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Functional primordial germ cell-like cells from
pluripotent stem cells in rats
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Tomoya Takashima®®, Keiko Yamauchi?, Fumika Yoshida?, Takuya Yamamoto’®®, Takashi Shinohara'®,
Hiromitsu Nakauchi*", Kazuki Kurimoto®, Masumi Hirabayashi?'?*, Toshihiro Kobayashi®?*+

The in vitro generation of germ cells from pluripotent stem cells (PSCs) can have a substantial effect
on future reproductive medicine and animal breeding. A decade ago, in vitro gametogenesis was
established in the mouse. However, induction of primordial germ cell-like cells (PGCLCs) to produce
gametes has not been achieved in any other species. Here, we demonstrate the induction of functional
PGCLCs from rat PSCs. We show that epiblast-like cells in floating aggregates form rat PGCLCs. The
gonadal somatic cells support maturation and epigenetic reprogramming of the PGCLCs. When rat PGCLCs
are transplanted into the seminiferous tubules of germline-less rats, functional spermatids—that is,
those capable of siring viable offspring—are generated. Insights from our rat model will elucidate
conserved and divergent mechanisms essential for the broad applicability of in vitro gametogenesis.

n mammals, primordial germ cells (PGCs),

which are the precursors of sperm and

eggs, emerge from the pregastrulating epi-

blast. Studies using genetically modified

mice have uncovered key inductive signals
and transcriptional regulators that are essential
for PGC fate (7). However, low numbers (~40 in
mice) of PGCs in early embryos offer a limited
amount of material to access the specific time
window when germ cells are specified. A pio-
neering study from 2011 reconstituted mouse
germ cell specification in vitro by differentiating
mouse pluripotent stem cells (PSCs) into PGC-
like cells (PGCLCs) capable of gametogenesis in
vivo, yielding normal offspring through assisted
reproductive technology (2). Similar in vitro
systems for other mammalian PSCs, including
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humans, have revealed conserved and divergent
mechanisms underlying PGC specification (3-6).
Although the mouse PGCLC (mPGCLC) study
was conducted a decade ago, fully functional
in vitro-derived PGCLCs capable of producing
gametes have not been reported for any other
species. In this study, we demonstrate the suc-
cessful generation of functional PGCLCs from
PSCs in rats (Rattus norvegicus).

Rats and mice share important features; how-
ever, they are distinct species with substantial
differences in physiology, pharmacology, cogni-
tion, and behavior (7). Although mouse embryonic
stem cells (ESCs) were derived more than 40 years

>

in vivo in vitro

ago, isolating rat germline-competent ESCs has
proven to be much more challenging because
of stringent culture requirements (8, 9). Hence,
mice represent the preeminent rodent model
system. Recently, we have made considerable
progress in understanding germline develop-
ment in rats using mutant strains and xeno-
genic models (10, I1). These advances enable us
to explore rat in vitro gametogenesis.

After implantation, the rat blastocyst, similar
to the mouse blastocyst, forms an egg-cylinder
structure that contains a pluripotent epiblast
from which germ cells arise (Fig. 1A). We tested
whether we could use the culture conditions es-
tablished for the mouse [N2B27 medium with
1% knockout serum replacement (KSR), activin,
and basic fibroblast growth factor (bFGF)] to
direct rat PSCs (rPSCs) toward the epiblast-like
cell (EpiL.C) fate for the specification of PGCs. To
monitor the transition out of the pluripotent
state, we used PrdmiI4-H2BVenus rat ESCs (rESCs)
because Prdmi4-H2BVenus specifically marks
the naive pluripotent epiblast and ESCs, but
not the postimplantation formative or primed
epiblast (10). We found that rESCs do not grow
like mouse ESCs (mESCs), which grow as an ad-
herent monolayer in EpiLC medium (fig. S1A).
Instead, undifferentiated rESCs attach loosely to
the feeder cells (fig. S1, B and C) (9). We reasoned
that a floating aggregate culture might support
survival and exit from the naive pluripotent
state in rESCs. Therefore, we seeded trypsinized
rESCs into low-attachment U-bottom plates and
cultured them for 72 hours in EpiLC medium.
rESCs readily form aggregate-like embryoid
bodies without extensive cell death (fig. S1D).
By 72 hours of culture, the aggregates show
reduced levels of Prdm14-H2BVenus, increased
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Fig. 1. Induction of rEpiLCs from rESCs. (A) IF images of rat blastocysts at E4.5 and a postimplantation
embryo at E7.75 (whole mount), rESCs, and rEpiLCs (cryosection). The yellow dashed lines indicate the inner
cell mass at E4.5 and the epiblast at E7.75. DAPI, 4',6-diamidino-2-phenylindole. (B) FACS patterns for
Prdm14-H2BVenus and CD47, with nonreporter and nonstaining rESCs used as controls, respectively.

