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SUMMARY

In vitro spermatogenesis has been achieved by culturing mouse embryonic stem cells (ESCs) together with a cell suspension of male ju-
venile gonad. However, for human fertility treatment or preservation, patient-specific ESCs or juvenile gonad is not available. We there-
fore aim to achieve in vitro spermatogenesis using male germline stem cells (GSCs) without the use of juvenile gonad. GSCs, when
cultured on immortalized Sertoli cells, were able to enter meiosis, reach the meiotic metaphase stages, and sporadically form sper-
matid-like cells. However, the in vitro-formed pachytene-like spermatocytes did not display full chromosome synapsis and did not
form meiotic crossovers. Despite this, the meiotic checkpoints that usually eliminate such cells to prevent genomic instabilities from be-
ing transmitted to the offspring were not activated, allowing the cells to proceed to the meiotic metaphase stages. In vitro-generated sper-

matid-like cells should thus be thoroughly investigated before being considered for clinical use.

INTRODUCTION

An estimated 10%-15% of couples suffer from subfertility,
of which roughly 50% are diagnosed with male factor infer-
tility (Kumar and Singh, 2015). Almost 7% of all men are
subfertile or infertile in their reproductive age, of which
approximately 10%-15% are not able to generate func-
tional spermatozoa (Hamada et al., 2013; Krausz, 2011).
In many cases, elongated spermatids can be retrieved
from a testis biopsy by testicular sperm extraction, followed
by intracytoplasmic sperm injection. However, when the
process of spermatogenesis itself is disturbed or absent,
causing a total absence of haploid spermatids, no current
treatment options are available.

Although far from human application, several attempts
have therefore been made to recapitulate spermatogenesis
in vitro. This was achieved by complete in vitro differentia-
tion of embryonic stem cells (ESCs) (Easley IV et al., 2012;
Geijsen et al., 2004; Nayernia et al., 2006; Zhou et al.,
2016) or by first differentiating mouse ESCs to primordial
germ cell-like cells (PGCLCs), spermatogonial stem cell-
like cells, or germline stem cell (GSC)-like cells in vitro,
which can undergo spermatogenesis after transplantation
into the seminiferous tubules of infertile mice (Hayashi
etal., 2011; Ishikura et al., 2016; Li et al., 2019). Although
all these studies have reported the generation of haploid
spermatid-like cells, only one study (Zhou et al., 2016)
was able to recapitulate most key events that characterize
successful meiosis and generation of fertile haploid germ
cells in vitro (Handel et al., 2014). This was achieved by dif-
ferentiation of mouse ESCs to PGCLCs, followed by co-cul-
ture with a suspension of neonatal testicular cells (Zhou
et al.,, 2016). However, even in a future clinic, ESCs
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comprising the patient’s own genetic material will most
likely not be available for an adult human patient.

One possible alternative strategy is the in vitro generation
of human PGCLCs (Kojima et al., 2017; Sasaki et al., 2015)
or functional sperm (Easley IV et al., 2012; Eguizabal et al.,
2011) from induced pluripotent stem cells (iPSCs) derived
from one of the patient’s own somatic tissues (Hendriks
et al., 2015a, 2015b). However, although the contribution
of iPSCs to the field of in vitro gametogenesis cannot be
underestimated, the generation of iPSCs still requires a
level of genetic reprogramming, of which the safety is
currently not sufficiently investigated. Moreover,
following current germ cell differentiation protocols in
mice (Zhou et al., 2016), this would still require the use of
a compatible human neonatal testis.

