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Regulation of meiotic entry and gonadal sex 
differentiation in the human: normal and 
disrupted signaling

Abstract: Meiosis is a unique type of cell division that is 
performed only by germ cells to form haploid gametes. 
The switch from mitosis to meiosis exhibits a distinct 
sex-specific difference in timing, with female germ cells 
entering meiosis during fetal development and male germ 
cells at puberty when spermatogenesis is initiated. Dur-
ing early fetal development, bipotential primordial germ 
cells migrate to the forming gonad where they remain 
sexually indifferent until the sex-specific differentiation of 
germ cells is initiated by cues from the somatic cells. This 
irreversible step in gonadal sex differentiation involves 
the initiation of meiosis in fetal ovaries and prevention 
of meiosis in the germ cells of fetal testes. During the last 
decade, major advances in the understanding of meiosis 
regulation have been accomplished, with the discovery 
of retinoic acid as an inducer of meiosis being the most 
prominent finding. Knowledge about the molecular mech-
anisms regulating meiosis signaling has mainly been 
established by studies in rodents, while this has not yet 
been extensively investigated in humans. In this review, 
the current knowledge about the regulation of meiosis 
signaling is summarized and placed in the context of fetal 
gonad development and germ cell differentiation, with 
emphasis on results obtained in humans. Furthermore, 
the consequences of dysregulated meiosis signaling in 
humans are briefly discussed in the context of selected 
pathologies, including testicular germ cell cancer and 
some forms of male infertility.
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Introduction
The mitotic-meiotic switch is a unique feature of germ 
cell development and is one of the first manifestations of 
sex differentiation in the developing gonad. The current 
understanding of the molecular mechanisms of germ 
cell differentiation and regulation of meiosis is primarily 
derived from studies in mice (1–4), with only few experi-
mental studies conducted on human fetal gonads thus 
far (5, 6). In contrast, the physiological manifestations of 
sex differentiation that take place in humans during fetal 
gonad development and the expression pattern of key 
proteins have been described (7–13) and are briefly sum-
marized here.

The bipotential gonad begins to develop from around 
gestational week (GW) 4 in humans, when the genital 
ridges appear as thickenings of the intermediate meso-
derm. Initially, the bipotential gonads do not contain 
germ cells, but primordial germ cells (PGCs) start migrat-
ing from the posterior proximal epiblast toward the genital 
ridge and enter the gonad during GW 5 (14). Shortly after 
their arrival to the bipotential gonad, the PGCs become 
enclosed by somatic precursor cells that differentiate 
into Sertoli or granulosa cells based on the presence or 
absence of the Y chromosome and the sex-determining 
gene SRY (15, 16). Sex differentiation is initiated around 
GW 6, and the germ cells are directed toward the alterna-
tive pathways of oogenesis and spermatogenesis by the 
action of the somatic cells in the niche.

In fetal ovaries, germ cells are termed oogonia once 
they reside within the gonad (17), and they irrevers-
ibly commit to the female developmental pathway when 
initiating the first meiotic division (5, 6). During oogen-
esis, the mitotically dividing oogonia differentiate to 
primary oocytes by initiation of meiosis, coinciding with 
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a permanent downregulation of pluripotency genes, i.e., 
OCT4, NANOG, C-KIT, and LIN28 (8, 11, 17–20). Because 
meiotic entry in humans is asynchronous, some oogonia 
initiate meiosis and differentiate to oocytes from GW 10–11, 
while another subpopulation of oogonia continues to 
express the pluripotency markers and remains proliferat-
ing until around GW 19–20 (6, 21). This proliferating sub-
population of oogonia is mainly found in the periphery of 
the ovaries, whereas the more differentiated oocytes are 
found deeper within the medulla (22). After GW 20, the 
majority of germ cells within the human fetal ovaries have 
initiated meiosis, and the oocytes arrest in diplotene stage 
of first meiotic division where they will be surrounded by 
primitive granulosa cells, resulting in the formation of sin-
gle-layered primordial follicles (21, 23, 24) (Figure 1).