(C) Volcano plot showing DEGs between rESCs and rEpil.Cs. Scale bars are 50 um. padj, adjusted p value.
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levels of OTX2 (a postimplantation epiblast
marker) and CD47 (a plasma membrane marker
up-regulated in mouse epiblast stem cells) (72),
and steady levels of OCT3/4 (a core pluri-
potency factor) (Fig. 1, A and B, and fig. S1D).
Thus, our culture conditions induced key fea-
tures of EpiLC fate in the rat.

To examine the global gene expression in rat
EpiLCs (rEpiLCs), we performed RNA sequenc-
ing (RNA-seq) on rEpiL.Cs and compared them
with rESCs. We identified differentially expressed
genes (DEGs) among rESCs and rEpil Cs (Fig. 1C).
Each group contained naive or formative and
primed associated genes (highlighted in Fig. 1C).
Taken together, we conclude that rEpiL.Cs in
spherical aggregates induced from naive rESCs
recapitulate features of the in vivo postimplan-
tation epiblast. It is not clear as to why rPSCs
do not form an adherent two-dimensional (2D)
culture; however, the floating aggregates seem
to physiologically resemble in vivo 3D epiblasts.
Indeed, the same 3D system can also be applied
to mESCs (fig. S1E)

Next, we tested whether the rEpil.Cs induced
from rESCs are competent for PGC fate. We
isolated ex vivo epiblast from rat embryos at
embryonic day 7.75 (E7.75), which is before rat
PGCs (rPGCs) are specified (10), and optimized
culture conditions to maintain cell viability and
induce PGC fate from the epiblast (rEpiPGCs).
We determined the optimal PGCLC medium
composition to be that containing N2B27
medium with 5% KSR, bone morphogenetic
protein-4 (BMP4), stem cell factor (SCF), leu-
kemia inhibitory factor (LIF), and epidermal
growth factor (EGF) (methods and fig. S1, F to I).
To exclude potential contamination with pluri-
potent rESCs, which also highly express Prdmi4
(figs. S1D and S2D), we generated Nanos3-12A4-
tdTomato reporter rats to monitor the expression
of Nanos3, a highly conserved germ cell marker.
Nanos3-T2A-tdTomato is specifically expressed
in E9.5 to E15.5 rPGCs, rEpiPGCs, and spermato-
gonia in the adult testes, but not in pre- and
postimplantation epiblasts (fig. S2, A to I).
rESCs derived from Nanos3-T24-tdTomato re-
porter rats (N3T-rESCs) did not show expression
of tdTomato in an undifferentiated state (fig.
S2D). We also confirmed that N3T-rESCs effi-
ciently contribute to the germline in vivo after
injection into blastocysts (fig. S2, J and K). There-
fore, we used N3T-rESCs for the induction of
rEpil.Cs and subsequent rat PGCLCs (rPGCLCs).

