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MOTIVATION Pluripotent stem cells (PSCs) that mirror the pluripotent state in the pre-gastrulation epiblast
allow us to examine the molecular mechanisms underlying pluripotent transitions and the differentiation of
germ lineandsoma.Despite ratsbeingaprominentanimalmodel forbiomedical research,alongsidemice, there
hasbeen limited investigation into thederivationandcharacterizationof ratPSCsderived from thepost-implan-
tation epiblast (rEpiSCs). This study explores the optimal culture conditions for successfully deriving and ex-
panding rEpiSCs. Additionally, we investigate themolecular characteristics of established rEpiSCs, their ability
to reset to a naive pluripotent state, and their competence in producing functional germ cells.
SUMMARY
In mammals, pluripotent cells transit through a continuum of distinct molecular and functional states en route
to initiating lineage specification. Capturing pluripotent stem cells (PSCs) mirroring in vivo pluripotent states
provides accessible in vitro models to study the pluripotency program and mechanisms underlying lineage
restriction. Here, we develop optimal culture conditions to derive and propagate post-implantation epiblast-
derived PSCs (EpiSCs) in rats, a valuable model for biomedical research. We show that rat EpiSCs (rEpiSCs)
can be reset toward the naive pluripotent state with exogenous Klf4, albeit not with the other five candidate
genes (Nanog,Klf2, Esrrb, Tfcp2l1, and Tbx3) effective in mice. Finally, we demonstrate that rat EpiSCs retain
competency to produce authentic primordial germ cell-like cells that undergo functional gametogenesis
leading to the birth of viable offspring. Our findings in the rat model uncover principles underpinning plurip-
otency and germline competency across species.
INTRODUCTION

Pluripotent cells, the founding cells of the body, exist transiently

in early mammalian embryos and can be captured as pluripo-
Cell Re
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tent stem cells (PSCs) in vitro. PSCs can expand indefinitely

in an undifferentiated state and give rise to all the body cell

types in response to various differentiation stimuli. While all

PSCs require a unique gene regulatory network consisting
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Figure 1. Characterization of rat epiblast stem cells

(A) Morphology of 54-h rEpiLC (top), E7.75 rat epiblast stem cell (rEpiblast) (bottom), and their derivatives on feeder in mediumwith 20 ng/mL activin-A, 12 ng/mL

bFGF, 0.1 mM IWP2, and 5 mM Y27632 (AFI0.1Y).

(B) Immunofluorescent (IF) image of rEpiSC derived from rEpiLC and E7.75.

(C) Morphology of rEpiSCs in medium with different concentrations of Wnti: 0.1 mM IWP2 (AFI0.1Y) and 2 mM IWP2 and 5 mM XAV939 (AFI2XY).

(D) FACS pattern of rEpiSCs.

(E) IF of rEpiSCs.

(legend continued on next page)
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of core pluripotency factors such as Oct3/4 and Sox2 for

maintenance, there are several PSCs with molecularly and

functionally distinct pluripotent states, mirroring early embry-

onic development.1

‘‘Naive’’ PSCs with unbiased developmental potential corre-

spond to the pluripotent state of the epiblast in the pre-implanta-

tion blastocyst.2 In rodents, the incorporation of naive PSCs into

the ICM via blastocyst injection generates chimeric animals with

PSC-derived cells in all the tissues, including the germ line.3

‘‘Primed’’ PSCs, poised to initiate lineage-specific programs,

reflect features of pluripotent epiblasts at the mid-gastrulating

embryonic stage. In mice, epiblast stem cells (EpiSCs) derived

from the epiblast at embryonic day (E)5.5–8.0, using fibroblast

growth factor (FGF) and activin, are defined as primed

PSCs.4–7 While primed PSCs can readily differentiate into all

the somatic lineages, they do not form chimeras upon blastocyst

injection, likely due to the discordance between developmental

stages of the donor and host cells.8 Recently, several groups

have reported an intermediate pluripotent state between naive

and primed, termed ‘‘formative,’’ PSCs.9–11 Formative PSCs

are representative of mouse post-implantation epiblasts be-

tween E5.5 and E6.0. They can form chimeras upon blastocyst

injection at low frequency. A key feature of formative PSCs is

their competence to induce primordial germ cell (PGC)-like cells

(PGCLCs) in vitro in response to the bonemorphogenetic protein

(BMP) signal. In mice, epiblasts gain germline competency tran-

siently (between E5.5 and E6.5).12 This state is recapitulated

in vitro by inducing epiblast-like cells (EpiLCs) from naive

PSCs.13 EpiLCs are heterogeneous and persist only transiently.

Thus, formative PSCs can be regarded as self-renewing EpiLCs.

These distinct pluripotent states, captured in vitro, exist in a con-

tinuum and transit along the developmental flow.14 Furthermore,

forced expression of naive pluripotency factor(s) in primed

PSCs can reset the transcriptional regulatory network. In addi-

tion, specific culture conditions reprogram primed PSCs back

to naive PSCs.15 Thus, capturing unique pluripotent states in

culture as expandable cell lines provides a valuable tool to

understand the molecular mechanisms underpinning pluripo-

tency transitions, germline/soma fate determination, and cellular

reprogramming.

The rat (Rattus norvegicus) PSCmodel, alongsidemice, allows

the delineation of conserved principles between various pluripo-

tency states. Like in mice, assays using embryo manipulation

and reproductive technology are now well established for rats.

Therefore, we now have the tools to examine if rat PSCs follow

the criteria used to define pluripotent states in mice and
(F) The effect of each supplement in rEpiSC medium on colony morphology a

population represents the mean of three replicates.

(G) Derivation of rEpiSCs from E7.5 rat epiblast in AFI2XY medium.

(H) Karyotype analysis of rEpiSCs using two representative lines at passage 12.