In human fetal testes, the first morphological sign of 
sex differentiation is the formation of seminiferous cords, 
which occurs gradually between GW 7–8 (13). Germ cells 
residing within the developing fetal testes are termed 
gonocytes at this stage, and they become enclosed by 
the immature Sertoli cells that are also located within the 
testis cords to ensure direct cell contact (13). The somatic 
cells in fetal testes initiate differentiation from GW 8–9 
(Sertoli cells) and GW 9 (Leydig cells) (13) and continue 
to proliferate until around GW 14 (25). In contrast to fetal 
ovaries, germ cells in fetal testes do not enter meiosis until 
puberty, but the gonocytes differentiate asynchronously 
to pre-spermatogonia from around GW 17–18 (8–10, 12, 
26). Fetal gonocytes are generally distinguished from pre-
spermatogonia based on difference in protein expression 
profiles, with gonocytes characterized by expression of 
pluripotency factors, mainly determined by expression of 
OCT4, whereas pre-spermatogonia are OCT4-negative but 
express MAGE-A4 (10). This profound change in the protein 
expression profile coincides with migration of the human 
germ cells toward the basement membrane, thus complet-
ing the differentiation from gonocyte to pre-spermatogonia 
(27). Around GW 20, most germ cells present in fetal testes 
are OCT4-negative; however, a few gonocytes occasionally 
remain in the testes until 3–4 months of postnatal age (8). 
From around GW 20, the pre-spermatogonia enter a quies-
cent phase lasting for the remaining fetal life (28).

Initiation of meiosis in fetal ovaries
Meiosis is the germ cell-exclusive cell division, which pro-
duces haploid cells; it involves one round of DNA replica-
tion followed by two rounds of cell divisions, resulting in 
four haploid spermatids in males and one mature egg and 
three small cells, termed polar bodies, in females. Meiosis is 

generally divided into two stages, based on the two rounds of 
divisions: meiosis I and meiosis II. Each stage can be further 
subdivided into prophase, metaphase, anaphase, and telo-
phase. Among these substages, prophase I entails the events 
unique for meiosis and is further divided into leptotene 
(chromosome condensation), zygotene (pairing of homolo-
gous chromosomes through the synaptonemal complex), 
pachytene (initiation of recombination between chromo-
some pairs and formation of chiasmata between homo-
logues at sites crossing over), and diplotene (chromosomes 
begin to separate, but remain attached) (29). The details of 
the specific events in each stage and substage of meiosis are 
beyond the scope of this review, but several reviews focusing 
on this have recently been published (21, 29–31).

The generally accepted model for initiation of meiosis 
in mammalian species stipulates that meiotic entry is 
induced by the action of retinoic acid (RA). This has been 
demonstrated in several studies in mice (1, 2) and humans 
(5, 6). The sex-specific response to RA is regulated by the 
somatic cells within the gonad, which mediate the initiation 
of meiosis in fetal ovaries and inhibition of meiosis in fetal 
testes (Figure 1). In fetal ovaries, RA induces Stra8 expres-
sion, both in mice (1, 2) and humans (5) and is considered 
a pre-meiosis marker because STRA8 regulates initiation of 
meiosis I and is required for pre-meiotic DNA replication (32, 
33). In mice, DAZL is involved in rendering the germ cells 
competent to enter meiosis and could be the intrinsic signal 
necessary to initiate meiosis (34). In fetal mouse testes, RA-
mediated initiation of meiosis is prevented by the action of 
the RA-degrading enzyme CYP26B1 (1, 2) and subsequently 
by NANOS2 (3), FGF9 (35, 36), DMRT1 (4), and NODAL (37, 
38). In 2011, the model for RA-induced meiosis was chal-
lenged by Kumar et  al. (39), who found Stra8 expression 
in fetal ovaries from mice lacking RA synthesis (Raldh-/-) 
in mesonephros and gonads, thereby suggesting that RA is 
not the only inducer of Stra8 expression and meiosis. The 
authors suggest that an additional yet unidentified meiosis 
inducer is present and involved in the initiation of meiosis 
(39). These results were thoroughly discussed in a recent 
review by Griswold et al. (40).

