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Abstract

During fetal testis development, fetal Leydig cells (FLCs) are found to be originated from multiple
progenitor cells. FLC specification and function are under tight regulation of specific genes and
signaling proteins. Furthermore, Sertoli cells play a crucial role to regulate FLC differentiation
during fetal testis development. FLC progenitor- and FLC-produced biomolecules are also
involved in the differentiation and activity of rodent FLCs. The main function of FLCs is to
produce androgens to masculinize XY embryos. However, FLCs are capable of producing
androstenedione but not testosterone due to the lack of 17p-HSD (178-hydroxysteroid
dehydrogenase), but fetal Sertoli cells express 178-HSD which thus transforms androstenedione to
testosterone in the fetal testis. On the other hand, FLCs produce activin A to regulate Sertoli cell
proliferation, and Sertoli cells in turn modulate testis cord expansion. It is now generally accepted
that adult Leydig cells (ALCs) gradually replace FLCs during postnatal development to produce
testosterone to support spermatogenesis as FLCs undergo degeneration in neonatal and pre-
pubertal testes. However, based on studies using genetic tracing mouse models, FLCs are found to
persist in adult testes, making up ~20% of total Leydig cells. In this review, we evaluate the latest
findings regarding the development, function and fate of FLCs during fetal and adult testis
development.

Keywords
Testis; Spermatogenesis; Fetal Leydig cells; Adult Leydig cells; Steroidogenesis

1. Introduction

During embryonic development, Sry gene (Sex-determining region of the Y chromosome)

expressed exclusively in pre-Sertoli cells determines the sex of mammalian species [1]. Male
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hormones produced by fetal Leydig cells (FLCs) and fetal Sertoli cells masculinize the male
embryos (for reviews, see [2-4]) (Fig. 1). Leydig cells were first identified in 1850 by Franz
Leydig (for a review, see [5]) and the name “Leydig” was coined after him. Subsequent
studies have identified two distinct Leydig cell populations namely FLCs and adult Leydig
cells (ALCs) which are found in fetal and adult testes, respectively, during testis
development in most species (for a review, see [6]). FLCs differentiate in the fetal testes by
embryonic day 12.5 (E12.5) to E13.5 in rodents; after birth, FLCs undergo gradual atrophy,
also known as involution or degeneration, and being replaced by ALCs in postnatal 2-3
weeks [7,8]. However, FLC atrophy is not an apoptotic process [9], and ALCs do not
originate from FLCs [10,11], thus, the fate of FLCs remains controversial for years based on
morphological analysis (for a review, see [7]). Recent studies using FLC specific lineage
tracing methods have shown that FLCs persist in adult mouse testes as a subpopulation
together with ALCs, constituted about ~20% of the total Leydig cell population [10,11].
However, FLCs found in adult testes are HSD17B3 and HSD3B6 negative, and also
androgen-independent [11], indicating ALCs are still the only steroidogenic cells capable of
producing testosterone in adult testes. FLC differentiation coincides with testis cord
formation, and Sertoli cells serve as the command center in organizing testis cord formation
during testis-specific architectural comparmentalization (for a review, see [3]). In short,
Sertoli cells mediate the specification of other somatic cell types in the developing testis
including FLCs. For instance, Sertoli cell-derived secreted proteins (e.g., DHH), mitogens
(e.g., PDGFRa), and transcription factors (e.g., WT1) as well as microRNAs (e.g.,
miR-140-3p/5p) are known to regulate the migration, differentiation, proliferation, growth
and/or function of FLC progenitors and FLCs. FLC progenitor- and FLC-derived molecules
also self-support the differentiation and activity of FLCs during fetal testis development.
One of the main functions of Leydig cells is to produce male sex hormones. In fetal testes,
FLCs co-operate with fetal Sertoli cells to produce testosterone via steroidogenesis to
support male embryo development [12] (Fig. 1). Herein, we provide a brief review based on
in vitro, in vivo studies and also ex vivo rodent models concerning the cytogenesis, function
and fate of FLCs. Based on these findings, we also attempt to better understand the function
of FLCs by comparing the status of Sertoli cells, germ cells and steroidogenic pattern in
fetal, neonatal, pubertal and adult testes in a spatiotemporal manner.

