Clinica Chimica Acta 497 (2019) 54-60

journal homepage: www.elsevier.com/locate/cca

Contents lists available at ScienceDirect

Clinica Chimica Acta

CLINICA
C ICA

Review

The roles of retinoic acid in the differentiation of spermatogonia and

spermatogenic disorders

Check for
updates

Xuan Li*', Xiang-yang Long™', Yuan-jie Xie®, Xin Zeng®, Xi Chen™", Zhong-cheng Mo™"

2 Clinical Anatomy & Reproductive Medicine Application Institute, Department of Histology and Embryology, Hengyang Medical School, University of South China,

Hengyang 421001, China

b Department of Urology, The Second Affiliated Hospital, University of South China, Hengyang 421001, China

ARTICLE INFO ABSTRACT

Keywords: Male fertility depends on the regulatory balance between germ cell self-renewal and differentiation, and the
C-Kit spatial and temporal patterns of this balance must be maintained throughout the life cycle. Retinoic acid and its
RAR receptors are important factors in spermatogenesis. Spermatogonia cells can self-proliferate and differentiate and

Retinoic acid
Spermatogenesis
Stra8

have unique meiotic capabilities; they halve their genetic material and produce monomorphic sperm to pass
genetic material to the next generation. A number of studies have found that the spermatogenesis process is

halted in animals with vitamin A deficiency and that most germ cells are degraded, but they tend to recover after
treatment with RA or vitamin A. This literature review discusses our understanding of how RA regulates sperm
cell differentiation and meiosis and also reviews the functional information and details of RA.

1. Introduction

Retinoic acid (RA) is an active intermediate product of the meta-
bolism of vitamin A. Studies have shown that vitamin A deficiency
(VAD) induces the gradual loss of rat germ cells, leaving only the Sertoli
cells and undifferentiated spermatogonia in the seminiferous tubules.
However, spermatogenesis in rats with VAD can be restored after an RA
injection [1]. This phenomenon proves that RA is an active factor that
induces spermatogenesis. The synthesis, transportation, and degrada-
tion of RA are strictly regulated in different tissues. The in vivo meta-
bolic properties of RA include the absorption of precursors, the storage
of retinol esters, the oxidation of esters to RA, and the degradation of
RA into inactive metabolites. The conversion of vitamin A to RA re-
quires two successive oxidation steps. These two oxidation steps are
sequentially catalyzed by alcohol dehydrogenase (ADH) and re-
tinaldehyde dehydrogenase (RALDH) [2]. RALDHs include the three
isoenzymes ALDH1Al, ALDH1A2, and ALDH1A3. Among them,
ALDH1A2 is the most important isozyme in the biosynthesis of RA
[2,3]. In mouse testis, ALDH1A2 is distributed in the germ cells of the
seminiferous tubules, while ALDH1A1 and ALDH1A3 are distributed in
Leydig cells and Sertoli cells [4]. The levels of ALDH1A1 and ALDH1A3
in the human testes of sterile males were not found to be significantly
different from the control population, but the ALDH1A2 protein level in
the testes of infertile men was significantly reduced and was closely
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related to the germ cell population [3].

Once RA enters the target cell, it has one of two fates: it can bind to
the retinoic acid receptor and induce a series of cellular responses, or it
can be degraded by the cytochrome P450 family of enzymes(CYP26A1,
CYP26B1, and CYP26C1) [2,4]. There is a precise balance between the
synthesis and degradation of RA, the degrading enzyme CYP26B1 plays
an important role in maintaining the balance of RA [5]. Retinol and a
small amount of RA are transported to the cell by retinol binding pro-
tein 4 (RBP4), where Retinol binds to STRA6 to enter the cytoplasm, is
converted to RA, and then binds retinoic acid binding proteins
(CRABPs), which translocate it to the nucleus. RA then binds to its high-
affinity receptor and acts on the RA response element of the target gene
promoter and regulates the transcription of related genes [6,7]. The
main source of RA in the testis is from its own synthesis, which is
especially predominant in Sertoli cells (SCs). The degradation of RA in
the testes most likely occurs in SCs and Leydig cells [8]. Testosterone
can promote the expression of the gene that encodes RA synthetase and
can inhibit the expression of a gene that encodes an RA-degrading en-
zyme, thereby controlling RA biogenesis. RA directly controls sperm
differentiation, thus determining spermatogenesis in seasonal mammals
[9].