Germ cell development requires timely transition from 
a pluripotent germ cell to meiotic differentiation. This is 
associated with widespread changes in protein expression, 
including downregulation of pluripotency factors, OCT4, 
NANOG, C-KIT, and LIN28 (8, 11, 17–20), and upregulation 
of markers of germ cell differentiation and meiosis, such as 
VASA, DAZL, STRA8, and SYCP3 (5, 6, 20). In human fetal 
ovaries, meiotic entry is initiated asynchronously from 
around GW 10–11 and constitutes the transition from oogonia 
to oocytes (17, 20, 22, 41). This was recently confirmed 
by the presence of γH2AX-positive (marks double-strand 
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breaks) oogonia at GW  10 (5) and SCP3-positive oogonia 
from GW 12–14 (42, 43). The pre-meiosis marker STRA8 was 
expressed before and around this developmental time point 
(5, 6, 37, 44), with low transcript levels of STRA8 detect-
able from GW 8–9 (6, 44). The expression of STRA8 in fetal 
ovaries peaks around GW 12–14 but remains until GW 18–20 
(5, 6, 44). In contrast to fetal ovaries, STRA8 expression was 
not detected in human fetal testes (6, 42, 44). The expres-
sion of STRA8 is followed by upregulation of SCP3, SPO11, 
and DMC1, which are markers of meiotic progression. In 
accordance with this general notion, expression of SCP3 was 
detected in ovaries from GW 11–12 (42, 44) and DMC1 from 
GW 13 (5, 42). In addition, SPO11 and SCP1 expression was 
detected from GW 13 in human fetal ovaries (5, 44).

The expression pattern of key meiosis regulators 
investigated so far in human fetal gonads indicates that 
several aspects of meiosis initiation are conserved between 
mice and humans. An interesting difference is that in 
mice, RA is produced in the mesonephros and diffuses to 
the gonads (45), whereas several recent studies indicate 
that the human gonads also possess an intrinsic capac-
ity to synthesize RA, based on the expression pattern of 
the RA-synthesizing enzyme ALDH1A (5, 6, 42). ALDH1A1 
was expressed at similar levels in fetal testes and ovaries 
and in samples with and without mesonephros (5, 6, 42). 
Based on increased expression of ALDH1A coinciding with 
the initiation of meiosis, Le Bouffant et al. (5) suggested 
that ALDH1A1 might play a role in the initiation of meiosis 
in fetal ovaries. However, Childs et al. (6) did not find an 
increase in ALDH1A1 expression at the time of meiosis 
initiation in fetal ovaries. Instead, the authors implicated 
NANOS3 in meiosis, based on expression level and timing 
in the fetal gonads (6). At the protein level, however, no 
clear sex-specific difference in NANOS3 expression level 
or pattern was observed between fetal testes and ovaries 
at the time of meiosis initiation in the fetal ovaries (42).

Another important intrinsic factor in the regulation 
of meiosis is Dazl, which is expressed in pre-meiotic germ 
cells in mouse gonads and enables germ cells to initiate 
meiosis in response to RA within a restricted developmen-
tal window (34). The Dazl-mediated meiosis-competent 
cell state exists in both male and female embryonic germ 
cells since the addition of exogenous RA induced Stra8 
expression in fetal testes and hence overcame the physi-
ological inhibition of meiosis, but this effect was abol-
ished in Dazl-deficient mice (34). In human fetal gonads, a 
marked increase in the expression of DAZL and VASA (both 
at the transcript and protein levels) was reported between 
GW 9–14, coinciding with meiotic entry in fetal ovaries (22, 
41), which could indicate a conserved role for DAZL as an 
intrinsic factor involved in meiotic competence. A similar 

increase in DAZL and VASA was observed in male germ 
cells, suggesting that the upregulation of DAZL may be 
required to enable meiosis signaling or germ cell differen-
tiation in human fetal gonads.

Recently, an additional regulator of meiosis was 
found in mice based on the finding that Dmrt1 promotes 
oogenesis through transcriptional activation of Stra8 in 
fetal mice and is involved in initiation of meiotic prophase 
to ensure formation of a normal number of ovarian folli-
cles postnatally (46). Dmrt1 is only transiently expressed 
in fetal ovaries of mice, with expression disappearing 
from germ cells by E15.5 (46). A similar expression pattern 
is found in human fetal ovaries where DMRT1 is expressed 
in the oogonia and a subset of early oocytes until around 
GW 20, coinciding with meiotic entry (42). This relatively 
conserved expression pattern indicates that DMRT1 might 
also be required for initiation of meiosis in humans.