Importantly, in many cases, for instance, when the
absence of haploid spermatids is caused by meiotic arrest
(Jan et al., 2018), the patient still has spermatogonial stem
cells (SSCs). SSCs are adult male GSCs that, via a perfect
balance between self-renewal and differentiation, ensure
lifelong sperm production. For these patients, an alterna-
tive option to restore fertility would be to use their own
SSCs. Recently, a study reported that autologous grafting
of cryopreserved prepubertal testis led to sperm produc-
tion and offspring in a rhesus macaque (Fayomi et al.,
2019). Also, ex vivo culture of testicular grafts of neonatal
mouse testes (Sato et al., 2011a), cryopreserved neonatal
mouse testis tissues (Yokonishi et al., 2014), or imma-
ture/mature mouse testes as hosts transplanted with
SSCs (Sato et al.,, 2011b) resulted in the production of
functional sperm. However, complete in vitro spermato-
genesis in cultured adult human testicular fragments has
not yet been achieved (Medrano et al., 2018; Portela
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et al., 2019a). Meanwhile, human prepubertal (Sadri-Arde-
kani et al., 2011) and adult (Sadri-Ardekani et al., 2009)
SSCs can already be cryopreserved and propagated
in vitro, which could enable their clinical application.
One theoretical option would be to restore the mutation
that causes spermatogenic arrest in SSCs followed by auto-
transplantation (Mulder et al., 2016). However, in addi-
tion to ethical issues concerning germline genome editing
and the practical issue of the remaining uncorrected SSCs
in the testis, the genetics behind spermatogenic failure are
not known in most cases. Although still far away from
clinical application, a way to circumvent this would be
to differentiate SSCs in vitro to generate functional sperm
(Sun et al., 2018). One study used mouse SSCs to generate
a multipotent adult GSC line (maGSCs) that could be
induced to differentiate into haploid male germ cells via
the pluripotent ESC pathway (Nolte et al., 2010). Another
study described the generation of mouse spermatids from
a telomerase-immortalized spermatogonial cell line (Feng
et al.,, 2002). However, because pluripotent cell lines are
not clinically usable, direct induction of primary SSCs
would be preferable. As one of the initial steps in preclin-
ical research, we here describe a protocol for mouse in vitro
meiosis that, to avoid the use of cell lines, iPSCs, or ESC-
like cells, directly uses primary isolated mouse SSCs main-
tained in culture as male GSCs (Kanatsu-Shinohara et al.,
2003). As described (Kanatsu-Shinohara et al., 2003), in
our laboratory these GSCs also retain their stem cell ca-
pacity and are able to undergo full spermatogenesis and
generate healthy offspring after transplantation into the
testes of recipient mice (Mulder et al., 2017). Moreover,
by using retinoic acid (RA) treatment, we are able to
induce spermatogonial differentiation in vitro, which is
an important early step of spermatogenesis that irrevo-
cably pushes the spermatogonia away from self-renewal
in the direction of meiosis (Zheng et al., 2018). In vivo,
spermatogonial differentiation and meiosis are supported
by growth factors and hormones that are secreted by the
Sertoli cells (De Gendt et al, 2004; Ramaswamy and
Weinbauer, 2014). Therefore, we used Sertoli cell lines
with thoroughly investigated phenotypes and characteris-
tics (Matfier, 1980; Walther et al., 1996) as a feeder layer to
support the induction of meiosis in vitro. This not only cir-
cumvents the need for neonatal testicular tissue, which
would interfere with possible future clinical application,
but also avoids potential contamination with Leydig cells,
or even remaining germ cells, during the isolation of Ser-
toli cells. Moreover, it also reduces the need for animal
experimentation. Using fluorescence microscopy, karyo-
typing, and flow cytometry, we monitored meiotic pro-
gression and subsequent germ cell development. We
conclude that, although several studies demonstrate
mouse meiosis to occur in vitro, the function of DNA dam-

age repair and meiotic checkpoints should be further
investigated before human application can be considered.

RESULTS

In Vitro Meiosis on a Feeder Layer of Immortalized
Sertoli Cells

In line with previous reports (Dann et al., 2008; Wang et al.,
2016), we also recently characterized RA-induced sper-
matogonial differentiation (Zheng et al., 2018). Western
blot, qPCR, and RNA-sequence analyses showed substan-
tial downregulation of the SSC self-renewal genes Plzf and
Oct4, while RNA and protein levels of the differentiation
marker STRA8 markedly increased after 3 days of RA expo-
sure. As published previously (Wang et al., 2016), we also
observed that, when induced to differentiate using RA
and grown in vitro on a feeder layer of mouse embryonic fi-
broblasts (MEFs), GSCs can develop into zygotene sper-
matocytes and, occasionally, even form pachytene-like
spermatocytes. However, further germ cell development
does not occur using this culture system.

With the aim to facilitate complete meiosis in vitro, we
cultured the cells at 34°C and chose to use the Sertoli cell
line SK49 as a feeder layer to support in vitro germ cell devel-
opment. In addition, to better mimic the in vivo microenvi-
ronment, the culture plates were precoated with laminin.
The culture system consisted of three stages, with three
different culture media, that represent (1) spermatogonial
self-renewal/proliferation, (2) SSC differentiation and early
meiosis, and (3) meiosis and formation of spermatid-like
cells (Figures 1A and 1B). During the first stage the GSCs
were cultured with the factors known to be necessary for
maintaining SSC self-renewal, glial-derived neurotrophic
factor (GDNF), basic fibroblast growth factor (bFGF), and
epidermal growth factor (EGF) (Kanatsu-Shinohara et al.,
2003), and behaved exactly as described previously (Zheng
et al.,, 2018). Also, spermatogonial differentiation was
induced exactly as reported previously by us (Zheng
et al., 2018) by replacing the medium with medium con-
taining RA, activin A, and bone morphogenetic protein 4
(BMP4). Finally, to establish meiotic progression, the me-
dium was replaced with medium containing follicle-stimu-
lating hormone (FSH), testosterone, and bovine pituitary
extract (BPE) to induce meiotic progression and subsequent
spermatid formation.

