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Center for Reproductive Medicine, Reproductive Biology Laboratory, Amsterdam Reproduction and Development Research
Institute, Amsterdam University Medical Centers, University of Amsterdam, Amsterdam, Netherlands

To achieve spermatogenesis in vitro, one of the most challenging processes to mimic is
meiosis. Meiotic problems, like incomplete synapsis of the homologous chromosomes, or
impaired homologous recombination, can cause failure of crossover formation and
subsequent chromosome nondisjunction, eventually leading to aneuploid sperm. These
meiotic events are therefore strictly monitored by meiotic checkpoints that initiate
apoptosis of aberrant spermatocytes and lead to spermatogenic arrest. However, we
recently found that, in vitro derived meiotic cells proceeded to the first meiotic division (MI)
stage, despite displaying incomplete chromosome synapsis, no discernible XY-body and
lack of crossover formation. We therefore optimized our in vitro culture system of meiosis
frommale germline stem cells (mGSCs) in order to achieve full chromosome synapsis, XY-
body formation and meiotic crossovers. In comparison to previous culture system, the in
vitro-generated spermatocytes were transferred after meiotic initiation to a second culture
dish. This dish already contained a freshly plated monolayer of proliferatively inactivated
immortalized Sertoli cells supporting undifferentiated mGSCs. In this way we aimed to
simulate the multiple layers of germ cell types that support spermatogenesis in vivo in the
testis. We found that in this optimized culture system, although independent of the
undifferentiated mGSCs, meiotic chromosome synapsis was complete and XY body
appeared normal. However, meiotic recombination still occurred insufficiently and only few
meiotic crossovers were formed, leading to MI-spermatocytes displaying univalent
chromosomes (paired sister chromatids). Therefore, considering that meiotic
checkpoints are not necessarily fully functional in vitro, meiotic crossover formation
should be closely monitored when mimicking gametogenesis in vitro to prevent
generation of aneuploid gametes.

Keywords: in vitro spermatogenesis, in vitro meiosis, spermatogonial stem cells (SSCs), Sertoli cells,
spermatocytes, fertility preservation
INTRODUCTION

With the aim of potential future applications, such as male fertility preservation or treatment, many
laboratories worldwide have attempted to generate functional sperm in vitro. However, in vitro
spermatogenesis culture systems that fulfill the ‘‘gold standards” of in vitro- derived germ cells, for
instance propermeiotic chromosome organization and recombination, and viable euploid offspring (1),
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have barely been reported.One study, usingmouse embryonic stem
cells (ESCs) and neonatal testicular cells, was able to recapitulate
most of these key events (2). Especially meiosis, the cell division in
which DNA replication is followed by two successive rounds of
chromosome segregation (MI and MII) to give rise to genetically
diverse haploid gametes, seems to be particularly challenging to
replicate in vitro. Meiotic problems, for instance impaired synapsis
and recombination of the homologous chromosomes during the
first meiotic prophase, are considered as the main factors causing
chromosome nondisjunction and subsequent aneuploidy in sperm
(3–5). Aneuploidy in human gametes can ultimately cause genomic
instability, infertility, recurrent pregnancy loss and developmental
defects such as Klinefelter’s syndrome (6–8). Many studies have
assessed aneuploidy in sperm of infertile and fertile men, and
aneuploidy levels appear to be significantly higher in infertile men
(9–11). To prevent chromosomal aberrations from being
transmitted to the offspring, meiotic prophase checkpoints exist
to timely eliminate aberrant spermatocytes before entering the
meiotic M-phase stage (12).