(I) Cell proliferation of rEpiSCs maintained in rEpiSC medium. Prdm14-H2BVenu

(AG) lines show 3 and 4 replicates, respectively, and error bars denote SD.

(J) Hematoxylin and eosin staining of rEpiSC-derived teratomas.

(K) Chimera contribution of rESCs and rEpiSCs. Images show the fetuses at E15

(L) Hierarchical clustering between rESCs and rEpiSCs in several cell lines (wild-

(M) Heatmap of pluripotent genes and lineage marker genes between rESCs and

(N) Heatmap of the correlation coefficients among rat PSCs (rESCs, rEpiSCs) an

All scale bars in Figure 1 represent 200 mm.
humans.16 In rats, naive PSCs can only be derived in a chemi-

cally defined medium with two specific inhibitors (2i) against

extracellular signal-regulated kinase (ERK) and glycogen syn-

thase kinase 3 (GSK3) together with leukemia inhibitory factor

(LIF) on feeders.17–19 Even though rats are a valuable biomedical

model system, the stringent culture condition requirements for

naive PSC derivation delayed the generation of PSC-mediated

genetically modified rats by over 25 years relative to mice. How-

ever, the derivation and culture of rat PSCs formed the basis for

the successful derivation of naive human PSCs,20–22 exempli-

fying the importance of the rat model system in bridging the

gap between mouse and human models.

Here, we endeavor to derive rat PSCs reflecting the pluripotent

state of the post-implantation epiblast. A pioneering study

demonstrated the successful derivation of rat EpiSCs (rEpiSCs).4

However, these rEpiSCs are under-studied and have not been

tested for PGCLC competence in vitro. Recently, we established

an in vitro system recapitulating pluripotency transition from

naive rat ESCs (rESCs) to formative rat EpiLCs (rEpiLCs) via

the formation of spherical aggregates, with efficient rat PGCLC

(rPGCLC) induction.23 This robust in vitro system and the

methods for functional assessment of rPGCLCs developed by

us provide tools to investigate the properties of rEpiSCs.

In this study, we explore culture conditions optimal for deriva-

tion and robust expansion of rEpiSCs as a homogenously undif-

ferentiated population. We find that Klf4, a naive pluripotency

factor, is critical for resetting the gene regulatory network toward

naive pluripotency in rats. Surprisingly, none of the other factors

shown to reset primed to naive pluripotent network in mice

(Nanog,Klf2, Esrrb, Tfcp2l1, and Tbx3) do so in rEpiSCs. Further-

more, we demonstrate rEpiSCs under our culture conditions do

not contribute to chimera formation but retain germline compe-

tency to produce PGCLCs leading to live offspring. Therefore,

this is the first demonstration of fully functional germ cells

induced directly from self-renewable stem cells in mammals.

RESULTS

Derivation of rat epiblast-derived PSCs under defined
conditions
First, we sought to identify optimal culture conditions for rEpiSC

derivation to investigate their characteristics. Since in vitro rESC-

derived rEpiLCs are readily produced at scale and accessible for

testing multiple culture conditions compared with in vivo epi-

blasts, we used rEpiLCs to optimize conditions for the derivation

of rEpiSCs. rEpiLC aggregates were directly harvested on
nd pluripotency (SSEA1 expression) of rEpiSCs. The rate of SSEA1-positive

s (PV), PV/Rosa26-tdTomato (RT), and Nanos3-tdTomato (N3T)/Acrosin-EGFP

.5.

type [WT], PV, and N3T/AG lines).

rEpiSCs.

d mouse PSCs (ES, FS, AXR, AF, and AFX) from published data.10
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mitomycin C-treated mouse embryonic fibroblast (MEF) feeder

cells (Figure 1A). For themedium, in addition to N2B27 basal me-

dium24 plus 5% knockout serum replacement (KSR), we added

20 ng/mL activin-A and 12 ng/mL basic fibroblast growth factor

(bFGF), used for derivation and maintenance of mouse and rat

EpiSCs.4 We supplemented the medium with 0.1 mMWNT inhib-

itor (IWP2), a porcupine inhibitor, to prevent spontaneous differ-

entiation and 5–10 mM Rho-associated coiled-coil kinase

(ROCK) inhibitor (Y-27632) to support the survival of rEpiSCs,

based on our previous study on rabbit PSC derivation.25 In the

culturemedium (termed AFI0.1Y), rEpiLC aggregates readily atta-

ch to the feeder. Subsequently, they formed an epithelial mono-

layer and proliferated continuously after passage (Figure 1A).