The process of spermatogenesis originates in spermatogonia stem
cells (SSCs) [10]. Mouse SSCs originate from a single-cell state called a
single (As) spermatogonia, which upon division gives rise to two paired
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A (Ap) spermatogonia and then to a chain of 4-32 aligned (Aal) sper-
matogonia. As, Ap, and Aal are referred to as undifferentiated sper-
matogonia, and they all retain stem cell properties. Undifferentiated
spermatogonia are uniformly distributed in the seminiferous tubules
and exit from the stem cell pool on a regular basis. After undergoing
nonmitotic differentiation, they differentiate into type Al spermato-
gonia [11-13]. The differentiation pathway begins, and the spermato-
gonia then undergo five mitotic transformations to A2, A3, A4, inter-
mediate (Int) and B spermatogonia, and they then become preleptotene
spermatocytes and initiate meiosis, which can be determined with
commonly used markers such as RA-induced Stra8, c-Kit, and so forth.
The transformation from type Al to type B spermatogonia is called
“differentiated spermatogonia” and results in the loss of the cell's ability
to self-renew [14]. RA is a potential regulator of Aal to Al transition in
rats and mice. In the absence of vitamin A, the vast majority of germ
cells are halted at the stage of undifferentiated spermatogonia [12].

During the fetal period, RA is produced in the mesonephros of the
fetal testis. However, the RA metabolizing enzyme CYP26B1, which is
produced by SCs and Leydig cells, can degrade RA, thereby preventing
meiosis. After birth, SSCs resume proliferation and become spermato-
gonia [15]. The meiosis of primary spermatocytes begins in prepuberty.
Under the action of RA, the two meiotic divisions that are involved in
spermatogenesis proceed without interruption, resulting in the forma-
tion of haploid spermatids, which undergo morphological changes and
eventually become spermatozoa [11], and this entire process occurs in
the spermatogenic epithelium (SE) of the testis (Fig. 1).

2. RA is essential for spermatogenesis

Studies have found that RA can affect human sperm metabolism and
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antioxidant defense systems. One of the most important causes of sperm
dysfunction is the disruption of the balance of the antioxidant defense
system in the male reproductive tract. This imbalance has a serious
impact on normal fertilization, capacitation, exercise and acrosome
reaction [16]. Mammalian spermatogenesis begins with diploid sper-
matogonia and ends with haploid spermatozoa. The process involves
four key transformations: spermatogonia differentiation, meiotic in-
itiation, initiation of spermatid elongation, and release of spermatozoa
[12,17]. Measurements indicate that RA undergoes periodic changes,
where RA levels are lower before the four transitions, increased during
conversion and keep increasing thereafter [12]. The periodic RA-Stra8
signal interacts with periodic germ cells to regulate two different cel-
lular process-specific responses: spermatogonia differentiation and
meiotic initiation [18], and RA may also be involved in the regulation
of the latter two transition periods of spermatogenesis. RA inhibits the
genes that are involved in promoting the proliferation of un-
differentiated spermatogonia, including mSSCs and progenitor sper-
matogonia, while RA also activates the genes that are involved in
spermatogonia differentiation and meiotic initiation and progression
[19]. Transplantation analysis confirmed a significant increase in the
number of testicular SSCs in VAD animals. In contrast, no change in the
number of SSCs was detected after exposure to excess RA. This indicates
that RA deficiency results in an increase in the proportion of un-
differentiated spermatogonia that remain in the SSC state [20].

The four key transitions periods of spermatogenesis are precisely
coordinated in time and space, and they are closely linked physically
and temporally and have an 8.6 days periodicity in mice [21]. Studies
have shown that there are 12 stages in the spermatogenic epithelial
cycle called the spermatogenic phase I to XII, and the four key transi-
tions of spermatogenesis occur in stages VII and VIII [22]. In mice, the
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Fig. 1. The effect of RA on male germ cells differs between prenatal and postpartum. a). In the embryonic testis, although a certain amount of RA (blue circle) is
present, the RA metabolic enzyme CYP26B1 (red triangle) can degrade the RA. Inhibition of expression of downstream genes such as c-Kit, Stra8, Rec8, Dmcl, etc.,
thereby inhibiting spermatogonia differentiation and meiosis processes. b). In postpartum testes, Retinol (ROL) is internalized by Sertoli cells or spermatogonia, first
converted to retinal (RETALDH) by alcohol dehydrogenase (ADH), and then catalyzed by retinal dehydrogenase (RALDH) to RA. RA can enter spermatogonia to bind
to RAR/RXR dimers, up-regulate downstream gene expression and initiate meiosis. RA will then be degraded by CYP26. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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process of spermatogenesis takes approximately 35 days, allowing the
diploid spermatogonia to produce haploid sperm, which is equivalent to
four rounds of the seminiferous epithelium cycle [23]. In the normal
testis, due to their differentiation in stages VII and VIII, spermatogonia
express the oncogene c-Kit and enter the mitotic phase, where they
eventually develop into type B spermatogonia, become preleptotene
spermatocytes and initiate meiosis, and then generate leptotene sper-
matocytes [18].