In spermatocytes in vivo, the first meiotic prophase is tightly
regulated and prolonged. Early during meiosis, about 200-400
programmed DNA double-strand breaks (DSBs), and
subsequent meiotic recombination sites, are initiated, which
are required for the initiation of homologous chromosome
synapsis (13). Subsequently, while chromosome synapsis is
being completed, these DSBs sites are repaired via meiotic
recombination, ultimately leading to the formation of at least
one or two meiotic crossovers per homologous chromosome pair
(14). These meiotic crossovers not only exchange genetic
material between non-sister chromatids, but also form physical
links between homologous chromosomes, called chiasmata, that
ensure proper chromosome segregation at M-phase I (15). To
ensure proper crossover formation, homologous chromosome
synapsis and recombination are strictly monitored by meiotic
prophase checkpoints (12). Also in human spermatocytes,
asynapsis of the homologous chromosomes or failure of proper
meiotic DSB repair results in checkpoint activation and
eventually meiotic prophase arrest (16). However, these
meiotic checkpoint and arrest mechanisms appeared not to be
fully functional during meiosis in vitro (17).

Several studies have described complete spermatogenesis in
vitro using various cell culture strategies and starting cell types,
such as pluripotent stem cells (PSCs) (2, 18–21), or spermatogonial
stem cells (SSCs) (17, 22–24). Of these studies only few
characterized whether key meiotic events took place in vitro (2,
17). When mouse embryonic stem cells (ESCs), grown on a cell
suspensionofmaleneonatal gonad,were induce to complete in vitro
meiosis, no meiotic problems were reported (2). However, for
human fertility treatment or preservation, patient-specific ESCs
orneonatal gonadal cells are not available. Therefore, to circumvent
the use of ESCs or neonatal gonad, we used mouse spermatogonia,
maintained in culture asmousemale germline stem cells (mGSCs),
which can be induced to undergo spermatogonial differentiation in
vitro by using retinoic acid (RA) treatment (25). Moreover, when
subsequently placed on a feeder layer of immortalized Sertoli cell
line, these can complete meiosis in vitro (17). However, many key
Frontiers in Endocrinology | www.frontiersin.org 2
meiotic events, such as chromosome synapsis, XY-body formation
and crossover formation,were not completed.Despite this,manyof
these in vitro-generated spermatocytes were not eliminated by
meiotic prophase checkpoints that are active in vivo, and still
proceeded to the meiotic metaphase stages (M-phase),
occasionally forming spermatid-like cells (17). Due to the lack of
meiotic crossovers, these M-phase spermatocytes displayed
univalent chromosomes (pairs of sister chromatids), instead of
bivalents (pairs of homologous chromosomes), which is a typical
character of chromosome nondisjunction, and will most likely lead
to aneuploid sperm (26).

In order to achieve in vitromeiosis with complete chromosome
synapsis, XY-body formation and crossover formation, we adapted
our previous culture system to more closely mimic the in vivo
situation. In vivo, multiple germ layers, including undifferentiated
SSCs, differentiating SSCsand spermatocytes, are spatio-temporally
organized at the basal lamina of the seminiferous tubules in the
testis, leading to the continuous production of spermatids.
However, in our previous in vitro culture system, only one germ
layerwaspresent at a certain time.Meanwhile,wealsoobserved that
many dead SK49 Sertoli cells appeared 6 days after induction.
Therefore, to mimic the normal in vivo parallel development of
different developmental germ cell subtypes, we re-plated in vitro-
generated spermatocytes to a fresh plate containing a new layer of
proliferatively inactivated Sertoli cells supporting fresh
undifferentiated mGSCs. We now observed that, even without
addition of undifferentiated mGSCs, freshly plated Sertoli cells
support complete meiotic chromosome synapsis and XY body
formation during in vitro meiosis. However, although crossovers
now could be detected,meiotic recombinationwas still sub-optimal
in vitro, leading to very few crossovers in comparison to the in
vivo situation.
MATERIALS AND METHODS

Animals
Neonatal (4-8 d.p.p) DBA/2J male mice were used for isolation of
primary spermatogonia (male germline stem cells, mGSCs) as
described previously (27, 28). All animal procedures were in
accordance with and approved by the animal ethical committee
of the Amsterdam UMC, Academic Medical Center, University
of Amsterdam.