2. FLC cytogenesis

2.1. The origin of FLCs

Due to the lack of specific FLC progenitor markers, the origin of FLCs remains unknown.
Nonetheless, steroidogenic cells of the adrenal gland and the gonad are thought to be derived
from a common primordium during embryogenesis [13]. Hence early adreno-gonadal
precursor cells are proposed to contribute to FLC progenitor population when the genital
ridge is formed [13,14]. After sex determination, the male genital ridge begins to
differentiate into the testis, which is further compartmentalized into the testis cords and
interstitium. The testis interstitium harbors the progenitor pools of steroidogenic FLC
lineage and other interstitial somatic cell types such as peritubular myoid cells and
fibroblasts. Thus, FLCs originate from the testis interstitial compartment which contains
MAFB (v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B) positive cells
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migrated from the coelomic epithelia [15,16], and MAFB and/or VCAML1 (vascular cell
adhesion molecule 1) positive cells from the gonad—mesonephros border [15,17-19]. Other
studies also suggest that cells derived from neural crest [20-22], and pericytes (for a review,
see [23]) that invade developing testes with coelomic vessel are also the source of FLC
progenitors. However, there is no direct evidence supporting the pericyte origination
hypothesis, and lineage tracing experiments using mouse models have shown no evidence of
neural crest cell contribution to FLC population [24]. Studies also suggest that vasculature
invasion in the interstitial space regulates the migration and expansion of interstitial
progenitor cells in the developing testis [15,25]. Thus, the vasculature-associated cells likely
contribute to the interstitial progenitor pool including FLC progenitors. Additionally, it is
possible that in the neural crest cell tracing mouse models, only a portion of the neural crest
cells have been marked, and these marked neural crest cells did not contribute to FLC
population, or the FLC progenitor cell population which originated from neural crest had
already migrated toward genital ridge before the marking and tracing [26,27]. Moreover,
using RNA-sequencing bioinformatics approach for analysis, a number of genes involved in
neurogenesis/neurotransmission have been shown to be enriched in FLCs [28], supporting
the notion that FLCs and neural cells could be originated from the same progenitor cell type.
Thus, FLCs are derived from multiple and distinctive progenitor cells from adreno-gonadal
primordium, coelomic epithelium, mesonephros, neural crest and early microvessels (for
reviews, see [6,7]).

2.2. Differentiation of FLCs

FLC differentiation is known to be regulated strictly by Sertoli cells during fetal testis
development (for a review, see [7]) (Fig. 2). Table 1 summarizes Sertoli cell-derived factors
that regulate FLC progenitor formation, FLC differentiation and function. Emerging
evidence has supported the notion that differentiation and activity of rodent FLCs are also
regulated by FLC progenitor-and FLC-produced biomolecules during fetal testis
development (Fig. 2). Table 2 summarizes FLC progenitor derived factors that are known to
modulate FLC progenitor formation and FLC differentiation. Table 3 summarizes FLC
derived factors that modulate FLC function. In a recent study, some FLC lineage markers are
found in highly enriched-FLCs of fetal testes by RNA-sequencing analysis which include
Tacr3 (Tachykinin receptor 3/neuromedin K receptor, Nk3r), 7ac2 (Tachykinin 2), Clcal
(Chloride channel calcium activated 1), Robo2 (Roundabout homolog 2), Prir (Prolactin
receptor), Sox18[SRY (Sex determining region Y)—box 18], Mc2r (Melanocortin 2
receptor) and Adcy7 (Adenylate cyclase 7) [28]. These genes are also candidates that can
modulate the specification and differentiation of FLCs. The hepatocyte growth factor (HGF)
is a pleiotropic cytokine known to regulate mouse embryonic organogenesis [29]. HGF is
localized in the connective tissue of the interstitial compartment in E18.5 fetal testes, but it is
not expressed by FLCs, while its receptor met proto-oncogene (MET, also known as c-MET,
a glycoprotein with tyrosine kinase activity) is expressed in FLCs during late fetal testis
development. HGF is known to promote FLC terminal development and protect FLCs from
apoptosis in fetal testis development [30] (Fig. 2). In this context, it is of interest to note that
in studies using organ cultures or mutant mouse models in which fetal testes display the
phenotypes that illustrate a lack of FLC differentiation and/or function are also found to
have an impairment of testis cord assembly, degeneration of germ cells, disrupted
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differentiation and/or proliferation of Sertoli cells or peritubular myoid cells, failure of
mesonephric cell migration, or defects in vasculature establishment (Table 4). In short, such
lack of FLC differentiation and/or function could be the result secondary to the defects
described above. In summary, these findings illustrate the pivotal roles of Sertoli cell vs.
FLC derived molecules in FLC differentiation. Furthermore, the development of FLC is not
an independent process during fetal testis architectural assembly since testis cord formation,
Sertoli cell and peritubular myoid cell differentiation and proliferation, germ cell status and
male specific-vasculature development also play a role in modulating FLC differentiation.