To monitor germ cell development, we harvested cells O,
1, 3, 5, 7, and 9 days after spermatogonial differentiation
and visualized DNA, the synaptonemal complex, centro-
meres, and acrosome formation using DAPI; antibodies
against SYCP3; CREST serum; and peanut agglutinin
(PNA) (Figures 1C and 1D). Most stages of meiosis could
be observed in vitro, including leptotene, zygotene,

Stem Cell Reports | Vol. I5 | 1140—1153 | November 10,2020 1141

)
©



'O‘

&

A and Post:
Prophase
GDNF+bFGF+EGF+LIF, RA+ Activin A+ BMP4 BPE+FSH-+Testosterone
Day -2 Day O Day 3 Day 9
B
Pre-meiosis Prophase Metaphase Post-meiosis
Spermatogonia Leptonema Zygonema Flower-shaped cell Pachynema Round spermatid-like cell
C
CREST CREST DAPI MERGE

D
]

Leptotene
Flower-sha

M-phase

Zygotene

Pachytene-like

)
=
-
ko]
=
©
£
=
@
o
(%]

/CREST

Figure 1. GSCs Undergo Meiosis In Vitro on a Feeder Layer of Immortalized Sertoli Cells
(A) Schematic overview of the three-step in vitro meiosis culture system. Bars above the timeline represent the period of relatively highly
abundant presence of meiotic prophase I, flower-shaped, and meiotic M-phase/post-M-phase cells.

(B) Graphic of the different stages of in vitro germ cell development.

(C) Different stages of the meiotic prophase in vitro, including leptotene, zygotene, and pachytene-like, stained for SYCP3 (green),

centromeres (CREST, white), and DNA (DAPI, blue).

(D) In vitro-generated flower-shaped, meiotic M-phase, and spermatid-like cells, stained for SYCP3 (green), centromeres (CREST, red), PNA
(green), and DNA (DAPI, white/blue in merged). Regions inside dashed boxes are shown at higher magnification in the following image.

Scale bars, 10 um.

pachytene-like, meiotic metaphase (M-phase) cells, and,
although rarely, spermatid-like cells (Figures 1B-1D). At
day 3, leptotene cells appeared, and the first zygotene cells
could be observed at day 3 (Figure 2A). Atday 5, SYCP3-pos-
itive cells with “flower-shaped” chromosome morphology
started to appear (Figures 1B, 1D, and 2A), which, to our
knowledge, have not been reported before. Pachytene-
like cells, although very rarely, also started to appear at
day 5, while meiotic M-phase cells were present at day 7
and day 9 (Figure 2A). In contrast to mitotic M-phase cells,
meiotic M-phase cells are characterized by SYCP3 staining
at their centromeres, which promotes biorientation of the
homologous chromosomes before chromosome segrega-
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tion (Bisig et al., 2012). Spermatid-like cells could be
observed occasionally after day 7. However, this cell type
was observed only rarely, at the rate of one to three cells
per microscope slide, and was mostly absent.

In Vitro Meiosis Depends on the Type of Sertoli Cells
and Temperature

To investigate the influence of different Sertoli cell lines
and different temperatures on in vitro spermatogenesis,
we repeated the in vitro experiments using a feeder layer
of either SK49 or TM4 Sertoli cells at 34°C or 37°C. Hence,
four culture conditions, namely 34°C-SK49, 34°C-TM4,
37°C-SK49, and 37°C-TM4, were compared. Cells were
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Figure 2. GSCs Undergo Meiosis In Vitro Most Efficiently at 34°C on SK49 Sertoli Cells
(A-D) Quantification of different cell types of in vitro gametogenesis at (A) 34°C on SK49 Sertoli cells, (B) 34°C on TM4 Sertoli cells, (C)

37°C on SK49 Sertoli cells, and (D) 37°C on TM4 Sertoli cells.

(E) Percentage of zygotene cells at day 5 at 34°C on SK49 Sertoli cells, 34°C on TM4 Sertoli cells, 37°C on SK49 Sertoli cells, and 37°Con TM4

Sertoli cells.

(F) Percentage of zygotene, pachytene-like, and meiotic M-phase cells at day 7 at 34°C and 37°C on SK49 Sertoli cells. Data are presented

as the mean + SEM, n = 3. *p < 0.05.

again harvested at 0, 1, 3, 5, 7, and 9 days of culture and
studied using immunocytochemistry. The proportion of
each cell type was quantified (Figures 2A-2D). Because
many germ cells died after 4 days when grown on TM4 Ser-
toli cells, and the number of meiotic cells was too rare to
count after 5 days, we stopped after day 5 in the TM4 group.
For the same reason, the experiment was stopped after
7 days in the 37°C-SK49 group. We found that GSCs could
be cultured for a longer time and had a higher differentia-

tion efficiency in the SK49 group at both 34°C and 37°C
(Figures 2A and 2C). Only about 2% of pachytene-like cells
could be detected and less than 1% M-phase cells could be
observed by co-culturing with TM4 at 34°C (Figure 2B),
while no meiotic progression beyond zygotene could be
observed in the 37°C-TM4 group (Figure 2D).