Male Germline Stem Cells and Sertoli Cell
Line Culture
Mouse GSCs were cultured as previously reported (25, 27, 29).
The cells were cultured on mitotically inactivated mouse
embryonic fibroblasts (MEFs; Gibco, A34962), using a medium
(medium I) composed of StemPro-34 SFM medium (Thermo
Fisher Scientific), StemPro-34 Supplement (Thermo Fisher
Scientific), 1% fetal bovine serum (FBS), recombinant human
GDNF (10 ng/ml, 450-10, Peprotech), recombinant human
bFGF (10 ng/ml, 100-18B, Peprotech), recombinant
human EGF (20 ng/ml, AF-100-15, Peprotech), recombinant
human LIF (10 ng/ml, CYT-644, Prospec), as well as other
October 2021 | Volume 12 | Article 761249
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components as previously reported (29) and described in
Supplementary Table 1. The cells were refreshed every 2-3
days, and passaged every 5-7 days at a ratio of 1:4-6 on freshly
plated mitotically inactivated mouse embryonic fibroblasts. The
cells were maintained at 37°C in 5% CO2 in air.

As a feeder cell to support in vitro meiosis of mouse mGSCs,
we used an available immortalized Sertoli cell lines SK49 (30).
The cells were cultured at 37°C and 5% CO2 in Dulbecco’s
Eagle ’s medium (DMEM; Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/mL) and streptomycin (100 U/mL).

In Vitro Meiosis of mGSCs
SK49 cells, inactivated by mitomycin (10µg/mL, M7949, Sigma),
were grown on 12-well plates pre-coated with laminin (20 µg/
mL, L2020, Sigma) to a density of 1 x105 per well. Then mGSCs
were seeded on these Sertoli cells to maintain mGSCs
proliferation for two days at 37°C using medium I, composed
of as described previously (17, 29). To induce meiosis, the cells
were cultured at 34°C. From day 0 to day 3, medium was changed
to medium II, composed of StemPro-34 SFM medium and
StemPro-34 Supplement, 10% KnockOut Serum Replacement
(KSR), 5% fetal bovine serum (FBS), Retinoic acid (RA) (1µM,
R2625, sigma), Recombinant Mouse BMP-4 Protein (20 ng/mL,
5020-BP, R&D Systems), Recombinant Mouse Activin A Protein
(100 ng/mL, 338-AC, R&D Systems), and other components
described in Supplementary Table 1. Starting from day 3 after
meiosis induction, medium was changed to medium III,
composed of StemPro-34 SFM medium and StemPro-34
Supplement, 10% KSR, 5%FBS, RA (1µM), Bovine Pituitary
Extract (BPE) (30µg/mL, 13028014, Thermo Fisher Scientific),
Follicle-stimulating hormone (FSH) (100 ng/mL, F4021, Sigma),
Testosterone (5 µM, 86500, Sigma), and other components
described in Supplementary Table 1, which was refreshed
daily. From day 4 to day 6, the same amount of additional 12-
well plates was prepared and pre-coated with laminin. Then
undifferentiated mGSCs were grown on SK49 Sertoli cells in
medium I. At day 6, the in vitro-induced meiotic cells were
dissociated by accutase (Thermo Fisher Scientific), and were
subsequently seeded on the additional 12-well plates containing
undifferentiated mGSCs and SK49 cells. All cells were
subsequently cultured in medium III. For the control group
without undifferentiated mGSCs, the in vitro-induced germ cells
grow on SK49 Sertoli cells using medium III. From day 6 to day
15, cells were collected for immunocytochemistry.

Immunocytochemistry
Meiotic spread preparations were prepared as previously
described (31). Alternatively, the cells were spread on the slides
using a Cytospin (CELLSPIN, 521-1990, VWR) (17). Briefly, in
vivo spermatocytes were yielded from seminiferous tubules as
previously described (31). Then these spermatocytes were
washed three times with 1x phosphate buffered saline (PBS)
and diluted in 200 mL PBS/1% BSA containing 30,000 to 50,000
cells for each cytospin spot and spun for 7 minutes at 112g.
Similarly, in vitro-induced germ cells were detached from the
culture dish using 0.25% trypsin, and transferred to microscope
Frontiers in Endocrinology | www.frontiersin.org 3
slides by Cytospin. The slides were air dried for 10min, fixed in
4% PFA and stored at 4°C in PBS or stored at -80°C after
air drying.