2.1. RA promotes the differentiation of spermatogonia

Spermatogenesis begins with undifferentiated type A spermato-
gonia, undergoes a periodic Aaligned-to-Al transition, and results in
differentiated spermatogonia [12]. The spermatogonia lose their ability
to self-renew during differentiation [24]. Long-term vitamin A depri-
vation leads to an impaired Aaligned-to-Al transition in spermatogonia
or to a stagnation in the preleptotene spermatocyte stage [15,25]. Most
germ cells (GCs) degenerate, leaving spermatogonia type A in the testis
of VAD mice, and some preleptotene spermatids may also be present
[26]. After an injection of vitamin A or RA, the arrested spermatogonia
begin to differentiate [18,27]. Spermatogenesis synchronously restarts
throughout the testis, and this synchronization may continue for several
months [26,28].

Just before spermatogonia differentiation and meiosis occur, the
endogenous RA levels in the seminiferous epithelium during stages I-VI
are low because of very low or undetectable levels of RA synthase. It is
known that the only transcript encoding the RA uptake protein Stra6 is
present in SCs, and the highest level of RA is detected in stages VII-IX,
which is consistent with the requirement of RA for spermatogonia dif-
ferentiation. The ALDH1A2 transcript was also observed in pachytene
spermatocytes in stages VII-XII, indicating that the differentiated GCs
are synthesizing RA during these stages. After the differentiation of
spermatogonia, the highest level of CYP26A1 mRNA can be detected in
stages VIII-XI, when it promotes the degradation of RA. Evidence sug-
gests that the pulsed concentration gradient of RA on neonatal testi-
cular tubules drives spermatogonia differentiation in a precise and re-
petitive manner so that sperm is continuously produced in the adult
testis [4,29,30].

2.2. RA accelerates the initiation of meiosis

In mammals, the signal of RA is mediated by its target gene Stra8,
which is necessary for the initiation and progression of meiosis [19]. RA
binds to and activates nuclear RA receptors and controls the expression
of its downstream target genes, which is required to induce meiosis in
spermatocytes. Some germ cells in VAD mice also arrest before meiosis.
After supplementation with vitamin A or RA, stagnant preleptotene
spermatocytes begin meiosis [12]. The premeiotic transition is co-
ordinated by the RA from the SCs. Once the male GCs enter meiosis, the
pachytene spermatocytes produce RA to coordinate the two meiotic
transitions. The two sides are coordinated in time and space to ensure
the production of large amounts of sperm [12].

Considering the two meiotic transitions - the activation of spermatid
extension and sperm release — are consistent with high RA levels, we
believe that RA may also regulate these transitions. Knockout of RA
receptors (RARs) in mice results in various modest defects in meiosis
and post-meiotic aspects of spermatogenesis (including sperm release)
[31,32]. Studies have shown that RA can promote the initiation of
sperm cell elongation, and RA can also induce sperm release [12].
Despite these findings, the specific steps by which RA may regulate
meiotic progression or post-meiotic differentiation have not yet been
determined. Furthermore, its role in triggering meiosis is still in dis-
pute.
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2.3. Injection of exogenous RA lead to synchronous spermatogenesis

Recent reports show that the first wave of spermatogenesis is ac-
tually asynchronous and occurs faster than the subsequent waves [33].
In mice, the first wave begins a few days after birth, when the SSCs turn
into differentiated A spermatogonia, divide at 8 days postpartum (dpp)
and subsequently produce preleptotene spermatocytes [33-35]. In
normal mice, sperm production is constant due to the temporal and
spatial stability of spermatogenesis [36]. The first differentiation step of
spermatogonia occurs from the RA response along the seminiferous
tubules in the neonatal testis when the cell contains a complete RA
signaling mechanism and expresses [3-galactosidase [33,37].

In the absence of RA, undifferentiated spermatogonia are arrested at
GO. There is evidence that exposure to RA may increase the number of
testicular SCs after birth [37]. WIN 18,446 is a potent inhibitor of re-
tinaldehyde dehydrogenase (RALDH) and can lead to decreased levels
of RA in the testes of male mice, blocking male GC differentiation and
producing testes filled with undifferentiated spermatogonia. As a result,
the normal 14 complete stages in the seminiferous tubules are disrupted
and instead only contain 3 to 4 stages [11]. However, at any one time
point, the frequency of the spermatogenic epithelial cell cycle contained
in the testes of the treated animals was much higher than that of normal
individuals. At these stages with frequency anomalies, significant “cut
off waves” were generated, and the spermatogenesis of these animals
was described as synchronous. Recent studies have shown that testi-
cular exposure to an exogenous RA environment in prepubertal mice
with sufficient vitamin A drives the entire undifferentiated population
into a differentiation pathway, leading to synchronous spermatogenesis
[11]. After synchronization, some of the differentiated spermatogonia
subtypes may be skipped with plasticity, and the undifferentiated A
spermatogonia are directly transformed to A2 or Al spermatogonia,
followed by division into A3 [37].