2.3. Function of FLCs

2.3.1. Testis cord formation is supported by cross-talks between FLCs and
fetal Sertoli cells—FLCs regulate fetal Sertoli cell proliferation—Sertoli cells are
the predominant somatic cell type that supports testis cord assembly during fetal testis
development (for a review, see [3]). Sertoli cells also interact with peritubular myoid cells to
deposit extracellular matrix components co-operatively to form the basement membrane that
defines the testis cords and interstitium [31]. Additionally, Sertoli cells also produce cell
adhesion molecules to maintain testis cord integrity between Sertoli cells as well as between
Sertoli and germ cells [32,33]. Thus, Sertoli cells serve as the command center to orchestrate
testis cord formation and elongation. It is also generally accepted that FLCs do not
participate in testis cord development. This dogma, however, has been challenged in studies
which illustrate that FLCs do play an active and essential role in Sertoli cell proliferation
[34]. Activin A, also a member of TGFp protein superfamily, is known to regulate epithelial
patterning and tubulogenesis in multiple tissues (for a review, see [35]). Studies have shown
that genetic disruption of activin SA (the gene encoding activin A) specifically in FLCs
leads to failure in fetal testis cord elongation and expansion due to reduced Sertoli cell
proliferation, illustrating the role of FLCs in modulating Sertoli cell function during fetal
testis development. On the other hand, conditional inactivation of Smad4, the central
component of TGFp signaling, in Sertoli cells is found to cause testis cord dysgenesis and
defects in Sertoli cell proliferation, displaying the phenotypes analogous to those of Leydig
cell-specific activin BA knockout mouse testes. In short, these findings thus support the
notion that FLCs are involved in testis cord elongation and expansion [34].

2.3.2. Production of androgens by FLCs via steroidogenesis—The main
biological function of fetal Leydig cells (FLCs) is to produce androgens (Fig. 1). Androgens
from FLCs and testosterone generated by FLCs and fetal Sertoli cells (Fig. 1) are required to
masculinize the fetal mouse embryo, including differentiation of Wolffian duct, development
and morphogenesis of the male genital tract and external genitalia, gonadogenesis, formation
of ALC precursors, and potentially sexual dimorphism of the brain. Wolffian duct will
differentiate into the epididymis, vas deferens, and seminal vesicles [36]. Androgens
produced by FLCs and fetal Sertoli cells also influence brain development in males to confer
the subtle differences in brain patterning and subsequent sex-specific behaviors in adult life
(for a review, see [37]). ALCs produce testosterone to initiate, maintain and regulate
spermatogenesis via its effects on blood testis barrier (BTB), germ cell meiosis, Sertoli-
spermatid adhesion and sperm release in adult testes (for a review, see [36]). In addition,
androgens and insulin-like factor 3 from FLCs also play a role in the regulation of
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transabdominal and inguinoscrotal testicular decent [2,3,37]. Androgen and insulin-like
factor 3 deficiency during embryonic development lead to the retainment of testes in the
body cavity, causing cryptorchidism (for a review, see [38]). Cryptorchidism leads to
infertility later in adult life since the higher temperature of the body cavity at 37 °C is
detrimental to spermatogenesis which requires an optimal temperature of 35 °C by residing
in the scrotum. Furthermore, cryptorchidism is also associated with germ cell and/or Leydig
cell tumors (for a review, see [37]). Thus, normal FLC development in the testis during
embryonic development dictates the well-being of adult males in particular spermatogenesis,
secondary sexual development, sexual characteristic maintenance and male sexual behaviors
[39]. FLCs, however, are capable of synthesizing androstenedione only because of the lack
of 17B-HSD in these cells (Fig. 1A). Fetal Sertoli cells, however, possess 17p-HSD
(including HSD17B1 and HSD17B3), capable of converting androstenedione to testosterone
(Fig. 1B). As such, FLCs and Sertoli cells in fetal and neonatal testes are working
cooperatively to produce testosterone [12,40] (Fig. 1). However, ALCs also express high
level of HSD17B3 besides other steroidogenic enzymes so that ALCs synthesize
testosterone independently in adult testes without the need and support of adult Sertoli cells
when 17B-HSD ceases to express [12,40]. It is likely that in fetal testes, testosterone that
produced by FLCs and fetal Sertoli cells does not target fetal Sertoli cells, FLCs, and germ
cells via the pathway(s) involving androgen receptor (AR) since fetal Sertoli cells, FLCs and
germ cells do not express AR in fetal testes [36,39]. Although PMCs expressed high levels
of AR in fetal testes, mice lacking Arin PMCs exhibit no detectable differences in the testes
up to postnatal day 12 [41], indicating that AR signaling in PMCs is dispensable during fetal
testis development. A recent study has shown that FLCs and ALCs share the same source of
progenitor cells in the fetal testes [42], thus after FLC specification, progenitor ALCs are
likely kept in dormant state similar to the undifferentiated mesenchymal cells in the fetal
testis interstitium (Fig. 3). Although AR is not expressed in FLCs, the mesenchymal cells
between and around FLCs strongly expressed AR in the interstitium of fetal testes [10].
These findings thus suggest that testosterone produced by FLCs and fetal SCs in fetal testes
target progenitor ALCs through AR, and FLCs regulate the formation of progenitor ALCs
via androgen/AR signal pathway. But most of the androgens produced in fetal testes are
being used to target cells outside the fetal testis through microvessels in the interstitium (Fig.
1B), such as male genital tract, external genitalia and brain.