Immunocytochemistry was performed as described
previously (17). Omission of the primary antibodies and
replacement with mouse, rabbit and sheep isotype IgGs were
used as negative control. Primary antibodies and secondary
antibodies are described in Supplementary Table 2.

Microscopy
Fluorescence microscopy images were acquired using a Plan
Fluotar 100×/1.30 oil objective on a Leica DM5000B microscope
equipped with a Leica DFC365 FX CCD camera. Images were
analyzed using Leica Application Suite X and Image J version
Java 1.8.0_77. The figures and graphs were constructed using
Graphpad prism, Adobe Photoshop CS5 version 13.0.1 and
Adobe illustrator version CS6.

Statistics
For imaging and quantification of meiotic cell types at all
different time points, 3 microscope slides for each time point
from three independent experiments were assessed. For
quantification of RAD51, 13 testicular (in vivo) pachytene
spermatocytes and 13 in vitro-derived pachytene spermatocytes
were assessed. For MLH1, 12 testicular (in vivo) pachytene
spermatocytes and 13 in vitro-derived pachytene spermatocytes
were assessed. Statistical significances between the number of foci
were determined by applying the Student’s t-test.
RESULTS

Complete Meiotic Homologous
Chromosome Synapsis In Vitro
To optimize chromosome synapsis, XY-body formation and
meiotic recombination in our in vitro spermatogenesis system, we
provided a “second wave of in vitro spermatogenesis” by re-plating
in vitro-generated early meiotic cells to an undifferentiated layer
of GSCs growing on freshly plated proliferatively inactivated
SK49 Sertoli cells. The culture system now consists of three time
periods with three different culture media that represent: (1)
spermatogonial self-renewal, (2) spermatogonial differentiation
and initiation of early meiosis, (3) co-culture of meiotic cells with
GSCs(Figure1A). Spermatogonial self-renewal, differentiationand
initiation of meiosis were induced by usingmedium I andmedium
II, respectively, exactly as reported previously (17). Early meiosis
was further supported bya thirdmedium(medium III) that, besides
follicle-stimulating hormone (FSH), testosterone, and bovine
pituitary extract (BPE), also contained retinoic acid (RA). After
an induction period of 6 days, the in vitro-generated spermatocytes
were collected and seeded on plates containing GSCs and SK49
Sertoli cells that were pre-cultured for two days using medium I to
maintain self-renewal. Medium III was subsequently used to
support further meiotic progression of the already in vitro-
generated spermatocytes and simultaneously initiate the
differentiation of the fresh layer of GSCs. To assess meiotic
progression, we collected the cell samples at days 6, 8, 10, 12, 14
October 2021 | Volume 12 | Article 761249
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and 15 (Figure 1A). To monitor synapsis of the homologous
chromosomes, we stained the in vitro-generated spermatocytes
using antibodies against SYCP3, HORMAD1 and CREST serum
tomark the synaptonemal complex, unsynapsed chromosomes and
centromeres, respectively. In linewith the in vivo situation, inwhich
HORMAD1 specifically accumulated on unsynapsed chromosome
axes (Supplementary Figure S1A) (32), we observed that, in vitro,
HORMAD1 co-localized with SYCP3 during the leptotene to
zygotene stages and disappeared from the axial elements as
chromosome synapsis proceeded, ultimately only staining the
unsynapsed X and Y chromosomes at full pachynema
(Figure 1B). We also stained for SYCP1, which is a central
element protein of the synaptonemal complex and thus
specifically marks synapsed areas of meiotic homologous
chromosomes (33). Indeed, we observed no SYCP1 staining
during leptonema, and appearance of several short SYCP1 fibers
during zygonema. While at the early pachytene stage, some axial
elementsmarkedbySYCP3still lackedSYCP1, all SYCP3, excepton
the sex chromosomes, fully co-localized with SYCP1 in in vitro-
generated pachytene spermatocytes (Figure 1C). Such pachytene
spermatocytes weremostly observed fromday 8 to day 12 andwere
Frontiers in Endocrinology | www.frontiersin.org 4
only occasionally present at day 14 (Figure 1A). In addition, early
pachytene spermatocytes were observed from day 8 to day 14, and
leptotene/zygotene spermatocytes from day 3 to day 15
(Figure 1A). Hence, in the current system for in vitromeiosis, full
synapsis of the homologous chromosomeswas achieved fromday 8
to day 12 after induction of meiosis.