However, we detected extensive differentiation as judged by

immunofluorescence (IF) staining with pluripotency markers,

OCT3/4, and the endoderm differentiation marker, SOX17 (Fig-

ure 1B). Similar spontaneous differentiation was also observed

in cell lines established from epiblasts isolated from E7.5–7.75

post-implantation rat embryos (Figures 1A and 1B). Since WNT

signal induces differentiation in mouse EpiSCs (mEpiSCs),26–28

we titrated the concentration of its inhibitor. Also, to tightly sup-

press both WNT secretion and the canonical WNT pathway, we

tested the synergistic effect of IWP2 with another WNT inhibitor,

XAV-939, a tankyrase inhibitor (Figures S1A and S1B). Then,

we standardized an optimal rEpiSC medium composition con-

taining higher doses of two WNT inhibitors (2 mM IWP2 and

5 mM XAV-939). Under the revised culture conditions (hereafter,

AFI2XY) on feeders, epiblast-derived rEpiSCs displayed uniform

morphology (Figure 1C) and homogenously expressed OCT3/4,

SOX2, and SSEA1 without differentiation (Figures 1D, 1E, and

S2C). The rEpiSCs ubiquitously expressed OTX2 and CD81,

markers of the post-implantation epiblast (Figures 1D, 1E, and

S2C). Activin/nodal or FGF signal inhibition using specific inhib-

itors in the medium impeded colony formation, confirming their

conserved role in proliferation and maintenance of the undiffer-

entiated state like in mEpiSCs and human primed PSCs29 (Fig-

ure 1F). Surprisingly, continuous supplementation of Y-27632

was necessary for the survival of rEpiSCs (Figures 1F and

S1C), unlike primed PSCs in other animals (mice, humans, rab-

bits, pig, sheep, and cow) that require ROCK inhibition only tran-

siently after single-cell dissociation.25,30,31

Next, we examined if the AFI2XY medium is conducive for

rEpiSC derivation from epiblasts. We derived rEpiSC lines from

E7.5 rat epiblasts in the rEpiSC medium. The isolated epiblasts

readily attached to the feeders, and the cultured explant ex-

hibited tightly packed and typical undifferentiated morphology

at 2–3 days post harvesting (Figure 1G). After picking colonies,

mechanically dissociated clumps formed uniform colonies

without any indication of differentiation and were subsequently

cultured as rEpiSCs (Figure 1G). The derivation efficiency was

76.2% (32/42 [cell line/epiblast]) in total [cell line/epiblast]). The

rEpiSCs were routinely maintained by passaging via single-

cell dissociation and stably proliferated, maintaining normal kar-

yotype (Figures 1H and 1I). Further, we tested if the derivation

of rEpiSCs was possible from other in vivo and in vitro sources.

We found that rEpiSCs can be obtained from the blastocyst

and naive rESCs but take 3–4 days longer to derive than rEpiSCs

from the post-implantation epiblast or rEpiLCs, likely due to time
4 Cell Reports Methods 3, 100542, August 28, 2023
required to exit from the naive pluripotent state (Figures S2A and

S2B and Table S1). In contrast, only a few cell lines were ob-

tained from E9.5 embryos containing multiple differentiated cell

types (Figure S2A and Table S1). Taken together, we conclude

that our culture condition is suitable for the derivation of rEpiSCs

from the in vivo epiblast.

Next, we characterized the rEpiSCs in the culture conditions.

Pluripotency-wise, the rEpiSCs could differentiate into three pri-

mary germ layers in vitro (Figure S2D). After transplantation into

the testis of immune-deficient mice, rEpiSCs formed teratoma

containing various mature cell types (Figures 1J and S2E). How-

ever, we found that rEpiSCs do not contribute to chimera after

injection into rat blastocysts (Figure 1K and Table S2). To further

characterize rEpiSCs, we examined the transcriptome of multi-

ple rEpiSC lines and compared them with that of naive rESCs

with the same genetic background, as indicated in Figure 1L.

In hierarchical clustering and correlation heatmap, rEpiSCs and

rESCs showed distinct clusters (Figures 1L, S2F, and S2G).

Both rEpiSCs and rESCs expressed core pluripotency genes,

Oct3/4 and Sox2, at a similar level. rEpiSCs highly expressed

some epiblast-specific genes (Otx2, Sall2, and Pou3f1) but not

naive pluripotency genes (Nanog, Klf2, Klf4, Esrrb, Tfcp2l1,

Gbx2, and Tbx3), mirroring the gene expression signature of

the post-implantation epiblast (Figure 1M).32 Next, we performed

a cross-species comparison of these transcriptomic data with

published mouse PSC lines10 and mouse E4.5–7.5 epiblast

data.33 The mouse and rat PSC lines correlate nicely based on

their origin (e.g., rESCs with mESCs, rEpiSCs with mouse forma-

tive stem cells [mFSCs]/EpiSCs). While rEpiSCs are less corre-

lated with mEpiSCs in medium only containing activin-A and

bFGF, likely due to the absence of WNT inhibitor, we could not

conclude whether rEpiSCs are more similar to either mFSCs or

mEpiSCs (Figure 1N). In comparison with in vivo cells, rESCs

are highly correlated with E4.5–5.5 epiblasts, whereas rEpiSCs

show the highest correlation with E6.5 epiblasts (Figure S2H).

Collectively, rEpiSCs under our defined conditions exhibit

features of the in vitro formative or primed PSCs and in vivo

pluripotent epiblasts in post-implantation embryos.

Resetting the transcriptional regulatory network of
rEpiSCs toward naive pluripotency
Since rEpiSCs reflect a different pluripotent state to naive rESCs,

we examined key transcriptional regulator(s) capable of reprog-

ramming between these two distinct states. Inmice and humans,

the overexpression of specific transcription factors (TFs) linked

to naive pluripotency resets the transcriptional regulatory

network and epigenome of primed PSCs toward naive PSCs.

Based on previous mouse studies, we selected six candidate

TFs (Nanog, Klf2, Klf4, Esrrb, Tfcp2l1, and Tbx3) highly ex-

pressed in naive rESCs but not in rEpiSCs (Figure 1M). All the

selected genes are known to reprogram mEpiSCs toward naive

ESC-like cells (ESCLCs).34–39 We cloned each candidate gene

into a PiggyBac transposon vector containing the doxycycline

(Dox)-inducible Tet-On system. To monitor successful reprog-

ramming to rat ESCLCs (rESCLCs), we used rEpiSCs with

Prdm14-H2BVenus (PV) reporter, which is activated in naive

rESCs but not in rEpiSCs (Figures 2B and S2C). After transfec-

tion of plasmids and subsequent selection with antibiotics,



Figure 2. Reprogramming of rEpiSCs toward rESC-like cells by forced expression of Klf4

(A) Timeline for rEpiSC reprogramming. The dissociated rEpiSCs were re-plated in rEpiSC medium with doxycycline (Dox) and cultured for 24 h, and then the

medium was replaced by rESC medium with Dox. At day 7, PV-positive cells were re-plated in rESC medium without Dox and maintained as rESC-like cells

(rESCLCs).