Only one study to date has investigated the initiation of 
meiosis in human fetal ovaries by treatment experiments. 
Here, organ cultures of human fetal ovaries were treated with 
RA (1 μm) for 14 days, resulting in an increased number of 
meiotic germ cells (5). Also, increased transcriptional levels 
of STRA8, REC8, and SPO11 were found after the addition 
of both RA and fetal calf serum to culture media, whereas 
no difference in the expression of DMC1 and SYCP3 was 
observed (5). Interestingly, oogonia present in human fetal 
ovaries before GW 7 did not initiate meiosis in response to RA 
treatment, indicating that the lack of expression of a meiotic 
facilitator renders the oogonia unresponsive to RA or that a 
currently unidentified meiotic inhibitor may exist in the early 
fetal ovaries. These results emphasize that several aspects of 
meiosis initiation in human cannot be explained based on 
current knowledge and that further studies are needed.

Inhibition of meiosis in the fetal 
and perinatal testes
In the developing mice testes, initiation of meiosis is 
inhibited by the action of the RA-degrading enzyme 
Cyp26b1, which is expressed in the gonads from 11.5 days 
post coitum (dpc) (1, 2). The expression pattern suggests 
that CYP26B1 prevents the action of RA between 12.5 
and 14.5 dpc (45), and this function was confirmed by 
several different experimental approaches. Addition of 
exogenous RA to gonad-mesonephros cultures induced 
expression of meiosis markers in XY germ cells (1, 2), 
and in male Cyp26b1-null mice, upregulation of Stra8 
and Scp3 was found at 13.5 dpc, indicating that the germ 
cells are entering meiotic prophase I like XX germ cells at 
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this developmental time point (1, 47). Also, conditional 
knockout of CYP26B1 in the Sertoli cells after germ cells 
have entered mitotic arrest resulted in XY germ cells ini-
tiating meiosis (48). A recent study found that CYP26B1 
promotes male germ cell differentiation both by removal 
of RA, and thereby suppression of STRA8-dependent 
meiosis, and by a STRA8-independent pathway (49). 
Another important inhibitor of meiosis in fetal mouse 
testes is FGF9, which suppresses meiosis by maintaining 
expression of pluripotency factors, thereby actively pro-
moting male fate (35, 36). In vivo, FGF9 prevents germ cells 
from upregulating Stra8 indirectly by reducing germ cell 
responsiveness to RA and by promoting the male-specific 
pathway via upregulation of Nanos2 and Dnmt3l expres-
sion (35). Addition of FGF9 to mice XX gonads results in 
the downregulation of Stra8 expression, whereas expres-
sion of Cyp26b1 is unaltered (35), indicating that FGF9 
and CYP26B1 inhibit meiosis by different mechanisms. 
Following the action of FGF9 and CYP26B1, inhibition 
of meiosis in fetal testes is enforced by NANOS2, which 
ensures continued inhibition of Stra8 expression (3). 
NANOS2 is also suggested to directly promote the male 
differentiation program (50) by inducing expression 
of Tdrd1 and Dnmt3l (3). A recent study found that the 
NANOS2-mediated promotion of male germ cell develop-
ment was independent of its role in meiosis suppression 
(51). The male germ cells in the fetal mice have entered 
mitotic quiescence at 14.5 dpc (52, 53), which has been 
suggested to also be partly explained by the Cyp26b1-
mediated removal of RA (2).

Recently, additional players involved in the regulation of 
meiosis signaling in fetal testes were identified. Matson et al. 
(4) demonstrated that loss of Dmrt1 expression in fetal male 
mice causes spermatogonia to precociously enter meiosis. 
Specifically, Dmrt1 expressed in spermatogonia restricts RA 
responsiveness, directly represses Stra8 transcription, and 
activates transcription of the spermatogonial differentia-
tion factor Sohlh1 (4). Also, the TGFβ pathway ligand Nodal 
was recently shown to be involved in the inhibition of pre-
mature initiation of meiosis in murine fetal male germ cells 
as well as in the suppression of female reprogramming of 
somatic cells (37, 38). However, Spiller et al. (54) did not find 
increased Stra8 expression in their mouse model with sup-
pressed Nodal signaling as expected if Nodal inhibits prema-
ture meiosis entry, indicating that future studies are needed 
to clarify the exact role of Nodal in meiosis regulation.