To assess the efficiency of early meiotic progression in all
groups, we compared the number of zygotene spermato-
cytes at day 5. The percentage of zygotene cells in the
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37°C-SK49 and 37°C-TM4 groups at day 5 was significantly
higher than in the 34°C-SK49 and 34°C-TM4 groups (Fig-
ure 2E), while there was no significant difference between
the SK49 and the TM4 groups when cultured at the same
temperature.

For the SK49 groups, we additionally compared the num-
ber of zygotene, pachytene-like, and M-phase cells at 34°C
and 37°C after 7 days of culture. Although the percentage
of zygotene cells did not differ between 34°C and 37°C,
the number of pachytene-like cells in the 37°C-SK49 group
was significantly higher than that in the 34°C-SK49 group
(Figure 2F). However, the number of M-phase cells at day 7
was significantly higher at 34°C (Figure 2F). In all, only
SK49 Sertoli cells were able to support full meiosis, and all
further experiments were conducted using SK49 Sertoli
cells and at the optimal temperature of 34°C.

Meiotic Homologous Chromosome Synapsis and DNA
Double-Strand Break Repair Are Not Completed
In Vitro
To further characterize in vitro meiosis, we stained in vitro-
formed spermatocytes using antibodies against yYH2AX, a
marker for DNA double-strand breaks (DSBs) that stains un-
synapsed chromosomes and is usually restricted to the XY
body during pachytene in vivo (Figure S1A) (Mahadevaiah
et al.,, 2001). During the in vitro leptotene and zygotene
stages, when chromosome synapsis is still proceeding, we
observed yYH2AX staining throughout the nucleus. How-
ever, in vitro, this staining did not disappear completely,
and clear YH2AX staining remained present on many auto-
somes during the pachytene-like stage (Figure 3A).
Similarly, although independent of the presence of DSBs
(Bellani et al., 2005; Widger et al., 2018), the ataxia telangi-
ectasia and Rad3-related protein (ATR) is known to remain
during pachytene only on unsynapsed meiotic homolo-
gous chromosomes (Royo et al., 2013). In line with ATR
staining for in vivo spermatocytes (Figure S1C), we found
ATR staining as small dots in the nucleus during the
in vitro leptotene stage, while it was located at the unsy-
napsed axial elements of the synaptonemal complex dur-
ing the in vitro zygotene stage. However, like for YH2AX,
we observed remaining ATR staining on many homologous
chromosome pairs in in vitro-generated pachytene-like
cells, while ATR staining appeared only on the XY body
in pachytene spermatocytes in vivo (Figures 3B and S1C).
In vivo, early repair of meiotic DSBs is marked by RADS1
(Moens et al., 2002), which forms small foci during the
leptotene and zygotene meiotic stages (Figure S1B). In our
in vitro system we indeed observed RADS51 foci throughout
the nucleus in leptotene cells that accumulated along axial
elements of the synaptonemal complex at the zygotene
stage. However, at the pachytene-like stage, many RADS51
foci remained present, while in vivo RADS1 foci become
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restricted to the unsynapsed X and Y chromosome XY
body in pachytene spermatocytes, indicating suboptimal
synapsis or DSB repair during in vitro meiosis (Figures 4A
and S1B).

Optimal meiotic DSB repair will normally lead to forma-
tion of one or two meiotic crossovers per homologous chro-
mosome pair, which, at the pachytene stage, can be marked
using antibodies against the MutL homolog 1 protein
MLH1 (Moens et al., 2002). These crossovers ensure that
the homologous chromosomes remain paired as bivalents
until the first meiotic M phase. To investigate crossover for-
mation in vitro, we stained for MLH1 in in vitro-generated
pachytene-like spermatocytes. Although control pachy-
tene spermatocytes, obtained from control intact testis, dis-
played MLH1 foci as expected, no MLH1 foci were observed
in in vitro-generated pachytene-like spermatocytes (Fig-
ure 4B). Because meiotic crossovers are essential to form
bivalents, we followed a karyotyping meiotic spreading
protocol at day 8 after spermatogonial differentiation to
better visualize the chromosomes of in vitro-generated
meiotic M phase. In accordance with the absence of
MLH1 foci, only M-phase cells with univalents were
formed in vitro (Figure 4C).

In Vitro-Formed Flower-Shaped Cells Are Most Likely
Premature Meiotic M-Phase Cells

A cell type that we observed, but that to our knowledge
does not exist in vivo, is the flower-shaped meiotic cell.
Because all their centromeres are located in the center
of the cell (Figure 1D), we investigated whether these
might represent some sort of chromosome bouquet for-
mation. Chromosome bouquet formation is the phe-
nomenon of the movement and clustering of telomeres
along the nuclear envelope during meiosis in (pre-)zygo-
tene that precedes homologous chromosome pairing
(Scherthan et al., 1996). Clustered attachment of the
telomeres to the nuclear envelope is characterized by
co-localization of the protein SUN1, which is essential
for this process (Ding et al., 2007). Because mouse cen-
tromeres are located at one of the telomeric ends, they
also co-localize with SUN1 in zygotene and pachytene
in spermatocytes in vivo (Figure S1D). However, in the
flower-shaped cells in our culture system, SUN1 did not
co-localize with centrally clustered centromeres and
these cells did not appear to be meiotic bouquet cells
(Figure 5A).