Exposure of a vitamin A sufficient adult testicle to a higher con-
centration of RA does not result in simultaneous spermatogenesis, but
instead induces apoptosis in a subpopulation of spermatogonia. The
exposure of neonatal testes to high concentrations of RA changes the GC
differentiation and meiotic markers (Stra8, c-Kit, Sycp3, and Rec8) that
are observed in these cells and also increases the number of STRA8 and
SYCP3 immunoreactive cells. In addition, RA exposure of the adult
testes resulted in increased expression of the RA-degrading enzyme
CYP26A1. Therefore, synchronous spermatogenesis occurs only after
neonatal RA exposure [38].

2.4. The interaction among RA, SCs, and spermatogonia

SCs are the only somatic cell types that physically contact sperma-
togenic cells in vivo [19]. They not only provide physical and nutri-
tional support, but they also secrete factors that are critical in the
complex developmental processes of GC proliferation and differentia-
tion, which involve retinoic acid synthesis and blood-testis barrier
biogenesis [39]. Throughout the embryonic period, SCs undergo ex-
tensive mitotic activity to establish a guard cell population of pro-
genitor cells. From one week after birth, the SC proliferation rate in rats
rapidly decreases until 15 days postpartum into the quiescent phase of
mitosis. After the SCs stop proliferating, a tight junction is formed be-
tween the adjacent SCs, and a testis and blood barriers is generated for a
sealing function. This barrier divides the seminiferous epithelium into
the basal and apical compartments. This SC differentiation process is
essential for male fertility. In addition, this process is affected by the
regulation of RA signaling [23]. The SC in the seminiferous tubule that
directly interacts with SSCs and controls their proliferation and differ-
entiation by secreting specific factors [40]. In vitro experiments de-
monstrated that RA alone was sufficient to induce mSSCs into primary
spermatocytes and that the coculture of RA with SCs obtained from
young mice formed a more efficient in vitro meiotic model. RA in
combination with pup SC coculture also resulted in a higher induction
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efficiency of 28% [19]. In early puberty, the RA required in the first
spermatogenesis cycle depends on RALDH synthesis in SCs [13]. SCs
play an important role in the process of spermatogenesis.

A very specific expression pattern of the genes that are involved in
the synthesis and action of RA is observed in the SCs, which is necessary
for SCs synthesis to induce spermatogonia differentiation during the
first spermatogenic cycle [13]. In the first spermatogenesis cycle, SC-
derived RA is required to induce the differentiation of spermatogonia,
and it is essential for sperm production during the subsequent sper-
matogenic cycle [13,39]. SC can express multiple RA-related genes,
which include the retinaldehyde dehydrogenase genes (ALDH1Al,
ALDH1A2, ALDH1A3) and the nuclear receptors RAR-A, RXR-A and
RXR-B. The investigation revealed that all ALDH1Al genes and the
corresponding nuclear receptors for RA are expressed in SC; however,
ALDH1A2 can only be detected in germ cells before puberty is com-
pleted. Their different expression profiles indicate that the regulation of
RA synthesis in SCs is complex and that RA may act directly on im-
mature SCs [23].

SCs can strictly regulate the local uptake, oxidation, signaling and
degradation of retinoid in the testes [41].The metabolic barrier reg-
ulates exogenous RA in the testes and results in the delivery of RA to the
GCs in a temporal and spatial order; this, in turn, controls the differ-
entiation of spermatogonia and their eventual entrance into meiosis
[26]. Testicular SCs can produce RA and regulate the premeiotic tran-
sition [12]. RAR-A in the SCs can regulate tight junctional complexes
between Sertoli cells, and at the proper time, allows the preleptotene
spermatocytes to pass through the chamber and to pass through meiosis
[12]. The testis is a tissue that is very resistant to exogenous RA [42].
Therefore, we observed that high doses of exogenous RA have a very
limited effect when administered to vitamin-deficient adult males [26].
SCs ensure that the spermatogenesis of GCs can proceed properly de-
spite their exposure high doses of RA and also ensures the self-renewal
and proliferation capability of some spermatogonia cells. SCs also serve
as a storage pool for vitamin A for the uptake of retinol, and they
maintain a large reserve of retinol ester analogues to maintain the in
vivo balance of RA [43]. Together, these results indicate that complete
RA signaling is required for the maturation and function of SCs. How-
ever, the mechanism by which RA simultaneously induces the differ-
entiation of GCs and SCs in puberty remains unclear.