(legend continued on next page)
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rEpiSCs with the six TFs (6TF-rEpiSCs) were re-plated on the

feeder as single cells in rEpiSC medium with Dox. On the next

day, the medium was switched to rESCmedium (N2B27 supple-

mented with 2i/LIF) with Dox (termed day 0) (Figure 2A). On days

2–5, after initiating reprogramming, cells started forming clus-

ters, and some displayed PV fluorescence (arrowheads in Fig-

ure 2B and S3A). By day 7, PV-positive colonies exhibited

dome-shaped morphology (arrowheads in Figure 2B). After

passaging PV-positive colonies by single-cell dissociation using

trypsin, cells readily formed typical rESC-like colonies and could

be routinely expanded and maintained in rESC medium without

Dox (Figure 2B). We found that combined overexpression of the

six TFs reprograms primed rEpiSC to naive rESCLCs.

Next, we narrowed down the key candidates of the six TFs

crucial for successful reprogramming to naive rESCLCs. We

confirmed the expression of the transgenes in rEpiSCs and

rESCLCs cultured in the presence or absence of Dox by quanti-

tative reverse transcription PCR (qRT-PCR). In rEpiSCs, the

expression of five TFs except for rTbx3was significantly upregu-

lated after Dox addition (Figure S3B). However, despite Dox

addition, exogenous rKlf2 and rTbx3 were not upregulated in

rESCLCs (Figure S3B). Therefore, rKlf2 and rTbx3 are unlikely

candidates for reprogramming among the six TFs. To further nar-

row down the factors from the remaining four TFs, we tested the

reprogramming efficiencies of 15 possible combinations, as indi-

cated in Figure 2C. Notably, for any given combination, the

absence of rKlf4 completely abrogated reprogramming even in

the presence of all three TFs (Figures 2C and 2D). Conversely,

rKlf4 alone could reprogram the rEpiSCs to rESCLCs, although

at a lower efficiency than in combination with other TFs (Fig-

ure 2C), suggesting that the rKlf4 is sufficient for reprogramming

primed EpiSCs to naive rESCLCs in rats. We also found that

adding any of the three remaining TFs individually can enhance

the reprogramming efficiency by approximately five times in

combination with rKlf4 (Figure 2C). Interestingly, the combination

of rKlf4 with rEsrrb showed rapid reprogramming (�2 days)

compared with the other TFs paired with rKlf4 (Figures S3C

and S3D), which is consistent with previous reports showing

Esrrb plays a pioneering role in mEpiSC reprogramming.40

We then characterized rKlf4-reprogrammed rESCLCs (K-

rESCLCs). In K-rESCLCs, exogenous rKlf4 expression was

approximately 200 times lower than in the presence of Dox.

Instead, total rKlf4 expression was comparable to Klf4 in rESCs

(Figure 2E), indicating that a cell-autonomous naive pluripotency

transcriptional network was established once the cells were fully

reprogrammed. K-rESCLCs proliferated at a similar rate to

rESCs (Figure 2F). In the hierarchical clustering of transcriptome
(B) The change of morphology and PV expression during reprogramming. White a

bar represents 200 mm.

(C) Reprogramming efficiency of possible 15 combinations when using four TFs (r

dome-shaped/PV-positive colonies per the seeded cell number in 96 wells (mea

(D) FACS pattern of PV in reprogramming day 7.

(E) qRT-PCR analysis of Klf4 (K)-rESCLCs when cultured in 2iL medium with or w

(F) Cell proliferation of rESCLCs independent of exogenous Klf4. Data represent

(G) Hierarchical clustering of rESCs, rESCLCs, and rEpiSCs in the same genetic

(H) Heatmap of the pluripotent genes among rESCs, rESCLCs, and rEpiSCs.

(I) Chimera contribution of rESCLCs and rESCs. Images show the fetuses displa

(J) Germline contribution in E15.5 chimera fetuses. Scale bar represents 50 mm.
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data, K-rESCLCs clustered together with rESCs but were

distinct from rEpiSCs (Figures 2G and S3E). K-rESCLCs and

rESCs expressed naive pluripotency genes but not genes related

to the post-implantation epiblast (Figure 2H). To test K-rESCLCs

for pluripotency, we performed blastocyst injection. For the

donor cells, rEpiSCs with PV and Rosa26-tdTomato reporter

(PV/RT) were reprogrammed to rESCLCs by overexpression

of rKlf4 (Figure S3F). The PV/RT-K-rESCLCs efficiently contrib-

uted to chimera formation at E15.5 (Figure 2I and Table S2).

Notably, PV/RT-K-rESCLCs also differentiated into PV and

DDX4 double-positive PGCs in the gonads (Figure 2J). We

show that Klf4 is a key transcriptional regulator in reprogram-

ming rEpiSCs to rESCLCs, which are functionally equivalent to

naive rESCs.

Germline competency of rat EpiSCs to produce
functional PGCLCs
In rodents, the pluripotent epiblast is transiently competent for