Based on DAPI staining of DNA, the chromatin in the
flower-shaped cells appears totally different from a meiotic
bouquet. The condensed meiotic chromosomes appear to
be in M phase. However, in contrast to the small patches
of SYCP3 around the centromeres that we observed in
“true” M-phase cells, they displayed long fragmented
stretches of SYCP3 along their entire chromosome lengths
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(Figure 1D). Moreover, they appeared in culture before the
appearance of pachytene-like spermatocytes (Figures 1A,
1B, and 2A). It has been shown that isolated spermatocytes
can be induced into an M-phase-like state prematurely by
okadaic acid (OA) (Tarsounas et al., 1999; Wiltshire et al.,
1995). To explore whether the flower cells could be meiotic
cells that prematurely entered the first meiotic M-phase
(MI), we forced in vitro-generated spermatocytes into MI
by adding OA to the culture medium at day 9 and
compared their morphology with that of the flower-shaped
cells. We found that M-phase-like cells could be produced
after 4 h of OA treatment. In line with a previous study
(Gomez et al., 2016), the distribution of SYCP3 in the

Figure 3. Incomplete Synapsis of the Ho-
mologous Chromosome Synapsis during
In Vitro Meiosis

Unsynapsed homologous chromosomes
marked with yH2AX (A) or ATR (B) remain in
in vitro-generated pachytene-like sper-
matocytes stained for SYCP3 (green), YH2AX
or ATR (red), centromeres (CREST, white),
and DNA (DAPI, blue in merged images).
Regions inside dashed boxes are shown at
higher magnification in the following im-
age. Scale bars, 5 um.

OA-induced MI-like cells was similar to that in the flower-
shaped cells and formed fragmented stretches along the
condensed chromosome arms (Figure 5B). However, in
contrast to flower-shaped cells, the centromeres of OA-
induced cells were not clustered in the middle of the cells
(Figure 5B). Moreover, we did not observe an increased
number of flower-shaped cells in response to OA. Unlike
the OA-induced MI-like cells, M-phase cells in the in vitro
differentiation cultures without OA treatment did not
display stretches of SYCP3, but only staining at the centro-
mere region (Figure 1D).

To further investigate whether the flower-shaped cells
could be premature M-phase spermatocytes, we studied
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in vitro meiotic spindle formation by using an antibody
against o-Tubulin (Figure 5C). As a positive control we
used undifferentiated mitotically dividing GSCs. In these
mitotic M-phase cells no SYCP3 was present on the chro-
mosomes, which were condensed with their centromeres
co-localizing with a-Tubulin-fibers. In in vitro-generated
meiotic M-phase spermatocytes, the «-Tubulin-fibers
looked a bit less organized but were nevertheless clearly
visible and also ended co-localizing with the centromeres
and small patches of SYCP3. In the flower-shaped cells
a-Tubulin was mostly present in the center, clustering
together with the centromeres. Nevertheless, a-Tubulin-
fibers were also clearly visible and appeared very similar
to those in in vitro-generated meiotic M-phase cells.
Hence, the flower-shaped cells appeared very similar to
in vitro-generated meiotic M-phase cells, with the differ-
ence that their centromeres were clustered in the center
of the cell. In addition, SYCP3 in the flower-shaped cells
was not restricted to the centromeric sites, similar to the
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Figure 4. Meiotic DNA Double-Strand
Breaks Are Initiated but No Crossovers
Are Formed In Vitro

(A and B) DSBs marked by RAD51 (A) are
initiated in in vitro-generated leptotene
spermatocytes but are not completely
resolved at the pachytene-like stage.
Stained for SYCP3 (green), RAD51 (red),
centromeres (CREST, white), and DNA
(DAPI, blue in merged images). Regions
inside dashed boxes are shown at higher
magnification in the following image.
Meiotic crossovers marked by MLH1 (B) are
not formed in vitro (top) as compared with
in vivo (bottom); SYCP3 (red) and MLH1
(green).

(C) Karyotype of in vitro-generated meiotic
M-phase cells displaying univalents (pairs of
sister chromosomes). Scale bars, 5 um.

meiotic cells that were prematurely forced into M phase
by OA treatment.

In line with an M-phase phenotype, the flower-shaped
cells often appear in pairs. In contrast to single flower cells,
each of the cells within these pairs contains about half the
centromere dots (Figure 5D). However, in contrast to a
well-organized division, these are not exactly evenly divided
(Figure SE). All things considered, we conclude that the
flower-shaped cells are most likely in vitro-generated meiotic
cells that prematurely entered the meiotic M phase, causing
an uneven division of the meiotic chromosomes.