While androstenedione-producing FLC population is gradually substituted by testosterone-
producing ALCs during postnatal development, the mechanism(s) that governs this process
remains unclear, and the fate of FLCs has been controversial [3,7]. Based on histological,
morphological, ultrastructural and quantitative analysis of testes in rodents and humans
during embryonic and postnatal development, FLCs are known to undergo gradual atrophy
after birth, and the population of FLCs gradually vanishes via degeneration in adult testes
without involving apoptosis [9,43-45] (Fig. 3, Hypothesis 1). For instance, declining
androgen levels found in the testis during the neonatal and pre-pubertal period indeed
support FLC atrophy [46]. However, this dogma has been challenged in studies using
Sprague-Dawley rat testes as a model by quantifying the population of FLCs from fetal to
adult testes. In these studies, cells with characteristics of FLCs identified microscopically
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that contained large amounts of cytoplasmic lipid droplets, tubules and vesicles of smooth
endoplasmic reticulum, mitochondria with tubular and lamellar cristae, and glycogen, were
found in significant numbers in adult testes, and the absolute volume of these FLCs per testis
were almost similar across all ages [47,48], suggesting FLCs persist in adult testes and do
not undergo degeneration (Fig. 3, Hypothesis 2). Studies using genetic mouse assays to trace
FLCs from fetal to adult testes specifically have yielded new insights on the FLC fate
[10,11,49]. The adrenal 4 binding protein/steroidogenic factor 1 (Ad4BP/SF1), also known
as NR5AL1, is expressed in both FLCs and ALCs and it is crucial for their development and
steroidogenesis [50]. A FLC-specific enhancer is identified in the upstream region of the
mouse Ad4BP/SF-1 gene [49]. Based on this observation, a LacZ or enhanced green
fluorescent protein (EGFP) has been inserted downstream of FLC-specific Ad4BP enhancer
and promotor to generate a transgenic mouse line in which the LacZ or EGFP reporter is
expressed in FLCs but not ALCs [49]. By using this transgenic mouse assay, the reporter
genes are found to express in a small number of Ad4BP/SF-1 and 3p-hydroxysteroid
dehydrogenase (3p-HSD) double positive FLCs, and are distributed throughout the
interstitium in adult testes [11,49], confirming that FLCs, at least a small population, persist
in adult testes. In another study in which a Cre/loxP recombination system was used to
activate the expression of LacZ [51] or EGFP [52] reporter in FLCs or their precursors by
the retinoic acid receptor isoform 2 gene- Cre transgene (Rarb- Cre) [53], FLCs identified by
EGFP fluorescence, which marked the EGFP sites activated by the Rart-Cre, were found to
constitute ~20% of the total Leydig cell population in the interstitium of adult testes,
illustrating FLCs and/or their precursors are part of the Leydig cell population in adult testis
[10]. Collectively, these findings strongly suggest that FLCs indeed are found in adult testes
and are integrated into the total Leydig cell population (Fig. 3, Hypothesis 2). Furthermore,
almost all the FLCs in the adult testis do not express HSD3B6 and HSD17B3 [11],
suggesting that they contribute relative little, perhaps none, to the pool of testosterone
produced in the testis through steroidogenesis. As such, ALCs remain to be the major
steroidogenic cells that produce testosterone in adult testes. It is also possible that some of
the FLCs vanish postnatally via atrophy, but a few remaining FLCs proliferate to create a
small population and integrated into the LC population in adult testes (Fig. 3, Hypothesis 1
and 2). Based on currently available data, we conclude that FLCs, at least a small population
of FLCs, persist in adult testes. But due to the lack of HSD17B3 and HSD3B6, these FLCs
do not produce testosterone independently in adult testis. These findings also support the
notion that ALCs are not originated from FLCs (Fig. 4).