germline development before the expression of lineage markers

and then primed toward somatic lineages. rEpiSCs in the AFI2XY

medium barely expressed early lineage markers such as

Tbxt and Foxa2 (Figures 1M and 3A), in contrast to primed

mEpiSCs6,10 but similar to formative pluripotent cells.10,13 We

hypothesized that rEpiSCs cultured in AFI2XY might reflect the

pluripotent state of the pre-gastrulating rat epiblast prior to line-

age priming, where rEpiSCs still retain the potential to produce

PGCLCs, a defining feature of formative PSCs. To confirm our

hypothesis, we tested if the rESC-derived rEpiLCs can maintain

germline competency after prolonged culture in the AFI2XY me-

dium (Figure 3B). To quantify and visualize rPGCLC induction ef-

ficiency, we used aNanos3-T2A-tdTomato reporter rESCs (N3T-

rESCs).23 We confirmed that rEpiLCs induced from N3T-rESCs

could differentiate into rPGCLCs (hereafter, LC-rPGCLCs) in

PGCLC medium (N2B27 supplemented with 5% KSR, 500 ng/

mL BMP4, 1000 IU LIF, 100 ng/mL stem cell factor [SCF], and

100 ng/mL epidermal growth factor [EGF]) as previously shown

(Figures 3D and 3E).23 To increase the number of aggregates

for the subsequent induction of rPGCLCs, we induced rEpiLCs

in micro-well plates (see STAR Methods) and harvested rEpiLC

aggregates on feeders in rEpiSC medium (Figure 3C). The

cultured rEpiLCs readily formed undifferentiated colonies and

constantly proliferated like rEpiSCs (hereafter, LC-rEpiSCs) (Fig-

ure 3C). The LC-rEpiSCs were subjected to rPGCLC induction at

multiple time points, as indicated in Figures 3D and 3E, by direct

formation of spherical aggregates in a low-binding U-bottom

plate filled with PGCLC medium. While the induction efficiency

varied from experiment to experiment, LC-rEpiSCs could induce
rrowheads show the dome-shaped colonies displaying PV fluorescence. Scale

Klf4, rEsrrb, rTfcp2l1, and rNanog). Efficiency was calculated as the rate of the

n ± SD of five replicates).

ithout Dox.

mean ± SD of four replicates.

background, PV line.

ying RT fluorescence at E15.5.



(legend on next page)

Cell Reports Methods 3, 100542, August 28, 2023 7

Report
ll

OPEN ACCESS



Report
ll

OPEN ACCESS
N3T-positive rPGCLCs (LCSC-rPGCLCs) (Figures 3D and 3E).

Importantly, N3T-positive LCSC-rPGCLCs expressed key germ

cell markers as in LC-rPGCLCs (Figure 3H).We conclude that rE-

piLCs retained germline competency after prolonged culture in

the AFI2XY medium.

We next tested whether in vivo epiblast-derived rEpiSCs also

retain germline competency. We freshly isolated epiblasts from

E7.5 rat embryos obtained by crossing the N3T reporter rat with

Acrosin-EGFP (AG) reporter rat,23 a reporter to visualize sper-

matogenesis, and derived rEpiSC lines (N3T/AG-rEpiSCs). The

N3T/AG-rEpiSCs showed morphology and molecular features

typical for rEpiSCs (Figures S4A and S4B). After single-cell disso-

ciation and subsequent formation of spherical aggregates

with cytokines, the rEpiSCs produced N3T-positive rPGCLCs

2–3 days after induction (Figures 3D and 3E). We tested five cell

lines regardless of sex, and all induced rPGCLCs (Figure S4C).

We found that the rEpiSCs retain competency to produce

rPGCLCs even after 15 passages in the rEpiSC medium

(Figures S4D and S4E). N3T-positive rPGCLCs co-express

the pluripotency and germ cell marker, OCT3/4, as judged by IF

staining (Figure 3F). Principal component analysis of RNA-seq

data revealed that rEpiSC-derived rPGCLCs (hereafter, SC-

rPGCLC) are transcriptionally similar to LC-rPGCLC and LCSC-

rPGCLCs regardless of their different origins (Figure 3G). We

also confirmed that SC-rPGCLCs express all the key early germ

cell and pluripotency markers as in LC-rPGCLCs (Figure 3H).

Finally, to test the function of SC-rPGCLCs, we transplanted

SC-rPGCLCs into a seminiferous tubule of Prdm14 KO

testis.32,41 9–12 weeks after transplantation, some of the sem-

iniferous tubules showed bright AG signals (Figures 3I and

Table 1). By IF, we confirmed the presence of N3T-positive

spermatogonia at the basal membrane of the tubules, DDX4-

positive spermatocyte/spermatids, and PNA-lectin-positive,

mature sperm in the EGFP-positive tubules, suggesting SC-

rPGCLCs completed spermatogenesis upon transplantation

(Figure 3J and S4H). Furthermore, the fluorescence-activated

cell sorting (FACS)-sorted SC-rPGCLC-derived round sperma-

tids could contribute to functional embryos upon their injection

into unfertilized rat oocytes to develop into healthy offspring in-

heriting rEpiSC-derived genotype (Figures 3K and 3L). There-

fore, rEpiSCs retain germline competency similar to in vivo

pre-gastrulating epiblast and in vitro rEpiLCs and give rise to

rPGCLCs that contribute to functional gametes and subse-

quent offspring.
Figure 3. Functional PGC competency of rEpiSCs

(A) IF of rEpiSCs. Scale bar represents 200 mm.

(B) Experimental design for investigating germline competency of rEpiLC-derived

(C) Images of the rEpiLC aggregates cultured at multiple time points. rEpiLC-der

(D) Morphology, florescence, and FACS pattern of rEpiLC (LC), LC-rEpiSC (LCSC

(E) Induction efficiency of day 3 (d3) LCs, LCSCs, and SC-rPGCLCs at multiple t

(F) IF of a cryosection of d3 SC-rPGCLCs. Scale bar represents 50 mm.

(G) PCA of rPSCs and rPGCLCs at day 3 and late-stage rPGCLCs purified from

rPGCLC_d3ag3).23

(H) Heatmap of representative gene expression of pluripotency and germ cells.

(I) Prdm14 KO rat testis at 10 weeks after transplantation of d3 N3T/AG-SC-rPG

(J) IF of sections showing testis 10 weeks after transplantation of d3 SC-rPGCLC

(K) Offspring from SC-rPGCLC-derived spermatids generated by round spermat

(L) Genotyping result of offspring to detect transgenes originating from rEpiSCs.
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DISCUSSION

In this study, we report an improved cell culture condition

(AFI2XY) optimal for the expansion and culture of rat EpiSCs.

We show that the rEpiSCs transcriptionally correspond to the

pre-gastrulation epiblast and are germline competent. Instead

of in vivo epiblasts, which are difficult to obtain at scale, geneti-

cally manipulated, and utilized for biochemical analyses, in vitro

EpiSCs provide a valuable tool to study the mechanisms under-

lying germ layer and PGC specification.