Inefficient Generation of Round Spermatid-like Cells

Occasionally, but very rarely, we observed the generation of
round spermatid-like cells that also formed an acrosome-
like structure that stained positive for PNA (Figure 1D). To
further analyze the appearance of these cells, generally af-
ter day 7, we harvested cells at day 8, followed by fluores-
cence-activated cell sorting (FACS) for DNA content. As



A SYCP3/

/CREST

B SYCP3 CREST

g

£

o

<

o

Mphase- like

c

- CREST _ a-Tubulin

2

2

o

=

o

Mitosis

M-phase

CREST DAPI

Figure 5. In Vitro-Formed Flower-Shaped
Cells Resemble Premature M-Phase
Spermatocytes

(A) Unlike bouquet-stage meiotic cells, the
clustered centromeres in the flower-shaped
cells (CREST, white) do not co-localize with
the protein SUN1 (green).

(B) Like flower-shaped cells, okadaic acid
(OA)-induced M-phase cells also form
stretches of SYCP3 along the chromosome
arms; SYCP3 (red in merged), centromeres
(CREST, white in merged), and DNA (DAPI,
blue in merged).

(C) As in mitotic and meiotic M-phase cells,
a-Tubulin (red) in flower-shaped cells forms
stretches that end by co-localizing with the
centromeres (CREST, white in merged;
SYCP3, green).

(D) The flower-shaped cells frequently
appear in pairs of recently divided cells
containing about half of the chromosomes;
SYCP3 (green), centromeres (CREST, red),
and DNA (DAPI, white/blue in merged).

(E) Pairs of flower-shaped cells display an
uneven distribution of chromosomes (cen-
tromeres) between the first (1#) and the
second (2#) cell within a pair; **p < 0.01.
Scale bars, 5 pm.
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negative control for a possible haploid peak (1C) we used
undifferentiated GSCs. For positive control we used mouse
testicular cells. The experimental group generated a
rounded peak in the FACS analyses that may include 1C-
haploid cells (Figure 6A). In line with the microscopy re-
sults, we also found a clear 4C region in the experimental
group. However, the peak of this region appeared moved
to the left, which may be caused by premature meiotic en-
try and M phase before completion of the meiotic S phase.
Subsequently, we sorted cells present in the putative “1C
region” and made cytospin microscope slides to stain for
the acrosome marker PNA. Of approximately 500 sorted
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cells only 10 appeared positive for PNA (Figure 6B). As pos-
itive control we used mouse testis sections, in which a clear
PNA-positive acrosome cap was visible on the round sper-
matids. Hence, spermiogenesis seems to occur in vitro, but
with very low efficiency and resulting in mostly sper-
matid-like cells with irregular chromosomal content.

DISCUSSION

In our study, we investigated whether spermatogenesis can
be mimicked in vitro in a cell culture by starting with freshly
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Figure 6. Inefficient Generation of Round Spermatid-Llike Cells In Vitro
(A) FACS analysis on DNA content of GSCs cultured in an in vitro meiosis system at day 8 compared with undifferentiated GSCs and mouse

testicular cells.

(B) Acrosome staining (PNA, green) of 1C-sorted spermatid-like cells (top) compared with spermatids in normal mouse testis sections

(bottom). Scale bar, 8 um.

isolated SSCs without co-culture with juvenile gonadal tis-
sue. To this end, we used primary isolated mouse spermato-
gonia, referred to as male GSCs (Kanatsu-Shinohara et al.,
2003). Using a three-step culture system, including germ
cell culture on a feeder layer of Sertoli cells, we observed
initiation and progression of meiosis in vitro. However,
the first meiotic prophase proceeded faster than in vivo,
with many unsynapsed areas between homologous chro-
mosomes at the pachytene-like stage, and no visible
meiotic crossovers. This led to formation of meiotic
M-phase cells with univalents (pairs of sister chromo-
somes) at a stage during which bivalents (pairs of homolo-
gous chromosomes) should be present. Spermatid-like
cells, although stained for the acrosome marker PNA,
were formed at only very low efficiency. In addition, before
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the appearance of pachytene-like spermatocytes, the
meiotic M phase was often initiated prematurely in vitro,
visible as flower-shaped cells that, to our knowledge, have
not been described previously.

In line with other studies that used FACS for the analysis
and isolation of in vitro-formed round spermatids (Geijsen
et al., 2004; Nayernia et al., 2006; Sato et al., 2011a; Zhou
et al., 2016), we used FACS to determine the DNA content
of in vitro-generated meiotic and spermatid-like cells. The
aberrant divisions of these flower-shaped cells may explain
the round, broader 1C peak in our FACS analysis. If this
peak really represented haploid spermatids, one would
expect a high number of PNA-positive cells. However, sper-
matid-like PNA-positive cells occurred only extremely
rarely in our culture system. Due to their low numbers,



these cells could not be isolated for further analysis, but,
considering the absence of meiotic crossovers in our
in vitro system, we would expect that most of them would
be aneuploid. In addition, premature M phase of the
flower-shaped cells may also explain the lower DNA con-
tent of the 4C peak within the 4C region. This could be
caused by meiotic entry before completion of the meiotic
S phase after spermatogonial differentiation in combina-
tion with the low abundance of mitotically active cells at
day 8, which affects the mitotic S- and G2-phase peaks.