Dissociated rESCs were cultured for 48 to
72 hours in EpiL.C medium to form aggregates,
which were transferred into PGCLC medium
containing BMP4, a cytokine that is critical for
PGC fate (13) (Fig. 2A). Within 2 days of cul-
ture in the PGCLC medium, a proportion of
cells in the aggregates started to show expres-
sion of Nanos3-T2A-tdTomato in response to
BMP4 (Fig. 2B and fig. S3, A to E). The expression
peaked at days 2 and 3 and then gradually
declined by day 5, likely owing to low prolif-
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Fig. 2. Induction and maturation of rPGCLCs from rEpiLCs. (A) Experimental design for rPGCLC induction.
(B) Morphology of aggregates during rPGCLC induction from N3T-rESCs visualized by bright-field (top) and
fluorescence imaging (bottom). (C) PCA to compare in vitro and in vivo samples. The gray dashed line represents a
trajectory of germline development. (D) IF images of a cryosection showing DDX4 expression during rPGCLC
maturation in vitro. The white dashed lines indicate N3T* rPGCLCs. (E) Quantification of the indicated epigenetic
marks. The averages and SD are shown. Numbers in parentheses indicate the number of rPGCs or rPGCLCs counted
from IF images. Significance was determined using the Mann-Whitney test. 5mC, 5-methylcytosine; H3K9me?2,
dimethylated histone 3 lysine 9. Scale bars are 100 um in (B) and 50 um in (D).

erative activity of nascent rPGCLCs, as in mice
(fig. S3C) (2). We used Immunofluorescence (IF)
staining to confirm that N3T" cells coexpress the
PGC and pluripotency markers Zfap2c, Oct3/4,
and Sox2, indicating that they resemble in vivo
rPGCs (fig. S3, F and G). rEpiLCs cultured for
48 to 60 hours showed the highest numbers of
rPGCLCs (fig. S3H). This time is longer than that
for PGCLC induction in mice, which peak around
36 to 48 hours (2, 14). The time lag may be
attributed to the 1.5- to 2-day difference in ges-
tation period for the mouse versus rat (10, 15).
We next analyzed the transcriptome of day 3
(d3) rPGCLCs by RNA-seq and compared it
with the transcriptomes of rESCs, rEpiLCs,
in vivo rat epiblast, and rPGCs (10). Hierarchi-
cal clustering and correlation coefficient evalua-
tion of the samples showed that d3 rPGCLCs
closely correlated with E9.5 to E11.5 early rPGCs
(fig. S4, A and B). In the principal components
analysis (PCA), the PC2-PC3 plot reflects the pro-
gression of epiblast toward germline fate both
in vivo and in vitro (Fig. 2C). The d3 rPGCLCs

expressed all the PGC specifiers and pluripo-
tency genes, whereas late PGC marker expres-
sion is lower than that in E15.5 gonadal rPGCs
(fig. S4, C and D). Taken together, we conclude
that the induced rPGCLCs might be equivalent
to the migratory stage of in vivo rPGCs.

To investigate the potential of rPGCLCs to
mature into late PGCs, we reconstituted a go-
nadal environment using rPGCLCs and gonadal
somatic cells, as described for mice (74) (Fig. 2A).
We used E15.5 rat gonads because their sex
can be clearly distinguished morphologically.
To eliminate endogenous rPGCs in gonads,
we explored rPGC-specific cell surface mark-
ers. Notably, stage-specific embryonic anti-
gen 1 (SSEAL1), a widely used surface marker
for mouse PGCs (mPGCs), is not expressed in
rPGCs (fig. S5A). From our transcriptome data-
set, we found that c-Kit is highly up-regulated
in both in vitro and in vivo rPGCs (fig. S4D).
The expression of ¢-KIT overlaps with Prdmi4
and Nanos3 reporters in d3 rPGCLCs and E15.5
gonadal rPGCs (fig. S5, B to E). Day 3 male N3T*
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Fig. 3. Functional validation of rPGCLCs. (A) Prdm14 KO rat testis at 10 weeks after transplantation of
day 3 male N3T/AG-rPGCLCs, visualized by bright-field (top) and fluorescence imaging (bottom). (B) IF of a
cryosection showing testis 10 weeks after transplantation of N3T/AG-rPGCLCs. (C) Offspring from rPGCLC-
derived spermatids generated by ROSI. The inset shows an offspring with placenta. (D) Representative genotyping
result of rPGCLC-derived offspring. M, molecular marker; 1 to 17, samples obtained from individual rPGCLC-
derived offspring; N, negative control (water); P, positive control (N3T/AG-rESCs). (E) Female rat derived from
N3T/AG-rPGCLCs and its offspring. Scale bars are 2 mm in (A) and 100 um in (B).