3. The role of RA nuclear receptors in spermatogenesis

The process of spermatogenesis is deficient in the testis of VAD rats
by several major factors: failure of A2 sperm to form from Al sper-
matogonia, delayed precursor cell development and dysplasia, and re-
duced spermatids [31]. Studies have demonstrated that certain re-
ceptors that are present in the early GCs of neonatal testes allow for the
necessary components to respond to RA signaling pathways, including
RA receptors and retinoid receptors [33]. RA is poorly transported in
the serum and usually stores dietary vitamin A in the liver and binds to
the plasma retinol-binding protein Rbp4 to form a complex that is
transported to a target organ such as the testis. RA then binds to two
families of intracellular receptors [23]. RA signaling is mediated by the
two receptors retinoic acid receptor (RAR) and retinoid X receptor
(RXR), both of which have three major subtypes: A, B, G. These re-
ceptors belong to the superfamily of nuclear receptors and act as ligand-
dependent transcription factors in the nucleus [44]. Studies have shown
that male mutant mice in which the RA receptors of the Leydig cells are
inactivated in are unable to perform RA signaling. In these mice, the
apoptosis of the pachytene spermatocytes in the testis was increased,
the mature germ cells were deleted, the number of macrophages in the
interstitium was increased, and the epididymis also showed an ab-
normal phenotype [45].Therefore, RA signaling is necessary for male
fertility.

RAR-A in SCs may establish RA signaling by activating the expres-
sion of the gene Mafb, and the RA that is produced by the SCs activates
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RAR-A in an autocrine manner, which drives the first wave of sper-
matogenesis and results in the transition from Aal to A1 [13]. All RARs
can be detected in specific cell types in the seminiferous epithelium
[46]. RARs can be activated by both 9-cis retinoic acid and 11-all-trans
retinoic acid, and RXRs are only activated by 9-cis retinoic acid [44,47].
Studies have shown that during retinol- and RA-induced spermato-
genesis, some of the RAR and RXR levels are upregulated in the testis of
VAD rats [48]. RA binds to and activates its nuclear receptor and
controls the expression of downstream target genes.

3.1. The response of spermatogonia to RA signaling depends on the RAR/
RXR heterodimer

Due to the complexity of retinoid signaling, its receptor may form
different heterodimers. These dimers can bind to different reaction
elements [47]. RAR can bind to RXR to form an RAR/RXR heterodimer,
which then binds retinoic acid responsive DNA elements (RAREs) that
are located in the genome regulatory region and modulate RARE-con-
trolled RA-dependent transcriptional genes [44]. This process requires
the recruitment of co-receptors and gene cofactors for gene induction,
or the recruitment of co-repressors to inhibit transcriptional activity
[15]. Inactivation of RAR or RXR blocks the RA signaling pathway and
leads to male infertility. In RAR-A~/~ mutant and RXR-B~/~ mutant
testes, mature spermatozoa do not appear in the seminiferous epithe-
lium, and abnormal spermatozoa are indicated in the epithelium in
stages IX and X of the spermatogenic cycle [49]. Further investigations
should be performed to determine how RA-activated RAR/RXR het-
erodimers drive sperm cell release and how this process can be applied
to new male contraceptive regimens.

3.2. Injury of RA receptor will lead to abnormal phenotype of the testis

RAR-A and RXR-B are the only functional retinoid receptors in
Sertoli cells [23]. Because the mutation causes its testes to produce
scarce and abnormal sperm, RAR-A ™/~ mutants and RXR-B~/~ mutant
male animals all show infertility [23,44]. RXR-B autonomously controls
lipid metabolism in supporting cells [49]. Knocking out the RXR-B gene
in the mouse testis leads to impaired sperm cell maturation and delays
sperm activity [12]. RAR-A is an essential medium for RA signal
transduction in the testes; RAR-A induces the expression of Nrgl and
Nrg3 (neuregulin) and promotes the proliferation of spermatogonia
[50]. RAR-A controls the first wave of spermatogonia differentiation in
SCs; the first wave of spermatogenesis in RAR-A~/~ mutants was ab-
normal due to the delayed differentiation of spermatogonia, which was
characterized by the delayed expression of the target gene Stra8 and
reduced proliferation of spermatogonia. The second wave of sperma-
togenesis was also delayed in these mutants, and the development of
preleptotene and leptotene spermatocytes was suspended [31]. The
oscillatory activity of SCs and the integrity of the seminiferous epi-
thelium depend on RAR-A; similar to VAD rats, RAR-A knockout mice
are unable to maintain a normal spermatogenic cycle [23]. Functional
disruption of RAR-A in SCs may lead to the arrest of preleptotene
spermatocytes, and disruption of RAR-A in germ cells may cause the
blockade of Al spermatogonia in the VAD model [12]. RAR-A-deficient
animals have higher a neonatal mortality rate and exhibit a lethal
phenotype in males. The GCs in the testes of surviving male mice are
depleted and vacuolated [8]. RAR-A expressed in germ cells can also
interact with Sertoli cells, regulate the integrity of the blood testis
barrier, and coordinate the development and spatial arrangement of
mouse testicular GCs [51].