As published for the culture of neonatal mouse testis tis-
sue fragments (Gohbara et al., 2010; Sato et al., 2011a), the
optimal temperature for in vitro spermatogenesis appears to
be 34°C, rather than the 37°C normal for most cell culture
systems. Indeed, it is also known that scrotal temperature is
usually several degrees lower than the core body tempera-
ture (Waites and Setchell, 1964; Werdelin and Nilsonne,
1999). However, lowering the temperature to 34°C did
not prevent the observed block in in vitro meiotic divisions
and haploid spermatid production. Moreover, in our exper-
iments comparing two Sertoli cell lines and in testis tissue
fragment cultures (Portela et al., 2019b), the somatic back-
ground seems to have a determinative effect on the germ
cell developmental potential in vitro. Apart from the so-
matic supporting cells, the genetic background of the
SSCs also determines how well they can be maintained
in vitro (Kanatsu-Shinohara et al.,, 2003; Portela et al.,
2019b). Should any form of in vitro gametogenesis be
considered as treatment for human infertility, the molecu-
lar mechanism that underlies these differences should be
investigated. These mechanisms are also highly relevant
for any fertility treatment or preservation/restoration strat-
egy that depends on culture of human SSCs. Without
further research in this area, varying chances of success
will be patient specific and not understood.

Strikingly, in vitro spermatogenesis seems more difficult
to achieve when using SSCs as a starting point than when
starting with pluripotent stem cells. In 2016, Zhou et al.
used ESCs to generate PGCLCs that were induced to
undergo meiosis while being co-cultured with juvenile
testicular cells (Zhou et al., 2016). Another study used a
Stra8-EGFP transgenic mouse line to isolate fluorescent
spermatogonia and generate maGSCs that differentiated
to spermatids via the ESC-like pathway (Nolte et al.,
2010). Importantly, in these systems, PGCLCs or ESC-like
cells are directly induced to enter meiosis, skipping the
SSC (undifferentiated spermatogonia) and differentiation
(differentiating spermatogonia) stages that normally occur
during post-pubertal spermatogenesis in vivo (de Rooij and
Russell, 2000). Our in vitro spermatogenesis system starts
with undifferentiated spermatogonia that, as in vivo, are
first induced to become differentiating spermatogonia
(Zheng et al., 2018) before induction of meiosis, giving

them another starting point for meiosis induction
compared with pluripotent stem cell-derived PGCLCs.

In contrast to the mitotic prophase, which takes only mi-
nutes, the mouse meiotic prophase normally takes about
2 weeks (Oakberg, 1956). When meiosis is initiated, a
meiotic cell-cycle program including the proteins MEIOC
and YTDC2 suppresses mitotic cell-cycle factors, such as
Cyclin A2, that are present in spermatogonia (Soh et al.,
2017). In our culture system, M-phase meiotic cells appear
already after 7 days, which could thus be due to mitotic
cell-cycle factors still present during the meiotic prophase
in vitro. In addition, we observed flower-shaped cells that
appeared to have entered the meiotic M phase prematurely,
before the appearance of pachytene-like cells. Comparable
to these flower-shaped cells, Meioc /=~ mice also prema-
turely initiate the meiotic M phase, which also leads to
meiotic M-phase spermatocytes that form only univalent
metaphases (Soh et al.,, 2017). However, unlike our cells
with flower-shaped chromatin arrangements, Meioc™'~
spermatocytes do not cluster their centromeres in the mid-
dle of the cell.

Other meiotic problems we observed in vitro could also be
due to a shortened prophase time, for instance, the lower
efficiency of synapsis between the homologous chromo-
somes. However, when starting with PGCLCs, the meiotic
prophase could be finished within 1 week without reported
problems with chromosome synapsis, at which 64% of the
cultured cells were at the pachytene stage and 50% cells
had entered the diplotene stage (Zhou et al., 2016). Appar-
ently, the starting cell type has more influence on the
completion of synapsis than the shortened prophase. On
the other hand, when PGCLCs were co-cultured with em-
bryonic ovary tissue to generate oocytes, about 55% of
pachytene-like oocytes displayed unsynapsed homologous
chromosomes in vitro, compared with only 5% in vivo (Hi-
kabe et al., 2016). In another study, PGCLCs were induced
by BMP2 and RA without the use of gonadal somatic cells,
leading to in vitro generation of about 12% pachytene-like
oocytes (Miyauchi et al., 2017). When PGCLCs were trans-
fected to overexpress ZGLP1, a determinant for the oogenic
fate in mice, up to 14% of them proceeded to the pachy-
tene-like stage (Nagaoka et al., 2020). In contrast, in vivo,
almost all oocytes reach the pachytene stage (Borum,
1961). Hence, inefficient synapsis of the homologous chro-
mosomes during the pachytene stage seems characteristic
of in vitro meiosis.