]
Table 1. Spermatogenesis efficiency after rPGCLC transplantation.

Number of Number of Number of Number of
rPGC or testes with  testes with  EGFP-positive
Parental cells testes ., .
rPGCLC stage transplanted successful  EGFP-positive  tubules in
P transfer tubules each testis
d3 rPGCLC N3T/AG-rESCs no. 3 13 9 of 13 (69%) 6 of 9 (67%) >5, >15'14' 4
d3 rPGCLC N3T/AG-TESCs no. 2 12 70f 12 (58%) 6 of 7 (86%) >5>'5>i' ;5'
d4 rPGCLC N3T/AG-rESCs no. 11 4 4 of 4 (100%) 2 of 4 (50%) >5, 2
d3ag3 rPGCLC ~ N3T/AG-rESCs no. 3 2 10of 2 (50%) 1 of1(100%) >5
d3ag3 rPGCLC ~ N3T/AG-rESCs no. 2 2 10of 2 (50%) 1 of 1 (100%) >5
In vivo rPGC NG I 4 2 of 4 (50%) 2 of 2 (100%) >5, >b

male gonad

rPGCLCs were aggregated with ¢-KIT" rPGC-
depleted male or female gonadal somatic cells
from wild-type rats and cultured for 3 to 6 days
(ag3 to ago; fig. S6A). Male rPGCLCs that ag-
gregated with male gonadal somatic cells lost
Nanos3-T2A-tdTomato expression by day 3 (fig.
S6, A and B), indicating the need for further
optimization, as has recently been demonstrated
for organ culture of neonatal rat testes (16). By
contrast, female gonadal somatic cells could
support the survival of male N3T" rPGCLCs
(fig. S6, A and B). d3ag3 rPGCLCs show an up-
regulation of the markers for late PGCs and
some meiosis-related genes, unlike d3 rPGCLCs
(Fig. 2D and figs. S4, C and D, and S6C). Notably,
the transcriptome of d3ag3 rPGCLCs is similar
to that of E12.5 to E15.5 late rPGCs, and the PCA
showed a comparable trajectory to germline
development in vivo (Fig. 2C and fig. S4, A and
B). Because PGCs undergo extensive epigenetic
reprogramming during development, we next
examined DNA methylation and histone meth-
ylation dynamics in culture. The dynamics of the
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epigenetic changes in culture closely correlate
with in vivo rPGC development (Fig. 2E and fig.
S6, D and E), suggesting that d3 rPGCLCs mature
in vitro toward the gonadal stage with stepwise
progression of epigenetic reprogramming.
Finally, we investigated whether the male
rPGCLCs undergo spermatogenesis in vivo
after transplantation into testes (Fig. 2A). To
monitor germ cell progression in the recipient
testes, we generated Acr3-EGFP (AG) trans-
genic rats that show expression of enhanced
green fluorescent protein (EGFP) specifically
in spermatocytes, round spermatids, and ma-
ture sperm in the testis under the control of the
Acrosin promoter (fig. S7, A to E). We derived
rESCs from blastocysts obtained by crossing a
Nanos3-12A-tdTomato rat with an Acr3-EGFP
rat (hereafter, N3T/AG-rESCs). N3T* day 3 to 4
(d3-4) rPGCLCs or d3ag3 rPGCLCs sorted by
fluorescence-activated cell sorting (FACS) were
transplanted into the seminiferous tubules of
Prdmi4 knockout (Prdmi4 KO) neonatal rats
that completely lacked endogenous germ cells