We demonstrate that inhibition of the WNT pathway is essen-

tial to prevent spontaneous differentiation of rEpiSCs as in mE-

piSCs26–28 but more stringently to block both canonical WNT

signaling and WNT secretion. Previously, it has been shown

that naive rESCs prefer a lower concentration of GSK3 inhibitor

than mESCs, an activator of the canonical WNT pathway, to sta-

bilize the undifferentiated state.42,43 Thus, rat PSCs might be

more sensitive to WNT signaling toward differentiation, regard-

less of the pluripotent states. Importantly, without WNT inhibition

during maintenance, rEpiSCs do not produce rPGCLCs

(Figures S4F and S4G), suggesting that active signals in undiffer-

entiated rEpiSCs may also influence the future cell fate decision.

Also, we found continuous inhibition of ROCK supports the sur-

vival of rEpiSCs. Why continuous ROCK inhibition is required in

rEpiSCs remains unknown. Dissociation of primed PSCs in-

duces apoptosis by hyperactivation of the Rho-ROCK-depen-

dent actomyosin pathway.44 Since the removal of ROCK inhibi-

tor rapidly causes cell death (Figure S1C), the pathway may be

consistently activated in rEpiSCs during culture.

Reprogramming among distinct pluripotent states by exoge-

nous TFs gives us insights into their cellular identity and fate con-

version. We developed this system using a faithful PV reporter to

visualize naive rESCLCs in rats, for the first time. Although over-

expression of individual naive pluripotency TFs (Nanog, Klf2,

Klf4, Esrrb, Tfcp2l1, and Tbx3) could reprogram primed EpiSCs

to naive ESCLCs in mice,34–39 we found only Klf4 to reprogram

rEpiSCs successfully. The molecular mechanisms for why Klf4

reprograms rEpiSCs, but not the other tested factors, merits

further investigation.

In our culture conditions, rEpiSCs retain the competence to

produce rPGCLCs, which resemble formative rather than primed

PSCs in mice.45 Notably, this is the first account of PGCLCs

induced from self-renewable PSCs with the ability to produce

gametes, leading to the birth of viable offspring; this has not
rEpiSCs.

ived rEpiSCs were named LC-rEpiSC. Scale bar represents 200 mm.

), and rEpiSC (SC)-derived rPGCLCs. Scale bar represents 200 mm.

ime points. For SC-rPGCLCs, we used rEpiSCs at passage 6–12.

day 3 aggregates of LC-rPGCLC_d3 and female gonadal somatic cells (LC-

CLCs.

s. Scale bar represents 50 mm.

id injection (ROSI).



Table 1. Spermatogenesis efficiency after SC-rPGCLC transplantation

rEpiSC lines used for rPGCLC

induction (passage number)

Number of testes

transplanted

Number of testes with

successful transfer

Number of testes with

EGFP-positive tubules

Number of EGFP-positive

tubules in each testis

#16 (P8) 6 2 of 6 (33%) 1 of 2 (50%) 1

#16 (P8) 3 3 of 3 (100%) 1 of 3 (33%) 3

#16 (P8) 8 5 of 8 (63%) 2 of 5 (40%) 1, >5

#8 (P5) 3 3 of 3 (100%) 1 of 3 (33%) 4
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been achieved in any other species, including mice, so

far.5,9–11,46,47 Our rat model system data demonstrate that SC-

rPGCLCs are equivalent to authentic LC-rPGCLCs molecularly

and functionally. Apart from rodents, rabbits, monkeys, and hu-

man PSCs similar to pre- or peri-gastrulating epiblasts can also

directly induce PGCLCs.25,48,49 The definitive proof of function

that PGCLCs can be generated from self-renewable epiblast-

derived cells in rats expands their potential for future studies.

Whether this potential is conserved in other species requires

further testing. Interestingly, the culture conditions supporting

germline competency differ among rodents and mammals.

Therefore, adding insights from the rat model will help elucidate

extrinsic signals and intrinsic gene regulatory networks for sus-

tained pluripotency and germline competency across species.

Limitations of the study
In this study, we optimized culture conditions for rEpiSC deriva-

tion andmaintenance. We find that feeders are necessary to sta-

bilize the cells, and the substrates we tested so far caused partial

differentiation and could not replace feeders (Figure S1D).

Despite being loosely attached, naive rESCs also require feeders

for their maintenance. Thus, it is possible that common mecha-

nism(s)/substrates could support the propagation of rESCs and

rEpiSCs in the absence of feeders.

Although the rEpiSCs in our culture conditions are homoge-

nously undifferentiated populations, only 10%–30% of the cells

in the aggregates form rPGCLCs upon BMP4 stimuli, like in other

mammals.25,48,49 What factor(s) determine the germline fate de-

cision requires further investigation using the self-renewable

stem cell line developed in this study.

In this study,wedenote thederived cells as ‘‘EpiSCs’’ reflecting

their origin from the epiblast, whereas rEpiSCs molecularly and

functionally resemble the formative state.Oneclear differencebe-

tween rEpiSC and mFSCs is that rEpiSCs do not form chimeras.

The developmental difference of 1–2 days between mouse and

ratmay affect the competency to formchimeras.While thecontin-

uum and progression of pluripotency states during early develop-

ment appearbroadly conservedamongmammals, the timescales

required for the transitions and optimal conditions to capture the

formative state in vitro, i.e., responsiveness to external signals,

may vary depending on the species. Hence, cross-species ana-

lyses and identifying key TFs or gene regulatory networks will

elucidate nuances of pluripotent states across evolution.
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Experimental models: Cell lines
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Rat: Crlj:WI Charles River Laboratories RGD ID: 2312504
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J)

Charles River Laboratories JAX� Mice stock number: 001303
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Primers for qRT-PCR, see Table S3 This paper N/A
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FlowJo 10.7.1 BD https://www.flowjo.com/

GraphPad Prism v8.4.3 Graphpad https://www.graphpad.com

Adobe Photoshop v23.5.3 Adobe https://www.adobe.com/
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TrimGalore! Babraham Bioinformatics https://www.bioinformatics.babraham.ac.

uk/projects/trim_galore/

STAR v2.5.4b Dobin et al.51 https://github.com/alexdobin/STAR

Seurat v3.1.2 Stuart et al.52 https://satijalab.org/seurat/

Custom code for cross-species

comparison
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Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Toshihiro Kobayashi (tkoba@g.

ecc.u-tokyo.ac.jp).