RAR-B™/~ male animals are infertile, but their genital and re-
productive tracts remain histologically normal throughout life.
Therefore, RAR-B seems to have no effect on the homeostasis of the
seminiferous epithelium [46]. RAR-G plays a role in spermatogonia to
direct Al differentiation [23]. RAR-G can control the ability of sper-
matogonia cells to respond to RA [52]. Since part of spermatogonia do
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not express RAR-G, spermatogonia can maintain the differentiation and
self-renewal capabilities even when exposed to high doses of RA [11].
Inactivation of RAR-G did not affect the expression of the spermato-
gonia differentiation markers Kit and Stra8. RAR-A can compensate for
the loss of RAR-G function during prepubertal spermatogenesis.
Therefore, the RAR-G™/~ mutation does not affect meiosis or the
synchronization of cell differentiation during spermatogenesis [46].
The above revealed finding the importance of RAR-A and RXRB in the
spermatogenic cycle.

A low dose of the RAR antagonist BMS-189453 can destroy the RA
conduction system so that process of the spermatogenesis is destroyed.
Similar to VAD and RAR-A knockout mice, there was a loss of GCs in the
testes, along with an abnormal sperm arrangement and failure of sperm
release into lumen. Antagonist-induced infertility is reversible, and
since the spermatozoa can fully recovered after a prolonged inhibition,
this antagonist can be used to develop nonsteroidal male contraceptives
[53,54].

RAR-A controls the first round of spermatogonia differentiation in
GCs. RA promotes GC differentiation through paracrine modes during
prepubertal spermatogenesis. Therefore, abolishing RA synthesis ac-
tivity in GCs will impair the differentiation of spermatogonia, and
treatment of these mutants with the RAR-A agonist BMS 753 can restore
the capacity for spermatogonia differentiation [23]. Studies have
shown that pan-RAR antagonists can suppress the expression of the
target gene STRA8 and prevent spermatogonia from entering meiosis
[55,56]. Two pan-RAR antagonists including BMS-204493 and AGN
193109 have been shown to inhibit meiosis [55]. In contrast, RARs-
specific agonists can induce the expression of Stra8 in embryonic testis
[15,56]. The destruction of key RAR-A signaling pathways leads to
testicular degeneration, including the vacuolization of Sertoli cells,
detachment of spermatocytes and spermatids, and the eventual reduc-
tion of sperm production, leading to male sterility [57].

4. RA regulates the expression of its downstream target genes
during spermatogenesis

RA directs differentiation by altering the gene expression of sper-
matogonia [18]. The role of RA in GC differentiation has also been
confirmed because of the increase in the genetic markers that are as-
sociated with spermatogonia differentiation in RA treated neonatal
testes such as Proto-oncogene tyrosine kinase c-Kit (Kit) and Retinoic
acid 8 (Stra8) and decreased expression of Pou5fl, which is an un-
differentiated GC-related marker [33,58].

RA can not only promote the differentiation of spermatogonia by
upregulating the c-Kit gene but can also upregulate the Stra8 gene to
help initiate meiosis and upregulate the genes Rec8, Dmcl, Prdm9,
Sycp3, and so on to promote meijosis; in addition RA can downregulate
beneficial mSSC self-renewal genes, such as Oct4, Plzf, Lin28a, and so
on [19].

4.1. RA is a key upstream regulator that controls the expression of c-kit

The proto-oncogene c-Kit is a growth factor receptor with tyrosine
kinase activity, also called Kit, and it maintains the balance between
self-renewal and differentiation in SSCs. RA activates the RAR/RXR
heterodimer to increase the expression of the SALL4A transcription
factor in spermatogonia. The SALL4A-encoded transcription factor is
known to regulate c-Kit expression, which increases RA to promote the
expression of the c-Kit tyrosine kinase receptor and induce the differ-
entiation of spermatogonia [59]. The bone morphogenetic protein 4
(BMP4) receptors BMPR1A and BMPRII are present in spermatogonia,
spermatocytes and round spermatids. Although exogenous BMP4 alone
is not sufficient to induce the expression of Stra8 and c-Kit (two marker
genes for spermatogonia differentiation), significant synergistic effects
of BMP4 and RA have been observed. BMP4 can exert an autocrine
effect and cooperate with RA to induce the differentiation of testicular
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spermatogonia in vivo [60]. The RXR and RAR dimers can bind to
regulatory regions located in the Sall4 gene, thereby driving the sper-
matogonia differentiation process. The transcription factor encoded by
the gene Sall4 regulates the expression of c-Kit, which is often dysre-
gulated in testicular cancer [61]. This dynamic pattern of transcription
and translation is exhibited by c-Kit during the entire SSCs differ-
entiation process, and RA plays a key role as an upstream regulator of
the expression of c-Kit [62].