FLCs first appear in the mouse testis at E12.5 and increase their number during fetal life. On
the other hand, ALC progenitors are first detected in postnatal testes by postnatal day 7 to 10
and gradually dominate the interstitial space after puberty [54]. Thus, mouse Leydig cell
development exhibits a bi-phasic pattern. However, the physiological function of this bi-
phasic pattern of FLC and ALC population during fetal and adult testis development in most
species remains unclear. It is known that the trophic functions of androgens are mediated by
their binding onto the androgen receptor (AR), a member of the nuclear receptor
superfamily of ligand-activated transcription factors through canonical or non-canonical
pathways [36]. Since the main function of Leydig cells is to produce testosterone, thus we
compare the status of Sertoli cells, FLCs and germ cells, and steroidogenic pattern in fetal,
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neonatal, pubertal and adult testes spatiotemporally. During fetal testis development, FLCs
are working with Sertoli cells to supply the testosterone to masculinize male embryos via
steroidogenesis. However, fetal Sertoli cells, germ cells and FLCs do not express nuclear or
cytoplasmic AR [10], and FLCs are one of the main somatic cell types in interstitial space,
wherein germ cells have entered mitotic arrest as GO/G1 T-prospermatogonia between
E13.5-E15.5 [55]. By day 3 to 5 after birth, Sertoli cells begin to express AR while the
androgen production was reduced in fetal testes likely due to the atrophy of FLCs and down-
regulation of 17p-HSD expression in Sertoli cells, whereas ALC progenitor cells begin to
differentiate and germ cells resume mitosis [56]. At day 7-10 after birth, ALC
differentiation initiates and germ cells enter meiosis at around postnatal day 8. At puberty,
day 17-18 after birth in rodents, testosterone production increases again to support Sertoli
cell maturation and germ cell meiosis. In adult testes, mature ALCs produce testosterone to
regulate spermatogenesis. It is likely that the presence of FLCs and ALCs in fetal and adult
testes, respectively, are working in concert to synchronize with Sertoli cell maturation and
spermatogenesis, protecting the testis from precocious Sertoli cell maturation and the onset
of spermatogenic development through the testosterone/AR pathway. ALCs are fully
independent testosterone-producing cells in the interstitium in adult testes to support
spermatogenesis. Since the lack of HSD17B3 in the small population of FLCs in adult
testes, it is likely that these FLCs, if they can, produce androstenedione which is then
transported to ALCs that express 17B8-HSD to produce adequate testosterone to support
spermatogenesis and the male secondary sexual characteristics. As such, FLCs found in the
adult testis are working in concert with ALCs to produce testosterone. It is likely that the
FLC pool in the adult testes also serve as a reserve to replace ALCs via differentiation
following testis injury, such as following pathogenesis of the testis or environmental toxicant
assault, to maintain the testosterone producing capability. Nonetheless, the physiological
function of the bi-phase pattern of FLC and ALC, and the function of FLCs in adult testes
require additional investigations in future studies.

3. Concluding remarks and future perspectives

Herein, we summary the /n vivo, ex vivoand in vitro findings concerning the origination,
differentiation, function and fate of FLCs in rodents. FLCs appear to be originated, at least
in part, from the progenitor cells that also differentiate to Sertoli cells and peritubular myoid
cells during fetal testis development (for a review, see [3]), but the precise origin of FLCs
still require additional studies. Recent findings have supported the notion that Sertoli cells
modulate the specification and function of FLCs, but whether peritubular myoid cells are
also involved in these processes require additional studies. FLCs and ALCs are two distinct
Leydig cell population that exert their functions in fetal and adult testes slightly differently,
and the regulatory mechanisms identified in ALCs do not apply to FLCs in most
circumstances. In order to better understand the development and function of FLCs, the
regulatory mechanisms assigned to FLCs which are inferred from studies using ALCs
should be carefully re-evaluated by FLC-specific studies, such as using the FLC-specific
enhancer and promoter of Ad4BP/SF1 gene [11,49] or Rart- Cre [10] mouse line as FLC-
specific genetic editing tools, isolating highly enriched FLCs or developing 3D-fetal testis ex
vivo cultures. It is commonly accepted that normal development of the testis during
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embryogenesis is critical for the function of the testis to support spermatogenesis during
adulthood. However, the mechanism by which defects in fetal testis development that leads
to reproductive disruption, such as infertility, in adult males remains poorly understood.
Furthermore, the role of fetal testis dysfunction that impedes adult male fertility and
reproductive function remains unknown. A better understanding on the ontogenesis,
development, function and fate of FLCs should shed new insights in the treatment of some
unexplained male infertilities among a growing population of infertile couples.
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Fig. 1.

Stgroidogenesis in murine fetal testes. (A) A schematic drawing that illustrates the synthetic
pathway from cholesterol to androstenedione (adione) in murine fetal Leydig cells (FLCs).
Steroidogenic acute regulatory protein (StAR) transfers cholesterol from the outer to the
inner mitochondrial membrane, where the enzyme P450 side-chain cleavage (P450scc)
resides. Thereafter, pregnenolone (P5) is transferred to smooth endoplasmic reticulum,
where androstenedione is synthesized. Reaction 1 mediated by P450scc; reaction 2, 3f3-
hydroxysteroid dehydrogenase (3g-HSD); and reaction 3, cytochrome P450 17p-
hydroxylase (P450c17). (B) The synthetic pathway from androstenedione to testosterone (T)
in murine fetal Sertoli cells. Reaction 4, mediated by 17p-hydroxysteroid dehydrogenase
(17B-HSD). Since 17p-HSD is not expressed in mouse FLCs but fetal Sertoli cells (FSCs),
reaction 4 takes place only in FSCs to produce T in immature mice. P5, pregnenolone; P4,
progesterone; 170HP4, 17p-hydroxyprogesterone; 170HP5, 17p-hydroxypregnenolone;
adione, androstenedione; T, testosterone. GC, germ cell; FSC, fetal Sertoli cell; FLC, fetal
Leydig cell; PMC, peritubular myoid cell; AR, androgen receptor; BM, basal membrane;
VEC, vascular endothelial cell.
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Fig. 2.