The mechanisms of meiosis regulation in human 
fetal testes have not yet been thoroughly investigated. 
However, meiosis is apparently actively prevented in 
fetal testes because several studies have detected expres-
sion of proteins involved in synthesis of RA (ALDH1A) in 

analogy to fetal ovaries (5, 6, 42), but without initiation 
of meiosis in the testes at this developmental time point 
(Figure 1). In contrast to mice, the expression pattern 
and level of CYP26B1 appears to be similar in human 
fetal testes and ovaries, suggesting that CYP26B1-medi-
ated degradation of RA is most likely not the primary 
mechanism of meiosis inhibition (5, 6, 42). In contrast, 
the role of NANOS2 appears to be more conserved with 
an expression pattern that is developmentally regulated 
in a sex-dimorphic manner also in human gonads (6). 
Furthermore, an abundant expression of RA receptors, 
RARα, RARβ, RXRα (protein level) as well as RARα, 
RARβ, RARγ, RXRα, RXRβ, and RXRγ (transcriptional 
level), was found in human fetal testes (6), which is in 
contrast to mice where RARα and RARγ were undetect-
able (55). Together, this indicates that retinoid signaling 
takes place in human fetal testes, but its meiosis-induc-
ing function is blocked by a yet unidentified mechanism. 
In a recent study by Childs et al. (6), human fetal testis 
(second trimester) were treated with RA (1 μm) for 24 
h, which resulted in a higher expression of STRA8. In 
contrast, no difference in expression levels of SCP3 and 
DMC1 were found (6), but this could be due to the fact 
that the testes were disaggregated to yield a single-cell 
suspension, which may not provide the optimal condi-
tions for meiotic progression of germ cells. Alternatively, 
the simultaneous presence of meiosis inhibitors in fetal 
testes could have prevented further meiotic progression.

Meiotic entry in mature testes
In the postpubertal human testes, the two rounds of 
meiotic cell division take place immediately after each 
other during spermatogenesis. Spermatogenesis is a 
tightly regulated differentiation process in which spermat-
ogonial stem cells differentiate to ultimately give rise to 
spermatozoa. Overall, spermatogenesis can be separated 
into three types of cellular events: the proliferative phase 
(spermatogonia), the meiotic phase (spermatocytes), and 
the differentiation phase or spermiogenesis (spermatids), 
which is followed by a series of post-testicular maturation 
processes required for the formation of fully functional 
spermatozoa (that are capable of motility and fertiliza-
tion). In contrast to mice, mature human testes contain 
only two types of A-spermatogonia: the stem spermato-
gonial cells Adark and the self-renewing spermatogonial 
cells Apale that mature to B-spermatogonia, of which there 
is only one type in humans (56). Primary spermatocytes 
that are derived from the B-spermatogonia enter the first 
meiotic division, starting with a long prophase that can be 
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subdivided into five different stages: leptotene, zygotene, 
pachytene, diplotene, and diakinesis. The second meiotic 
division occurs in secondary spermatocytes and results in 
the formation of round haploid spermatids. The molecu-
lar mechanisms of chromosome pairing, meiotic recom-
bination, chromatin modifications, and cell cycle control 
during meiotic division in spermatogenesis are outside 
the scope of this review but have been recently reviewed 
by others (57–59).

In mice, the switch from mitosis to meiosis in postnatal 
testes requires the action of RA [reviewed in detail in (40, 
60)]. In brief, RA signaling is required for the transition 

from undifferentiated to differentiating spermatogonia 
and promotes meiosis by activating the transcription of 
Stra8 in preleptotene spermatocytes (61–63). In a recent 
study, treatment of neonatal mice with RA resulted in 
increased proliferation of germ cells, thus promoting 
transition of fetal spermatogonia into mature spermatogo-
nia. However, meiosis was not triggered probably due to 
a quick removal of RA by CYP26A1 and B1 enzymes (64). 
In vitamin A-depleted adult mice, significantly lower Stra8 
expression was found as well as impaired meiotic progres-
sion in germ cells during the first wave of spermatogenesis 
(65). This resulted in the presence of only undifferentiated 