Materials availability
Unique reagents generated in this study are available from the lead contact with a Materials Transfer Agreement.

Data and code availability
d This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources

table. RNA-seq data had been deposited in the Gene Expression Omnibus (GEO) under accession number GSE220805.

d All original code has been deposited at GitHub and is publicly available as of the date of publication. DOI is listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Chemicals and animals
Unless otherwise indicated, chemicals and kits used in this study were purchased from Thermo Fisher Scientific Inc. (Waltman, MA).

Six weeks old to 12 month old rats and NOD/SCID male mice (4–6 weeks old) were used in this study. Crlj:WI (RGD ID: 2312504) rats

and NOD/SCID mice were purchased from Charles River Laboratories Japan, Inc. (Kanagawa, Japan). All experiments were

performed in accordance with the animal care and use committee guidelines of the National Institutes for Natural Sciences and

University of Tokyo.
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Derivation and maintenance of rat pluripotent stem cells
Two male naive rESC lines (PV and N3T) were derived in previous our reports, respectively.23,32 rESCs were maintained on mito-

mycin-C-treatedMEFs in rESCmedium; N2B27medium supplemented with 1 mMPD0325901 (Axon, Groeningen, The Netherlands),

3 mMCHIR99021 (Axon), and 1000 U/ml of rat LIF (Millipore, Bedford, MA). For passaging, confluent rESC colonies were dissociated

by 0.25% Trypsin-EDTA and re-plated to a well of 12-well plates (IWAKI, Shizuoka, Japan) containing 1 mL of rESCmedium per well.

The rESCs were routinely passaged every 3 days.

For the derivation of rEpiSCs, E7.5–8.5 rat epiblasts were isolated as described previously.32 Briefly, the ectoplacental cone and

extra-embryonic ectoderm were mechanically dissected out and used for genotyping. The embryonic visceral endoderm surround-

ing the epiblast was removed by enzyme solution containing 1.0 mg/mL collagenase type IV (Worthington Biochemical Corporation,

Lakewood, NJ), 1.0 mg/mL dispase (FUJIFILMWako, Osaka, Japan), and 0.3 mg/mL hyaluronidase (Sigma-Aldrich, St. Lois, MO) for

5 min at 37�C followed by repeated pipetting with a glass capillary. The isolated epiblasts were individually explanted on MEF in rE-

piSC medium; N2B27 medium supplemented with 5% KSR, 20 ng/mL Activin-A (Peprotech, Cranbury, NJ), 12 ng/mL bFGF (Pepro-

tech), twoWNT inhibitors (2 mM IWP2 [Tocris Bioscience, Bristol, UK] and 5 mMXAV-939 [Abcam, Cambridge, UK], and 5 mMY-27632

(Tocris Bioscience). After 5 days, the expanded epiblast outgrowth was mechanically dissociated using a glass capillary. From the

second passage, rEpiSC colonies were dissociated by Accutase (Innovative Cell Technologies, San Diego, CA) and re-plated to a

well of MEF coated 12-well plates containing 1 mL of rEpiSCmedium per well. The rEpiSCs were routinely passaged every 3–4 days.

METHOD DETAILS

In vitro differentiation of rEpiSCs into 3 germ layers
To differentiate rEpiSCs into 3 germ layers, embryoid bodies (EB) were obtained from rEpiSCs by seeding 2x10e4 rEpiSCs/well in

EZSPHERESPmicro-well 96well plate (IWAKI) for 24 h. Subsequently, the EBswere replated on fibronectin-coated dish and cultured

in each induction medium. As a basal medium for differentiation, aRB27medium composed from advanced RPMI1640 medium sup-

plemented with 1% B27 supplement, 0.1 mM NEAA, antibiotics (100 U/ml Penicillin and 100 mg/mL Streptomycin), and 2 mM

L-Glutamine was used. To induce ectoderm lineage, EBs were simply cultured in aRB27 medium for 2 days. To induce mesodermal

lineage, EBs were cultured in aRB27 medium supplemented with 100 ng/mL Activin-A, 3 mM CHIR99021, and 10 mM Y-27632 for

2 days. To induce endodermal lineages, EBs were cultured in the medium for mesodermal induction for 24 h, then transferred

aRB27 medium supplemented with 100 ng/mL Activin-A, 0.5 mM BMPi (LDN193189; Tocris Bioscience) for 24 h.

Teratoma formation
Teratoma formation from rEpiSCs was conducted as described previously.53 Briefly, approximately 1x10e5 rEpiSCs were trans-

planted into testes of NOD/SCID mice. Two-three months later, the teratomas were dissected and analyzed by hematoxylin and

eosin staining.

Blastocyst injection to generate chimeras
For blastocyst injection, rat blastocysts were collected in mR1ECM medium54 from the oviduct and uterus of rats at 4.5 days post-

coitum (dpc). For micro-manipulation, rESCs, rEpiSCs and rESCLCs were dissociated and suspended in their culture medium. A

piezo-driven micro-manipulator (Prime Tech, Ibaraki, Japan) was used to drill into the zona pellucida and trophectoderm under

the microscope, and 8–10 cells were introduced into blastocyst cavities near the ICM. After injection, the blastocysts were trans-

ferred into the uterus of pseudopregnant recipient Crlj:WI rats (3.5 dpc). To detect chimerism, rat fetuses were collected at 15.5

dpc (12 days after embryo transfer) and observed under the fluorescent microscope.