XY Body Formation In Vitro
When meiotic synapsis between the autosomes is being
completed, the X and Y chromosomes are transcriptionally
silenced in a condensed chromatin area called the XY body
(34). To investigate whether in vitro- generated pachytene
spermatocytes also form an XY body, we used antibodies
against the DNA damage response proteins gH2AX, MDC1
and ATR that are known to be restricted to the XY body at the
pachytene stage in vivo (35). gH2AX marks DNA double-strand
breaks (DSBs) that are continuously being generated on
unsynapsed meiotic chromosomes (36). As a binding partner
of gH2AX, mediator of DNA damage checkpoint 1 (MDC1)
initiates meiotic sex chromosome inactivation (MSCI) and
mediates XY body formation (37). As described by us (17), in
A

B C

FIGURE 1 | Complete homologous chromosome synapsis during in vitro meiosis. (A). Schematic overview of the in vitro meiosis culture system. Bars above the
timeline represent the period of relatively highly abundant presence of leptotene, zygotene, early pachytene and pachytene spermatocytes. (B, C) Unsynapsed
chromosomes marked with HORMAD1 (B), and synapsed chromosomes marked with SYCP1 (C) in in vitro-generated spermatocytes stained for SYCP3 (red),
centromeres (CREST, white), HORMAD1 (green) or SYCP1 (green). Unsynapsed chromosomes and X and Y chromosomes are shown in dashed box or by
arrowhead respectively. Scale bars, 5µm.
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vitro-generated pachytene-like cells in our pervious culture
system did not display full chromosome synapsis, and thus
gH2AX staining remained present on many autosomes while
no clear XY body could be discerned. However, in the current
culture system, 3 to 4 clear pachytene cells per microscope slide,
from day 8 to day 14 (Figure 2A), were observed to reach full
synapsis of the autosomes, marked by SYCP1 (Figure 2B), while
clear XY bodies were marked by MDC1 (Figure 2B) or gH2AX
and MDC1 (Figure 2C), which is consistent with pachytene
spermatocytes in vivo (Figures 2B, C). Because the
undifferentiated GSCs present in the second culture dish will
also initiate meiosis after the change to medium III upon
addition of the first generation of meiotic cells, the pachytene
spermatocytes (derived from the first generation of meiotic cells)
are massively outnumbered by early meiotic cells (derived from
these GCSs). We therefore quantified the total numbers of these
cell types, and meiotic M-phase cells to record the dynamics of
spermatocyte numbers during the culture period, as presented in
Supplementary Figure S2A.

Similar to gH2AX and MDC1, the ataxia telangiectasia and
Rad3-related protein (ATR) also localizes to unsynapsed
chromosomes and the XY body in vivo (Figure 2D), where it
is involved in MSCI (38). In our culture system, while still being
present on some unsynapsed chromosomes during early
pachynema, ATR-staining now, together with MDC1, appeared
restricted to the sex chromosomes in in vitro-generated
Frontiers in Endocrinology | www.frontiersin.org 5
pachytene cells (Figure 2D). Hence, the current in vitro
meiosis system supports full synapsis of the homologous
chromosomes and formation of the XY body.
Meiotic Recombination Is Not Completed
In Vitro
In vivo, meiotic DSBs are repaired via meiotic recombination,
which eventually leads to formation of meiotic crossovers
between homologous chromosome pairs (39, 40). The number
of initial DSB repair sites, marked by DNA repair protein
RAD51, has a peak at leptonema, after which it starts to
decline from zygotene until about 1-2 meiotic crossovers,
marked by the MutL homolog 1 protein MLH1, remain at the
late pachytene stage (40). In contrast to in vivo pachytene
spermatocytes, in which RAD51-foci were restricted to the X
and Y chromosomes, we observed that RAD51-foci remained
present on almost all autosomes in in vitro-generated pachytene
spermatocytes, even when the XY body, marked by MDC1, was
already formed (Figure 3A).