Figure 1 Meiosis regulation in human fetal gonads.
PGCs, which express embryonic pluripotency factors (OCT4, NANOG, C-KIT, AP2γ, LIN28), migrate to the forming gonads from GW 5. From 
GW 6–7, the somatic cells within the bipotential gonad direct the germ cells toward the alternative pathways of testis and ovary develop-
ment. In the developing testes, this differentiation is directed by SRY and SOX9, and in the ovary, by FOXL2, WNT4, and RSPO1. Around 
GW 11–12, meiosis is initiated asynchronously in the ovaries by the action of RA, which leads to the upregulation of the pre-meiosis marker 
STRA8. The action of RA is prevented in the testes at this developmental time point by a mechanism that is not yet resolved but may involve 
DMRT1, NANOS2, NODAL, FGF9, and CYP26B1. In humans, synthesis of RA appears to take place in both fetal testes and ovaries based on 
expression of the RA-synthesizing enzyme ALDH1A1. Furthermore, the expression pattern of DAZL suggest a conserved role in mediating 
meiotic competence in germ cells of human fetal fetal ovaries and testes. In the ovaries, meiosis then progresses, resulting in the upregula-
tion of meiosis markers SCP3, DMC1, γH2AX. Around GW 18–20, the majority of germ cells have initiated meiosis, and the oocytes arrest in 
the diplotene stage of the first meiotic division. During the initiation of meiosis, a permanent downregulation of pluripotency factors and 
the meiosis regulators STRA8 and DMRT1 is observed. In the testes, gonocytes differentiate asynchronously to pre-spermatogonia and 
migrate toward the basement membrane. During this transition, which takes place from around GW 18–20, a marked change in the expres-
sion profile is observed with the upregulation of MAGE-A4, coinciding with permanent downregulation of pluripotency factors.
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type A-spermatogonia and Sertoli cells in testis tubules; 
however, upon vitamin A replacement, spermatogonial 
differentiation and meiosis was triggered (66), thereby 
indicating that removal of RA leads to a reversible block of 
spermatogenesis. Additional evidence was provided by a 
transgenic mouse model that expresses β-galactosidase in 
response to RA, where β-galactosidase activity was primar-
ily detected in STRA8-positive spermatogonia (67). This 
was confirmed in Stra8 mutant mice, where the majority 
of preleptotene spermatocytes fail to enter meiosis (33, 68). 
Together, these results indicate that RA and STRA8 control 
the switch from spermatogonial differentiation to meiosis.

It remains poorly understood how the switch from 
mitosis to meiosis is controlled in spermatogonia, but it 
was shown that DMRT1 likely plays a central role in this 
transition (4). DMRT1 is expressed in both undifferenti-
ated and differentiating spermatogonia, but not in meiotic 
or postmeiotic germ cells (4). Deletion of Dmrt1 in undif-
ferentiated spermatogonia results in upregulation of Stra8 
and precocious meiosis entry (4). Based on these results, 
DMRT1 was suggested to function as a gatekeeper that 
controls the mitosis vs. meiosis decision in male germ 
cells, both by suppressing RA signaling and by directly 
inhibiting transcription of Stra8.

Regulators of meiotic entry in human adolescent 
males remain largely unidentified. However, a recent 
study described the expression pattern of meiosis markers, 
including STRA8, SCP3, and DMC1, in human postnatal 
testis samples (42). All three meiosis markers were pre-
dominantly found in spermatocytes, as expected, given 
their role in the initiation and progression of meiosis. 
Interestingly, a strong expression of STRA8 was found in 
a subpopulation of B-spermatogonia (42), which was in 
accordance with a previous study in mice (61). This indi-
cates that STRA8 is also a pre-meiosis marker in adult 
human testes. Interestingly, DMRT1 was expressed in a 
distinct pattern in adult human testes, with DMRT1 com-
pletely absent in A-dark spermatogonia and with a tran-
sient strong expression in A-pale and B-spermatogonia 
followed by a complete downregulation in the zygotene 
and pachytene spermatocytes (42). This finding was in 
accordance with previous reports of DMRT1 expression 
in human spermatogonia (69, 70). The expression pattern 
in human testes is slightly different compared with mice, 
where DMRT1 is highly expressed in all A-type spermato-
gonia, and expression decreases in B-spermatogonia and 
disappears with initiation of meiosis (4). Interestingly, 
an overlap in the expression of DMRT1 and STRA8 was 
observed in a small subset of B-spermatogonia in adult 
human testes (42), which is in contrast with results from 
mice, where DMRT1 and STRA8 are mutually exclusive 

(4). Despite these small differences, the overall similarity 
in the expression pattern between mice and humans indi-
cates a conserved function of DMRT1 as regulator of the 
mitosis-meiosis switch presumably through regulation of 
the STRA8 expression.