Apart from chromosome synapsis, the in vitro-generated
spermatocytes also appear to have problems with the repair
of meiotic DNA DSBs. In vivo, the repair of these DSBs both
initiates and requires normal meiotic chromosome synap-
sis. Moreover, proper DSB repair leads to the formation of
at least one meiotic crossover per homologous chromo-
some pair (de Massy, 2013). These meiotic crossovers
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physically link the homologous chromosome pairs at the
start of the first meiotic M phase, leading to the typical
bivalent shape of these chromosome pairs. Although early
DSB repair is initiated in our in vitro system, meiotic cross-
overs are not formed, perhaps because synapsis is incom-
plete. As a consequence, the homologous chromosomes
are not paired in bivalents during the first meiotic M phase
in vitro, but instead appear as univalent pairs of sister
chromatids.

Both in mouse (de Rooij and de Boer, 2003; Hamer
et al., 2008) and in human (Jan et al., 2018), failure of
meiotic DSB repair or chromosome synapsis leads to
meiotic prophase arrest and subsequent spermatocyte
apoptosis. Meiotic arrest prevents the occurrence of uni-
valent chromosomes at the first meiotic M phase, which
otherwise could lead to improper chromosome alignment
during the first meiotic division and subsequent forma-
tion of aneuploid gametes. Importantly, meiotic check-
points have so far not been investigated for in vitro game-
togenesis. We now show that, despite the presence of
unsynapsed chromosomal regions and lack of meiotic
crossovers, in vitro-generated spermatocytes still proceed
to the meiotic M phase and thus lack a fully functional
meiotic prophase checkpoint. Before in vitro gametogen-
esis can be considered for clinical use, regardless of
whether pluripotent stem cells or spermatogonia are
used as the starting cell type, meiotic checkpoint func-
tionality should be investigated because meiotic check-
points prevent certain genomic abnormalities from being
passed on to the offspring. We therefore argue that, in
addition to chromosome content and organization,
proper meiotic recombination, and viable euploid
offspring, as outlined by Handel and colleagues in 2014
(Handel et al.,, 2014), analysis of meiotic checkpoints
should be added to the “gold standards” of in vitro-derived
gametes.

EXPERIMENTAL PROCEDURES

Animals

Neonatal (4-5 dpp) DBA/2J male mice were used for isolation of
primary spermatogonia (male GSCs). All animal procedures were
in accordance with and approved by the animal ethics committee
of the Amsterdam UMC, Academic Medical Center, University of
Amsterdam.

In Vitro Meiosis of GSCs

GSCs, cultured on a feeder layer of mitomycin-inactivated Sertoli
cells, were induced to undergo meiosis by StemPro-34 SFM me-
dium containing StemPro-34 supplement, 10% KnockOut serum
replacement (KSR), RA, recombinant mouse BMP4 protein, and
recombinant mouse Activin A protein; this was followed by
StemPro-34 SFM medium containing StemPro-34 supplement,
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10% KSR, BPE, FSH, and testosterone. For details see Supplemental
Experimental Procedures.

Cytology

Meiotic spread preparations were prepared as previously described
(Jan et al., 2018). Alternatively, all cultured cells, including
non-adherent cells, were spread on the slides using a cytospin
(CELLSPIN, 521-1990, VWR). Details of the cytospin procedure
can be found in the Supplemental Experimental Procedures.

To visualize the progress of spermatogenesis in vitro, cytospin
slides were used. After the cells were cytospun, they (cytospins)
were fixed, permeabilized, and blocked as previously described
(Zheng et al., 2017), followed by overnight incubation at 4°C
with primary antibodies (Table S1). For negative controls, primary
antibodies were replaced with complementary immunoglobulin
G. On the next day, the cytospins were washed and incubated
with the corresponding host-specific secondary antibodies (Table
S1) and counterstained with DAPI. The cytospins were mounted
with Prolong Gold anti-fade mountant (Thermo Fisher Scientific)
and later visualized using a Leica DM5000B microscope.

Images were analyzed using Leica Application Suite X and Im-
ageJ] version Java 1.8.0_77. The figures were constructed using
Adobe Photoshop CS5 version 13.0.1 and Adobe illustrator
version CS6.

For OA-induced generation of M-phase-like cells, karyotyping,
and flow cytometry, see Supplemental Experimental Procedures.

Statistics

For quantification of meiotic progression of the early time points
(0 and 3 days), at least 100 cells of each group were assessed,
leading to a total of at least 300 cells in each group of three inde-
pendent experiments, excluding Sertoli cells and MEFs based on
nuclear size. At later time points (5, 7, and 9 days), because the
number of meiotic cells was decreasing, at least 70 cells of each
group were assessed, leading to a total of at least 210 cells in each
group of three independent experiments. Differences among
groups were assessed using one-way ANOVA followed by a least sig-
nificant difference test. Data are presented as the mean + SEM of
three independent experiments (n = 3).
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Supplemental Information can be found online at https://doi.org/
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