Factors involved in the ontogeny of fetal Leydig cells. The differentiation and
steroidogenesis of FLC are regulated by diverse factors derived from Sertoli cells, FLC
progenitors, FLCs and other interstitial components. The DHH (Desert hedgehog) and
PDGFa (Platelet-derived growth factor A) are proteins secreted by the fetal Sertoli cells that
are necessary for FLC ontogeny by inducing the commitment of the FLC progenitors
through their receptor PTCH1 (Patchedl) and PDGFRa (Platelet-derived growth factor
receptor A), respectively. PDGFa also induces the migration and proliferation of FLC
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progenitors. The KITL (KIT ligand)/KIT (KIT oncogene) signaling is likely to be involved
in FLC precursor growth and FLC survival. The HGF (Hepatocyte growth factor), which is
localized in the connective tissue of the interstitial compartment, promotes FLC terminal
development and protect FLCs from apoptosis. The transcription factor ARX (Aristaless-
related homeobox) is essential for the establishment of FLC progenitors. SF1 (Steroidogenic
factor 1, also called NR5A1 or AD4BP), DAX1 (dosage-sensitive sex reversal, adrenal
hypoplasia congenita, critical region on the X chromosome, gene 1, also known as NROB1
or AHCH) and GATA4 (GATA binding protein 4) also promote the differentiation of FLCs,
while TCF21 (transcription factor 21, also known as POD1) and NOTCH signal pathway
maintain the FLC progenitor pool. Sertoli cell transcription factor WT1 (Wilms’ tumor 1)
and mircoRNA miR-140-3p/5p repress FLC differentiation via activating NOTCH signal
pathway, while COUP-TF2 (Chicken Ovalbumin Upstream Promoter-Transcription Factor 2,
also known as NR2F2) likely promotes FLC differentiation by repressing NOTCH signal
pathway. After the establishment of FLC population during fetal testis development, IGF1
(insulin-like growth factor 1), TGFPR3 (Transforming growth factor, beta receptor 111, also
called betaglycan), SF1, MEF2 (Myocyte enhancer factor 2), NR4A1 (nuclear receptor
subfamily 4, group A, member 1, also known as Nur77, NGFI-B, and TR3) and CRHR1
(Corticotropin-releasing hormone receptor 1) regulate the function of FLC, while Sertoli cell
factor AMH (anti-Mullerian hormone) is a negative regulator of FLC function. Gray color
indicates the regulations are inferred from ALCs. Abbreviations used: FLC, fetal Leydig
cell; BM, basal membrane; DHH, Desert hedgehog; PTCH1, Patchedl; PDGFa., Platelet-
derived growth factor A; PDGFRa, Platelet-derived growth factor receptor A; KITL, KIT
ligand; KIT, KIT oncogene; HGF, Hepatocyte growth factor; MET, met proto-oncogene;
ARX, Aristaless-related homeobox; SF1, Steroidogenic factor 1; DAX1, dosage-sensitive
sex reversal, adrenal hypoplasia congenita, critical region on the X chromosome, gene 1;
GATA4, GATA binding protein 4; TCF21, transcription factor 21; WT1, Wilms’ tumor 1;
COUP-TF2, Chicken Ovalbumin Upstream Promoter-Transcription Factor 2; IGF1, insulin-
like growth factor 1; TGFBR3, Transforming growth factor, beta receptor I11; MEF2,
Myocyte enhancer factor 2; NR4AL, nuclear receptor subfamily 4, group A, member 1;
CRHR1, Corticotropin-releasing hormone receptor 1; AMH, anti-Millerian hormone;
AMHR2, anti-Mullerian hormone type 2 receptor; miR-140-3p/5p, mircoRNA
miR-140-3p/5p.
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Fig. 3.