Finally, we used antibodies against MLH1 to investigated
whether meiotic crossovers were formed in vitro. In addition, we
used antibodies against SYCP1 to mark synapsed homologous
chromosomes and MDC1 to mark the XY body. In comparison
to the in vivo control, which nicely showed 1-2MLH1 foci on every
synapsed chromosome pair, only few meiotic crossovers were
A B

DC

FIGURE 2 | XY body formation during in vitro meiosis. (A) Number of in vitro generated-pachytene cells per microscopy slide. Quantification for each time point was
performed using 3 slides from 3 independent experiments. Data are presented as the mean ± SEM. (B–D) The XY bodies are marked with (B) MDC1, (C) gH2AX
and (D) ATR in in vitro- generated early pachytene and pachytene spermatocytes stained for SYCP3 (red) and MDC1 (white), SYCP1(green), gH2AX (green), or ATR
(green). In vivo pachytene spermatocytes are used for a positive control. Scale bars, 5µm.
October 2021 | Volume 12 | Article 761249
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visible in in vitro-generated pachytene spermatocytes (Figure 3B).
For quantification, the number of RAD51 and MHL1 foci in
pachytene spermatocytes was counted, showing an increase in
RAD51 and a decrease in MLH1 foci in vitro, indicating deficient
meiotic recombination in vitro (Figures 3C, D).
Frontiers in Endocrinology | www.frontiersin.org 6
Meiotic crossovers are required for the formation of chiasmata,
physical links between the homologous chromosome pairs that
ensure proper segregation of the homologous chromosomesduring
thefirstmeioticM-phase (15). In the current culture system, 1-2M-
phase cells per microscope slides were observed between day 8 to
A

B

DC

FIGURE 3 | Incomplete meiotic recombination and inefficient meiotic crossover formation in vitro. (A) DSBs-repair sites, marked with RAD51, are not completely
resolved in in vitro- generated pachytene spermatocytes stained for SYCP3 (red), RAD51 (green) and MDC1 (white). In vivo pachytene spermatocytes are used for a
positive control. (B) Meiotic crossovers marked with MLH1 in in vitro - generated pachytene spermatocytes stained for SYCP1(red), MLH1 (green) and MDC1 (white).
In vivo pachytene spermatocytes are used for a positive control. Scale bars, 5µm. (C, D) Quantification of RAD51-foci per cell nucleus of in vitro pachytene
spermatocytes (n=13) and in vivo pachytene spermatocytes (n=13) and (D) Quantification of MLH1-foci per cell nucleus of in vitro pachytene spermatocytes (n=13)
and in vivo pachytene spermatocytes (n=12). Data are presented as the mean ± SEM. **p < 0.01 (Student’s t-test).
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day 14 after meiotic induction (Supplementary Figure S2A). In
accordance with the very inefficient formation of meiotic
crossovers, these M-phase cells only displayed pairs of sister
chromatids (univalents) with CREST-stained centromeres located
at the ends of the paired sister chromatids (Figure 4A). In addition,
1-2 flower-shaped cells per microscope slide, identified as a type of
premature M-phase cells in our recent study (17), could still be
observed between day 8 to day 15 in this current culture system
(Figure 4B). In all, we conclude that, despite the completion of
synapsis and XY body formation, meiotic crossover formation was
still not completed in vitro, which prevents formation of bivalents
(pairs of homologous chromosomes) during the first meiotic
M-phase.