As previously described, both CYP26B1 and NANOS2 
are involved in the regulation of meiosis in mice by pre-
venting premature initiation of meiosis during fetal 
development (1–3, 71). However, it is not known whether 
CYP26B1 and/or NANOS2 play a role in regulating ini-
tiation of meiosis in adult testes. In human postpubertal 
testis samples, CYP26B1 was primarily expressed in Leydig 
cells, whereas NANOS2 was expressed in a subpopula-
tion of spermatogonia and spermatocytes (42), in accord-
ance with a previous study that found NANOS2 expressed 
in spermatogonia, spermatocytes, and round sperma-
tids (72). Another plausible candidate to be involved in 
meiosis regulation is the NANOS2-related gene, NANOS3, 
as suggested by Childs et  al. (6). In adult human testes, 
NANOS3 was expressed in germ cells throughout sper-
matogenesis (42, 73), with the highest expression detected 
in germ cell nuclei in which the protein co-localized with 
chromosomal DNA during mitosis/meiosis (73). Reduction 
of NANOS3 expression levels results in a lower germ cell 
number and a decreased expression of germ cell-intrinsic 
genes required for the maintenance of pluripotency and 
meiotic initiation and progression (73). This could also 
indicate a role for NANOS3 in the regulation of meiosis in 
the adult testes, but this needs to be investigated further.

Consequences of dysregulated 
meiosis signaling in the testes
Sex-dimorphic meiotic entry regulation is a fundamental 
aspect of sex differentiation, and alterations in the timing 
or expression level of players in this pathway can have con-
sequences later in life, including disorders of sex develop-
ment (DSD), testicular cancer, and infertility. Individuals 
with DSD, in which the phenotypic gender is uncertain 
and morphological differences between the testis and 
the ovary are blurred, have an increased prevalence of 
gonadal pathologies, including the testicular cancer pre-
cursor carcinoma in situ (CIS), gonadoblastoma, testicular 
germ cell tumors (TGCT) as well as low serum testosterone 
levels and infertility (74–76).

In severe forms of DSD, for example, in rare cases of 
ovotestes, sex-specific expression of Sertoli and granu-
losa cell markers is clearly observed in specific parts 
of the gonad, for example, FOXL2 and SOX9 are never 
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co-expressed within the same cell (77). In fetal mice, both 
male and female sex determination can be overruled by 
changes in the expression pattern of key genes/proteins. 
In adult mice, loss of FOXL2 expression can lead to repro-
gramming of granulosa cells into Sertoli cells, and the 
opposite is observed when DMRT1 expression is lost in 
Sertoli cells, resulting in the initiation of FOXL2 expres-
sion and trans-differentiation into granulosa cells (78). 
This recently suggested concept of sex maintenance in 
adult life led us to speculate that an even slightly lower 
expression of DMRT1 in Sertoli cells in the postnatal 
human testes could result in a more blurred phenotype of 
the Sertoli cells, which could have consequences related 
to meiosis signaling and germ cell differentiation.

In milder forms of DSD, under-masculinization of the 
testes is most likely an effect of imbalance between the 
male- and the female-promoting factors, which leads to 
a slightly impaired or delayed differentiation of Sertoli 
cells. It is now well documented that CIS cells most likely 
originate from developmentally arrested gonocytes that 
failed to differentiate due to a disturbed or reduced signal-
ing from the somatic niche during early fetal development 
(79–81), but the precise pathogenesis of CIS cells is not well 
understood. The arrested fetal gonocytes (also sometimes 
termed pre-CIS cells) persist in a dormant state within the 
testes until after puberty where it is believed that altera-
tions in hormone levels induce proliferation and gain 
of invasive capacity of CIS cells and, eventually, further 
malignant transformation to tumors [reviewed in (82)]. We 
recently found some evidence of apparent dysregulation 
of the mitosis-meiosis switch in premalignant CIS cells, 
which are relatively frequently found in dysgenetic testes. 
In CIS cells, we detected simultaneous expression of meio-
sis-inducing (STRA8, SCP3, DMC1) and meiosis-inhibiting 
(DMRT1, NANOS2) factors (83). We believe that CIS cells 
may be rendered ‘sexually confused’ by the inadequately 
virilized somatic niche during testis development (82). 
Accordingly, we hypothesize that a conflict between 
meiosis-inhibiting (male pathway) and meiosis-inducing 
signals (female pathway) in the fetal gonads could be a 
contributing factor in the development of gonadal dysgen-
esis and milder forms of DSD. Furthermore, the dysregula-
tion of the meiosis signaling in CIS cells may putatively 
lead to polyploidization, genomic amplification of some 
chromosomal regions including 12p, and genetic instabil-
ity that is frequently observed in CIS cells and TGCT (82, 
84, 85). Despite the observed expression of some pre-
meiosis and meiosis markers in CIS cells, the neoplastic 
germ cells do not complete meiosis and appear unable to 
progress through meiotic prophase I. This is most likely 
due to simultaneous expression of meiosis inhibitors, 

