stem cells, though
widely available and easily accessible, have limited pluripotency [52-53]. iPSCs
combine the advantages of both ESCs and adult stem cells, avoiding ethical
controversies and immune rejection while being easy to obtain. Although their
induction efficiency is low and requires introduction of numerous exogenous
genes that may affect subsequent germ cell differentiation, iPSCs provide an ex-
cellent research platform for revealing male germ cell development mechanisms
and studying male infertility, representing a major step forward in clinical stem
cell applications. Animal iPSC-SSC-spermatid research also has tremendous
application value in animal transgenic studies [54].

Current research indicates that the retinol metabolism pathway [55], BMP4
metabolism pathway [56], and TGF pathway play important roles in iPSC dif-
ferentiation into male germ cells. Studies show that RA, the end product of
the retinol metabolism pathway, can induce iPSC differentiation toward male
germ cells in vitro and generate functional SSC-like cells. In the retinoic acid
metabolism process of avian male germ cell differentiation, members of the cy-
tochrome P450 family, ADH, and ALDH all participate in regulation to some
degree. RA can regulate the timing of meiosis initiation. For germ cells in em-
bryonic ovaries, decreased Cyp26bl expression stimulates RA signaling, leading
to Stra8 gene expression and initiation of meiosis in embryonic ovarian germ
cells. For germ cells in embryonic testes, metabolic enzyme Cyp26bl expressed
in testicular somatic cells degrades RA, suppressing RA signaling and delaying
meiosis. At sexual maturity, Cyp26bl expression decreases and RA signaling is
activated [57-58].

In early postnatal stages, Sertoli cells secrete BMP4, which is downregulated
before puberty. BMP4 regulates PGC and oogonia differentiation and develop-
ment by acting through Alk3 and R-Smad receptors [59]; inhibition of BMP4
signaling can cause partial or complete loss of germ cells [60].

[Figure 1: see original paper| Schematic diagram of iPSC differentiation into
male germ cells

This review summarizes research progress on iPSC differentiation into male
germ cells, aiming to discuss the characteristics of different inducers for iPSC
differentiation. hiPSC cells offer good clinical prospects as an in vitro model for
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studying infertile patients. Induction technology for hESCs/iPSCs into male
germ cells can promote understanding of related diseases and infertility, as
well as development of new therapies. Research on male germ cells aims to
overcome infertility by differentiating iPSCs into patient-specific male gametes.
However, clinical application of iPSCs faces challenges, such as extremely com-
plex induction processes and the need for development and improvement of
induction methods. For these reasons, we recommend optimizing culture and
differentiation methods, procedures, and targeted selection of exogenous induc-
ers. Whether iPSCs generate male germ cells spontaneously, and whether their
differentiation capacity can elucidate gamete formation ability, require further
study. We hope that iPSC survival rates and differentiation efficiency can be
substantially improved in the future. Whether different inducers can selectively
induce apoptosis in undifferentiated human PSCs without affecting their differ-
entiated derivatives represents a future research hotspot.
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