Fresh Sertoli Cells Alone Can Support
In Vitro Chromosome Synapsis
To investigate whether addition of mGSCs is required for
synapsis and XY-body formation, we next compared the
addition of undifferentiated mGSCs on a freshly plated layer of
proliferatively inactivated SK49 Sertoli cells (group A) to a fresh
layer of SK49 Sertoli cells alone (group B). Again, we used
antibodies against SYCP3, HORMAD1, SYCP1 and MDC1 to
mark the synaptonemal complex, unsynapsed chromosomes,
synapsed chromosomes and XY body formation respectively.
From day 8 to day 12 we observed comparable numbers of
pachytene spermatocytes that displayed fully synapsed
homologous chromosomes and XY-body formation in both
groups (Figures 5A, B and Supplementary Figure S2B).
Moreover, to assess meiotic crossover formation between the
both groups, we used antibodies against SYCP1, MLH1 and
MDC1 to mark synapsed chromosomes, meiotic crossover and
XY body respectively. Again, and in both groups, only very few
Frontiers in Endocrinology | www.frontiersin.org 7
meiotic crossovers could be observed (Figure 5C). In all,
omission of fresh mGSCs did not affect meiotic synapsis and
XY-body formation in this culture system.
DISCUSSION

As described previously (17), in vitro culturedmouse spermatogonia
are able to enter meiosis and reach the meiotic M-phase stages and,
occasionally, form spermatid-like cells. However, the in vitro-
generated pachytene spermatocytes displayed incomplete synapsis
of the homologous chromosomes, did not form an XY body and did
not formmeiotic crossovers. As a result, this led tomeioticMI-phase
cells with univalent chromosomes (pairs of sister chromatids),
instead of bivalents (pairs of homologous chromosomes). Usually,
in vivo, meiotic prophase checkpoints eliminate pachytene
spermatocytes with unsynapsed chromosomes, aberrant XY body
formation or remaining unrepaired meiotic DSBs (12), preventing
such spermatocytes to progress to the metaphase stage. Apparently,
thesemeioticprophase checkpointswerenot functionallyactivated in
our previous culture system.We here aimed to optimize our in vitro
culture system so that it supports full meiotic chromosome synapsis,
XY-body formation and DSB- repair.

In vivo, multiple layers of germ cells and Sertoli cells are well-
organized in the seminiferous tubules of testis, enabling the
interactions of different testicular cells that support complete
spermatogenesis. For instance, retinoic acid does not only induce
spermatogonial differentiation andmeiotic initiation; once germcells
have entered meiosis, pachytene spermatocytes also produce RA to
coordinate spermatogenesis (41). The current culture system, in
which in vitro-generated spermatocytes are transferred to a
A

B

FIGURE 4 | Generation of meiotic M-phase cells and flower-shaped in vitro. The co-immunofluorescent staining of SYCP3 (red), centromeres (CREST, pink) and
DNA (DAPI, white) for in vitro-generated meiotic M-phase cells (A) and “flower-shaped” cells (B). Scale bars, 5mm.
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subsequent culture dish containing fresh spermatogonia and Sertoli
cells, was designed to more closely resemble the in vivo situation in
which germ cells at different developmental stage co-exist. Although
we did find pachytene spermatocytes with complete meiotic
chromosome synapsis and XY-body formation in the current
culture system, the number of pachytene spermatocytes appeared
lowdue to cell loss during the transfer of spermatocytes to the second
dish. The absence of spermatid-like cells may also be due to this loss
in transfer. Interestingly, also transfer of in vitro-generated
spermatocytes to a plate containing only freshly plated Sertoli cells
supported complete meiotic chromosome synapsis and XY-body
formation.Althoughonlyperformedonce inparallelwith the current
Frontiers in Endocrinology | www.frontiersin.org 8
culture system presented here, we never found complete meiotic
chromosome synapsis in our previous culture system (17). Hence,
independent of the presence of additional germ cell types, transfer of
developing meiotic cells to a fresh monolayer of Sertoli cells appears
to be essential for proper meiotic chromosome synapsis.