resulting in an insufficient response to the postpubertal 
somatic environment that normally promotes meiosis. By 
contrast, CIS cells continue mitotic proliferation, which 
thereby may lead to a gain of invasive capacity (83, 86).

Disruption of meiosis regulation also has severe con-
sequences when occurring in postpubertal testes, leading 
to spermatogenic arrest, cessation of spermiogenesis, and 
infertility. In humans, neither the frequency of meiotic 
mutations nor the rate of infertility due to such muta-
tions is known, but bilateral spermatogenic arrest was 
observed in 12.5% of patients who underwent testicular 
biopsy due to infertility (87). In recent years, the identifi-
cation of genes involved in infertility spanning all aspects 
of spermatogenesis, including meiotic defects, has been 
accelerated mainly by studies of mouse models (88, 89). 
Despite the numerous knockout mouse models presenting 
with spermatogenic arrest, studies in humans have largely 
failed to identify specific gene mutations. The main 
problem is the heterogeneity of human infertility pheno-
types and the large number of genes involved in the regula-
tion of spermatogenesis. We can mention only few studies 
specifically investigating patients with failure of meiosis 
manifested as spermatogenic failure. Mutational analysis 
of genes known from murine studies, including SYCP3, 
MSH4, and DNMT3L found mainly polymorphic sequence 
alterations, which were also detected in normospermic 
controls (90, 91). In a more unrestricted approach, Stouffs 
et al. (92) analyzed genome-wide gene copy number vari-
ation (CNV) by array comparative genomic hybridiza-
tion in patients with spermatogenic arrest at the primary 
spermatocyte level. They found a few promising regions 
harboring several genes that potentially may be involved 
in the regulation of meiosis, but their biological function 
needs to be elucidated.

Among the most common large CNVs that may cause 
failure of meiotic entry in humans are microdeletions 
in the AZF (azoospermia factor) region of the Y chromo-
some. The AZF region is highly repetitive and consists 
of numerous palindromic regions thought to have arisen 
out of repeated rounds of gene duplication and inversion 
(93, 94). The repetitive nature of the AZF region makes it 
particularly prone to homologous recombination between 
direct repeats, resulting in deletions. There is now a fairly 
comprehensive chromosomal map of the AZF regions with 
three specific regions currently identified, AZFa, AZFb, 
and AZFc, which represent multigene segments on the Y 
chromosome (93). The most commonly deleted of these 
three is the AZFc (b2–b4) region, resulting in phenotypes 
that range from complete absence of the germ cell lineage 
(Sertoli cell-only syndrome) to severe oligozoospermia 
or cryptozoospermia (95, 96). Patients with complete 
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deletions of either AZFa or AZFb region (or both) are azoo-
spermic and often display a histological pattern or sper-
matogenic arrest at the stage of spermatogonia or primary 
spermatocytes, consistent with a failure of the meiotic 
entry. Despite their deletion frequency, the functions 
of genes that map to the Y chromosome are still poorly 
understood and more studies are needed to understand 
the genetic aspects of disrupted meiosis regulation.

Conclusion
The switch between mitosis and meiosis is a unique 
feature of germ cells and constitute a key step in the 
sex-dimorphic gonadal differentiation during early fetal 
development as well as in spermatogenesis in the adult 
testes. Great progress in the understanding of the molecu-
lar mechanisms regulating meiotic entry has been made 
in rodent models within the last decade, and recent 
results from human studies suggest some conservation of 
the meiosis regulation machinery. However, there are also 
differences between rodent and human meiosis signaling, 
and there is growing evidence for much greater complex-
ity and redundancies in the control of meiotic entry in 
both rodents and humans than initially thought. It is of 
importance to increase the understanding by filling the 
gaps of knowledge because dysregulation of meiosis sign-
aling may lead to serious health problems, including DSD, 
germ cell cancer, and infertility.
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