Tr?e fate of fetal Leydig cells. The FLC and adult Leydig cell (ALC) populations are
established from the same precursor cells. Some of the precursor cells gave rise to FLCs in
fetal testes and some stayed dormant throughout fetal development and differentiate to
ALCs during postnatal testis development. ALCs do not originate from FLCs or
degenerative FLCs. Based on the emerging evidence from morphology and cell tracing
studies using genetic murine models, we propose 2 hypotheses herein: Hypothesis 1, FLC
population undergoes involution or degeneration after birth and virtually replaced by ALC in
adult testes. Hypothesis 2, FLC population survives and is a normal part of the Leydig cell
population in adult testes. FLC, fetal Leydig cell; ALC, adult Leydig cell.
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Spgatial and temporal coordination of FLCs, fetal Sertoli cells and ALCs during fetal to adult
testis development to support Sertoli cell maturation, germ cell mitosis and meiosis, and
spermatogenesis. First panel from left: In mouse fetal testis, fetal Sertoli cells arise at around
embryonic day 10.5 (E10.5) to initiate fetal testis organization. FLCs appear in fetal mouse
testes at E12.5, working with Sertoli cells to supply the needed androgens to masculinize
male embryos via steroidogenesis. Primordial germ cells (PGC) migrate into gonad at
around E10.5 to colony as germ cells, then germ cells enter mitotic arrest between E13.5 and
E15.5 in fetal testes. However, fetal Sertoli cells, FLCs and germ cells do not express
nuclear or cytoplasmic androgen receptor (AR), therefore the androgens produced by FLCs
and Sertoli cells do not target FLCs, Sertoli and germ cells in fetal testes. Second
panel:Sertoli cells begin to express AR in postnatal 3-5 day mouse testes while some FLCs
likely undergo degeneration (gray arrow) when androgen production by FLCs and Sertoli
cells was reduced. Whereas germ cells resume mitosis as well as the ALC progenitors begin
to differentiate. Third panel: ALC differentiation is initiated at around postnatal day 7-10 in
mouse testes. Thus, testosterone production increases in pubertal mouse testes to support
Sertoli cell maturation, germ cell meiosis and ALC development. Fourth panel: ALCs
produce testosterone in adult mouse testes which serving as a paracrine factor to regulate
spermatogenesis through its interaction with the androgen receptor expressed by mature
Sertoli cells, and also as an autocrine factor to modulate ALC steroidogenesis. The small
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population of FLCs, about 20%, found in adult testes do not produce testosterone
independently due to the lack of 17p-HSD. GC, germ cell; FSC, fetal Sertoli cell; FLC, fetal
Leydig cell; ALC, adult Leydig cell; T, testosterone.
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Table 1

Sertoli cell-derived factors that regulate FLC progenitor formation and FLC differentiation.

Factor symbol

Full name of factor

Function

Promoting factors KITL  KIT ligand, also known as stem

DHH

PDGFa

Inhibiting factors

AMH

WT1

miR-140-3p/5p

cell factor, SCF

Desert Hedgehog

Platelet-derived growth factor A

Ati-Mullerian hormone, also
known as Millerian inhibiting
substance (MIS) or factor (MIF)

Wilms’ tumor 1

microRNA miR-140-3p/5p

Blockade of KITL/KIT (KIT oncogene, also known as c-KIT, a protein tyrosine
kinase) pathway in ethylene dimethane sulfonate (EDS)-induced ALC
depletion in rat testes accelerates ALC apoptosis and inhibits ALC progenitor
proliferation, suggesting that KITL/KIT signaling is involved in ALC survival
and ALC progenitor growth [57]. Since KIT is also expressed by FLCs [58], it
is likely that the KITL/KIT signaling is crucial to FLC development.

In Dhhknockout mouse, FLC number is down-regulated without changes in
FLC progenitor migration and survival, while ectopically activation of
Hedgehog pathway in fetal ovaries results in the transformation of ovarian
somatic cells to functional FLCs, indicating DHH/PTCH1 (Patched 1, the
receptor of DHH) signal pathway triggers FLC differentiation [59,60].

Pdgfra (Platelet-derived growth factor receptor A, the receptor of PDGFa.)
deletion in fetal mouse leads to defects in mesonephric cell migration and
down-regulation of FLC marker expression, indicating that PDGFa/PDGFRa
signal pathway is involved in FLC progenitor migration and FLC
differentiation [24].

AMH inhibits androgen production by dispersed rat FLCs in culture in a dose-
dependent manner without affecting FLC number [61], suggesting that AMH
serves as a negative modulator of FLC function.

Specific inactivation of Wtz in Sertoli cells in fetal mouse testes using
Wiz-flox: Amh-Cre mice has shown that ALCs fail to replace FLCs in these
mutant testes in adult mice, and FLCs remain mitotically active from postnatal
day 1 to day 56 [8] through the NOTCH-mediated signaling pathway [62].
Thus, the WT1-NOTCH signaling plays an important role in modulating FLC
differentiation during fetal, neonatal and postnatal testis development.

Analysis of the miR-140-3p/5p-null mouse revealed a significant increase in
the number of FLCs in fetal testes and the predicted targeted genes regulated by
canonical miR-140-3p/5p are associated with NOTCH signal pathway,
suggesting an important role for Sertoli cell miR-140-3p/5p in FLC
differentiation via NOTCH signal pathway [63].
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FLC progenitor-derived factors that regulate FLC progenitor formation and FLC differentiation.

Factor symbol Full name of factor Function

Promoting factors ARX  X-linked aristaless-related homeobox In Arx mutant testis, FLC marker expression is severely
diminished and FLC numbers largely decrease throughout the
fetal life indicating ARX is essential for establishment of FLC
progenitor cells [64,65]

SF1 Steroidogenic factor 1, also called NR5A1 or Nrb5al knockout mice exhibited gonadal agenesis [66]. Rescue of
AD4BP Nr5a1 knockout mice via transgene harboring rat Ar5al gene

indicates SF1 is needed for FLC differentiation [67].