Still, also in the improved culture system, only very few
meiotic crossovers were formed leading to meiotic MI cells with
univalent instead of bivalent chromosome pairs. Usually, in vivo,
meiotic chromosome synapsis and recombination are two highly
intertwined processes. Homologous chromosome synapsis is
required for DSB-repair sites to develop into meiotic crossovers
and incomplete synapsis will lead to incomplete DSB-repair and
A

B

C

FIGURE 5 | Chromosome synapsis was completed without the addition of fresh mGSCs. (A, B) In vitro - generated pachytene spermatocytes stained for SYCP3
(red), MDC1 (white), (A) HORMAD1 (green) or (B) SYCP1 (green) were observed both group A (undifferentiated mGSCs on a fresh layer of proliferatively inactivated
SK49 Sertoli cells) and group B (a fresh layer of proliferatively inactivated SK49 Sertoli cells alone) from day 8 to day 12. (C) In vitro- generated pachytene
spermatocytes stained for SYCP1 (red), MLH1 (green) and MDC1 (white) in group (A, B). Scale bars, 5mm.
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subsequent failure of crossover formation (33). On the other
hand, the initiation of synapsis requires the introduction of DSBs
(13, 42), impaired meiotic DSB repair causes aberrant
chromosome synapsis and subsequent meiotic prophase arrest
(43, 44). However, during in vitro meiosis, we observed that,
although chromosome synapsis was complete, still very few
crossovers were detected. The reason may be that some DSB
sites were not repaired timely and remained present at synapsed
chromosomes. Indeed, in our in vitro pachytene spermatocytes,
DSB-repair sites marked by RAD51 did not disappear completely
from the autosomal chromosomes. Another reason why still so
few crossovers were formed could be that too many DSBs may be
repaired as non-crossover products in vitro. Also in vivo, only a
small fraction of all DSBs are repaired as crossover products,
although still leading to at least one or two crossovers per
homologous chromosome pair, while the remaining DSBs give
rise to non-crossovers (45). This balance between crossover and
non-crossover formation may be off in vitro.

The lack of influence of co-cultured spermatogonia on meiotic
progression could be due to the fact that they themselves quickly
differentiate and become early spermatocytes. For future
investigations, undifferentiated spermatogonia that are incapable
of differentiation, for instance c-kit knockout spermatogonia, could
be used to ensure continued co-culture with mitotic germ cells. In
addition, in the improved culture system, the in vitro-generated
germ cells can be cultured up to 14 days, which is longer than our
previous culture system and close to the in vivo situation in which
the mouse meiotic prophase normally takes about 2 weeks (46).
However, unlike the in vivo situation, the pachytene spermatocyte
numbers are still relatively low, and most of meiotic cell types are
leptotene and zygotene spermatocytes during the entire
culture period.

The presence of meiotic MI-phase cells with univalent
chromosomes and flower-shaped cells, which entered the meiotic
M-phase prematurely (17), indicates that meiotic checkpoints are
still not fully functional in the current system. To form bivalent
chromosome pairs at MI proper meiotic recombination and
crossover formation are required and in vivo spermatocytes that
fail to do so are eliminated by these checkpoints (12). Even though
meiotic crossovers and meiotic checkpoints are there to ensure
correct chromosome segregation, meiotic crossovers and
subsequent chiasmata formation have been described only rarely
by previous in vitro spermatogenesis studies or studies using ex vivo
cultures of testicular tissues. To our knowledge, only one study
described the formation of chiasmata and bivalent chromosome
pairs in in vitro-generated MI-spermatocytes, however, the meiotic
Frontiers in Endocrinology | www.frontiersin.org 9
recombination process and subsequent crossover formation was
not described (2). Thus, many details about meiotic DSB-repair
and crossover formation during in vitro meiosis remain largely
unknown. Considering the fact that in vitro-generated gametes
may be clinically used in the future, investigation of meiotic DSB
repair and crossover formation, and the checkpoints that monitor
these processes, should be included in the characterization of novel
in vitro gametogenesis protocols. Only then can generation of
gametes without unpaired DSBs or aneuploid sets of chromosomes
be guaranteed.
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