Studies have shown that mRNAs for c-Kit are present in un-
differentiated spermatogonia but not translated. However, RA can in-
duce efficient translation of c-Kit mRNA through the PI3K / AKT /
mTOR signaling pathway, thereby promoting differentiation of sper-
matogonia. In normally differentiated spermatogonia, the protein of c-
Kit should have been well translated. However, the translation of c-Kit
protein is poor under VAD conditions [63]. RA promotes the expression
of the gene c-Kit, which is consistent with the transformation of Aal
spermatogonia into the first generation of differentiated A1 spermato-
gonia, and it also allows the maintenance of a differentiated sperma-
togonia state [46]. Stimulation with RA induced the quantitative ex-
pression of c-Kit as a pattern of increased and decreased waveform
changes that were similar to the development of male GCs in vivo [64].
RA injection induces the expression of precocious c-Kit in spermato-
gonia [18]. Some studies have confirmed that exogenous RA cannot
directly stimulate c-Kit expression. RA indirectly affects the expression
of c-Kit in male GCs, and some unknown factors of testicular somatic
cells may be involved [64].

4.2. Periodic RA-Stra8 signaling regulates meiotic initiation

RA induced the expression of the meiotic marker Stra8, followed by
expression of early meiotic markers Sycp3 and Dmc1 [65]. High levels
of Stra8 mRNA transcription were first observed at 6-dpp in several
type A and type B spermatogonia, preleptotene spermatocytes, and
leptotene spermatocytes, and this was followed by peaks at 10-dpp and
then at 14-dpp. Furthermore, the levels at 18-dpp began to drop sig-
nificantly. This is consistent with the occurrence of meiosis I [15,26]. In
the adult testis, the highest levels of Stra8 mRNA and protein were
observed in the seminiferous epithelium stages VI to VIII [26]. The
upregulation of Stra8 expression by RA is critical for spermatogenesis.
In the embryonic testis, the lack of Stra8 expression is mainly due to the
degradation of RA by CYP26B1 [66]. Without the function of the gene
Stra8, meiosis is blocked.

The gene Stra8 controls mitosis in GCs and meiosis in GCs and also
acts as a meiotic gatekeeper. The promoter region of Stra8 contains
RARE, which can bind to the RAR/RXR heterodimer and make itself a
direct target for RA [11]. Stra8 is required for the initiation of meiosis
in males, and Stra8 deficient GCs arrest before meiosis [18]. RA syn-
thesized from premeiotic spermatocytes, and it autonomously induces
meiotic initiation by controlling the RAR-dependent expression of Stra8
[13]. Histological differences were found between wild-type testes and
Stra8 deficient testis at 10-dpp and 15-dpp. The population of sper-
matogenic cells in the wild-type testis at 10-dpp began at meiosis and
progressed to leptotene spermatocytes. This is the first phase of the
premeiotic division. These cells were subsequently converted to zygo-
tene and progressed to pachytene spermatocytes of meiotic prophase at
15-dpp. In contrast, leptotene, zygotene, or pachytene spermatocytes
were also absent in the knockout Stra8 testis. These finding suggest that
the transformation of spermatogenic cells from preleptotene to lepto-
tene requires the participation of Stra8 to thus enter the pre-meiotic
phase [67].

What is the reason for preventing GCs from entering the meiosis
process? Since Stra8-deficient testicular germ cells do not encode the
topoisomerase Spoll that is required for DNA double-strand breaks
(DSBs) and do not encode the recombinase Dmc1, which plays a role in
meiotic DSBs repair [68,69], meiotic recombination cannot be per-
formed in these cells. SYCP3 (synaptonemal complex protein) and REC8
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(meiosis-specific cohesin) modify the length of chromosomes in most
wild-type spermatogenic cells [70,71], resulting in the presence of sy-
naptic and meiotic adhesin complexes, respectively. In contrast, in
Stra8 deficient spermatogenic cells, the SYCP3 and REC8 proteins are
not loaded on chromosomes, although they are present. Therefore,
Stra8 deficient spermatogenic cells do not undergo chromosomal ag-
gregation and association. Stra8-defective preleptotene spermatocytes
can undergo DNA replication but cannot enter into the pre-meiotic
phase [67]. In Stra8 knockout mouse testes, the expression levels of
Prdm9 (highly expressed in preleptonema and early leptonema) and
Msh5 (highly expressed at the early preleptotene to zygotene stages)
were significantly reduced, resulting in meiotic arrest and DNA double-
strand breaks [66]. In conclusion, Stra8 is required for spermatogonia
to undergo morphological changes, and RA signaling is required to
induce GCs to express Stra8.