DAX1 Dosage-sensitive sex reversal, adrenal FLC differentiation is arrested in DaxZ-deficient fetal male mice,
hypoplasia congenita, critical region on the X suggesting that DAX1 regulates FLC differentiation [68].
chromosome, also known as NROB1 or AHCH

GATA4 GATA binding protein 4 Gata4-null embryonic stem cells can not differentiate into FLCs

[69], and Gata4 mutant mouse testis (at E10.5) diminish FLC

markers expression at E15.5 [70]. These phenotypes indicate

GATA4 plays a role in modulating FLC differentiation.
COUP-TF2 Chicken Ovalbumin Upstream Promoter- Ablation of Air2f2at E18.5 or prepubertal mouse testis results in

Inhibiting factors

NOTCH

TCF21

Transcription Factor 2, also known as NR2F2

Notch

Transcription factor 21, also known as POD1

failure of ALC progenitor formation or ALC differentiation via
repressing NOTCH signal pathway [71,72]. Since COUP-TF2 is
also expressed in fetal rat testis interstitium [73], COUP-TF2
likely regulated the FLC differentiation.

Loss of JagZ (Jagged1, ligand of NOTCH) or HesI (Hairy/
Enhancer-of-split 1, downstream target gene of NOTCH) in fetal
testes leads to FLC differentiation, whereas gain of the NOTCH
function maintains interstitial mesenchymal progenitor cells and
restricts FLC differentiation. Thus, JAG1/NOTCH signaling
balance the population of progenitors and FLCs by repressing
FLC differentiation [74,75].

In 7cf21 deficient fetal mouse testes, FLC number is up-
regulated and SF1 expression is also elevated [76], implying
TCF21 is involved in maintaining the FLC progenitor pool.
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Table 3

FLC derived factors that regulate FLC function.

Factor symbol

Full name of factor

Function

SF1

IGF1

TGFBR3

MEF2

NR4A1

CRHR1

Steroidogenic factor 1, also
called NR5A1 or AD4BP

Insulin-like growth factor 1

Transforming growth factor,
beta receptor 111, also called
betaglycan

Myocyte enhancer factor 2

Nuclear receptor subfamily
4, group A, member 1, also
known as Nur77, NGFI-B
and TR3

Corticotropin-releasing
hormone receptor 1

SF1 increases the expression of testosterone biosynthesis associated genes Cytochrome P450
steroid hydroxylases (including P450scc and P450c17) and Steroidogenic acute regulatory
protein (StAR) in different cell lines [77,78] indicating SF1 is needed for FLC function.

Targeted mutation of the /g7Z gene leads to infertile males caused by failure of
androgenization [79]. Addition of IGF1 to cultured dispersed fetal testicular cells increases
FLC number via mesenchymal cell differentiation, and testosterone production [80,81].
These results suggest that IGF1 is involved in the regulation of FLC differentiation and
function.

Loss of Tgfbr3expression in fetal testes leads tothedownregulationof FLC markergenes
associated with steroidogenesis, implicating TGFp superfamily members are regulators of
FLC [82,83].

MEF2 factors are expressed in Leydig cells including FLCs throughout development well
into the adulthood. MEF2 is reported to regulate steroidogenesis in mouse MA-10 Leydig
cells [84-86]. Since the FLCs also express MEF2 that MEF2 likely also modulates the
function of FLCs.

NR4AL1 is found to play a crucial role in the regulation of genes involved in steroidogenesis
in different Leydig cell lines [87-89]. Since NR4AL1 is also found to express in fetal testis
that NR4AL1 likely regulates the steroidogenesis of FLCs.

Using comparative analysis of microarray datasets from rodent fetal testes, CRHR1
activation is found to enhance fetal testis steroidogenesis in rat and mouse with ex vivo
cultures, and in MA-10 Leydig cells. These results suggest that CRHR1 activation stimulates
rodent FLC steroidogenesis [90].
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Table 4

Summary of testicular factors that modulate fetal testis development besides FLC development and function
based on studies in genetic mouse models and rodent fetal testis cultures.

Other phenotypes

Associated proteins

Genital ridge agenesis
Impairment of mesonephric cell migration

Failure or impairment of testis cord assembly

Sertoli cell trans-differentiation
Impairment of peritubular myoid cell development
Germ cell loss

Impairment of vasculature formation

SF1 [66], WT1 [91], GATA4 [92]
PDGFa [24]

DHH [93], PDGFa [24], WT1 [94,95], DAX1 [68], GATA4 [70], HGF [96,97], TGFBR3
[83]

WT1 [94,98]

DAX1 [68]

WT1 [94], DAX1 [68]
PDGFa [24], TCF21 [76]
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