(I1) (fig. S8A). Eight to 11 weeks after trans-
plantation, we detected Acr3-EGFP expression
in the seminiferous tubules in both d3-4 and
d3ag3 rPGCLC transplanted testes (Table 1,
Fig. 3A, and fig. S8, B, C, and E). The testicular
spermatozoon showed EGFP in the nucleus
(fig. S8D). In the sections, we observed peanut
agglutinin (PNA)-positive round spermatids
and mature sperm (Fig. 3B), demonstrating that
rPGCLCs can complete spermatogenesis in vivo.

The spermatogenic capacity of rPGCs and
rPGCLCs is comparable to that of mPGCs and
mPGCLCs (2) but lower than mouse spermato-
gonial and germline stem cells, likely because
of their developmental differences (17, 18). Ob-
taining rPSC-derived offspring through nat-
ural mating may require further maturation
of rPGCLCs into these stem cells; this merits
additional investigation for future animal-
breeding applications. Instead, we confirmed
the developmental potential of rPGCLC-derived
testicular germ cells by injecting round sper-
matid and testicular sperm into the oocytes
obtained from wild-type rats using round
spermatid injection (ROSI) and testicular
sperm extraction with intracytoplasmic sperm
injection (TESE-ICSI), respectively. At full term
after embryo transfer, 18 (ROSI) and 6 (TESE-
ICSI) live offspring were born and appeared
healthy (Fig. 3C, fig. S8F, and table S3). Both N3T'
and AG transgenes originating from rESCs were
successfully transmitted to the offspring (Fig. 3D).
‘Whereas the body weights of the offspring were
in the normal range, the placenta that was de-
rived from ROSI offspring was significantly
larger than that from control rats (fig. S8, G to I).
Nevertheless, the offspring developed into fertile
and normal adults (Fig. 3E and fig. S8J), suggest-
ing that the induced rPGCLCs in vitro are func-
tional and capable of producing mature gametes.

In vitro systems that differentiate rPSCs to
rPGCLCs could become a useful platform to
examine the function of key transcriptional
regulators during the transition of naive-to-
formative pluripotency and during PGC spec-
ification. As exemplified by PSC research (19),
insights from rats, a distinctive alternative model
to the mouse, will help to define conserved or
divergent principles in germ cell development
within rodents and across mammals. In pri-
mates, PGCLCs can mature to the gonadal stage
in vitro or in vivo (20, 21) but do not progress to
the gamete stage, perhaps owing to limitations
in culture conditions or the lack of suitable
models to test their function in vivo. However,
rodents provide an excellent system for readily
testing the fertility and developmental poten-
tial of in vitro germ cells. Because rats are phys-
iologically more similar to humans than mice
(7), our in vitro gametogenesis system offers
the opportunity to screen causative factors in
inter- or transgenerationally inherited disor-
ders. Advances in the rat model should take us
a step closer to achieving applicable systems
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for other species in domestic animal breeding
and reproductive medicine.
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Generating functional rate gametes

In the past decade, methods have been developed to generate germ cells from pluripotent stem cells for studies of
development and in vitro gametogenesis. However, offspring from in vitro—derived germ cells has only been achieved
in mice. Oikawa et al. extend this work beyond mice to a second rodent species, the rat, a leading animal model for
biomedical research with many physiological similarities to humans. A stepwise protocol allows for the production of
fetal stage rat germ cells that can produce viable offspring upon maturation in the testis and injection of the sperm into
unfertilized oocytes. This system will allow comparative studies and enable broader execution and analysis of in vitro
gametogenesis. —BAP
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