5. RA and male infertility

According to the World Health Organization, male infertility ac-
counts for about 40% of all infertility. And the cause of most male in-
fertility is still unclear, only manifested as spermatogenic disorders
[72]. In recent years, in vitro fertilization technology has brought hope
to infertility patients, but failed to solve the primary cause of the dis-
ease. Therefore, it is necessary to fully understand male infertility and
actively carry out effective treatment methods. The important role of
RA in spermatogenesis has been confirmed above. However, the re-
lationship between RA and human infertility is unclear.

With the improvement of life quality, it is rare that vitamin A de-
ficiency caused by nutrition. It is not clear whether deficiency of RA
will contribute to infertility in men. However, recent case-control stu-
dies have shown that injury of RA signal pathway is associated with
male infertility. ALDH1A2 is the most important isozyme in the
synthesis of RA. Compared to normal males, testicular biopsy results
showed that levels of ALDH1A2 protein were significantly reduced in
testicular tissues of infertile men. Moreover, the level of ALDH1A2 is
closely related to the number of GCs [3]. A recent clinical trial have
shown improvement in sperm counts of 19 infertile male after being
orally treated with RA [73]. It is necessary to further study the treat-
ment mechanism of RA for human infertility.

Varicocele is one of the most common cause of male infertility. The
incidence of varicocele in male population is 10% to 15%. Varicoceles
are present in more than 35% of men with primary infertility, and in up
to 80% of men with secondary infertility. According to a study found
that RAR-A exists and localizes in human sperm cells, and has de-
monstrated a decrease in the molecular expression level of RAR-A
protein in varicocele samples [74]. Compared with normal human
semen, reactive oxygen species (ROS) in the semen of patients with
varicocele significantly increased, and ROS began to decrease after
using RA [16]. It is proved that RA has a potential therapeutic effect on
oxidative stress in male infertility.

Cryptorchidism is a common congenital malformation in the male
reproductive system with an incidence of up to 3-4% [75]. The GCs
(especially haploid sperm) in the testes of cryptorchidism patients sig-
nificantly reduced or even completely disappeared, thus affecting male
fertility. Some researchers have co-cultured SSCs extracted from human
cryptorchidism by RA and stem cell factor (SCF), and results have
showed that these SSCs began to differentiate, meiosis, and formed
fertility haploid sperm [76]. RA is a potential treatment for male in-
fertility with low toxic side effects, and may improve infertility caused
by various diseases.

6. Conclusion and prospect
Male infertility is significantly increased due to decreased sperm

function and increased sperm count. The assessment and treatment of
male infertility is becoming increasingly important. RA controls a
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variety of life activities such as normal fetal development, cell pro-
liferation and differentiation, and apoptosis. Although RA plays a cen-
tral role in spermatogenesis, the driving mechanism of RA is still largely
unknown. Treatment of stem cells with RA and the protein synthesis
inhibitor cycloheximide (CHX) can identify potential target genes for
RA. Although we cannot predict how many downstream target genes
are regulated by RA, it is believed that this number should be based on
a combination of RA-regulated genes and RA + CHX-regulated genes,
including 1041 upregulated genes and 1768 downregulated genes [19].
This quantitation requires long-term research. Certain environmental
contaminants may interfere with endocrine secretion, primarily
through the nuclear receptor signaling pathways that affect the mam-
malian reproductive system. For example, organotin compounds are
agonists of the RXR subtypes that induce transcription of a target gene
upon binding, resulting in changes in the expression of some proteins
that are related to processes such as mitochondrial and cellular dys-
function. It also inhibits the catalytic activity of human aromatase and
other steroidogenic enzymes and affects sexual development in rats [8].

The drop in testicular sperm count remains worrisome because the
decline in the number or concentration of sperm increases the incidence
of male infertility. Many factors lead to infertility and/or dysfunctional
spermatogenesis in males, and most of the genetic mechanisms remain
unclear [77]. Although the role of RA in guiding the differentiation of
testicular spermatogonia has been clarified, the mechanism of the
downstream activation of RA is largely ambiguous. The low cost and
low toxicity of RA can provide tremendous advantages for clinical
treatment. Elucidating the mechanisms by which RA participates in
spermatogenesis will help in the treatment of some dysfunctions of
spermatogenesis that are caused by defects in the RA signaling
pathway.
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