Induction of rEpiLCs and rPGCLCs
rEpiLCs and rPGCLCs inductions were performed according to our recent report.23 Briefly, trypsinized rESCswere seeded in 96-well

Nunclon Sphera-Treated U-shaped microplate containing 100 mL of rEpiLC medium (N2B27 medium supplemented with 1% KSR,

20 ng/mL Activin-A, and 12 ng/mL bFGF) at 4x10e3 cells per well. After culture for 48–60 h, rEpiLC-aggregates were transferred into a

well of 96-well Nunclon Sphera-Treated U-shaped microplate containing 100 mL of rPGCLCmedium (N2B27medium supplemented

with 500 ng/mL BMP4 [Peprotech], 1000 U/ml rLIF, 100 ng/mL SCF [R&D Systems, Minneapolis, MN], and 50 ng/mL EGF [R&D Sys-

tems)]. After 3 days, rEpiLC-derived rPGCLCs (LC-rPGCLCs) were analyzed by FACS and IF. To directly induce rPGCLCs from rE-

piSCs, trypsinized rEpiSCs including feeders, were seeded in 96-well Nunclon Sphera-Treated U-shaped microplate containing

100 mL of rPGCLC medium at 0.5–1.5x10e4 cells per well. After 3 days, rEpiSC-derived rPGCLCs (SC-rPGCLCs) were analyzed.

Transplantation of the rPGCLCs into seminiferous tubules
Transplantation of SC-rPGCLCs was performed according to our recent report.23 Briefly, FACS-sorted N3T(+) d3 SC-rPGCLCs were

collected and suspended into rPGCLCmedium at the concentration of 1x104 cells per 1.5 mL. 0.5 mL of Trypan blue was added (total

�2 mL) to the cell suspensions to confirm the successful injection into the efferent duct, visually. For the recipient, genotyped day 6–9

Prdm14H2BVenus/mut (KO) neonatal rats were anesthetized with Isoflurane. A glass capillary filled with 2 mL of rPGCLC suspensions

was carefully punctured into the efferent duct of the testis and the cell suspensions were injected using FemtoJet injection system
e3 Cell Reports Methods 3, 100542, August 28, 2023



Report
ll

OPEN ACCESS
(Eppendorf, Hamburg, Germany). After injection, neonatal rats that underwent surgery were kept on the 37�C warming plate for at

least 30 min and returned to the mother rats. At 10 weeks after transplantation, we confirmed that spermatogenesis originated

from the transplanted rPGCLCs by fluorescent microscopy. AG(+) seminiferous tubules were analyzed by immunostaining or

were used for round spermatid injection (ROSI).55

Reprogramming of rEpiSCs
For the reprogramming of rEpiSCs, the six candidate genes (rKlf2, rKlf4, rEsrrb, rTbx3, rTfcp2l1, and rNanog) were cloned individ-

ually into a PiggyBac transposon vector containing Doxycycline (Dox)-inducible Tet-On system. The plasmids were transfected

into rEpiSCs by reverse transfection protocol using lipofectamine 2000.50 Transfected rEpiSCs were harvested on neomycin-resis-

tant feeder (Kitayama labes, Nagano, Japan, or in house). Two days after transfection, 400 mg/mL G418 (Sigma-Aldrich) was

added to the medium and rEpiSCs were cultured for 3–4 days. After G418 selection, six transcription factors-transfected rEpiSCs

(6TFs-rEpiSCs) were re-plated at 2–10 x 10e4 cells per well of MEF-coated 12-well plates containing 1 mL of rEpiSC medium sup-

plemented with 1 mg/mL Dox (Sigma-Aldrich). The next day, the medium was replaced by rESC medium supplemented with Dox.

The PV(+) dome-shaped colonies were picked manually at day 5–7 and then dissociated by 0.25% Trypsin-EDTA into single cells

and re-plated into a well of 12-well plates containing 1 mL of rESC medium without Dox. PV(+) rESCLCs were routinely passaged

every 3 days.

Quantitative reverse transcription PCR
Total RNA was extracted using PicoPure RNA Isolation Kit and cDNA was synthesized using QuantiTect Reverse Transcription Kit

(QIAGEN, Venlo, The Netherland) according to the manufacturer’s protocols. qRT-PCR were performed and analyzed as described

previously,56 and the primers sequences used in the paper are listed in Table S3.

Preparation of RNA-sequencing libraries
Total RNA was extracted using the PicoPure RNA Isolation Kit following the manufacturer’s protocol. cDNA library was constructed

using SMART-Seq HT PLUS Kit (Takara Bio) and following the manufacturer’s recommendations. For Illumina sequencing, cDNA

was synthesized from 1 ng of total RNA with 10 cycles of PCR amplification, subsequently, 5 ng of cDNA was used for the addition

of Illumina’s adaptors with 13 cycles of PCR amplification. The quality and quantity of RNA-seq libraries were evaluated by qPCR

using KAPA Library Quantification Kit (Kapa Biosystems). All libraries were pooled and applied to single-end 86 bp sequencing on

NexSeq 500 system (Illumina, San Diego, CA) using High Output Kit v2.5. Basecalls were performed using NextSeq 500/550 RTA

software (v2.11.3). FASTQ files were generated using bcl2fastq (v2.17.1.14). Two technical replicates of all samples were used for

the analysis. RNA-seq data had been deposited in the Gene Expression Omnibus (GEO) under accession number GSE220805.

Flow cytometry analysis
rPSCs including resetting cells and rPGCLCs were analyzed and sorted by SH800 cell sorter (SONY, Tokyo, Japan) or BD FACSAria

III cell sorter (BD Biosciences, Franklin Lakes, NJ).

Immunofluorescence analysis
Samples were fixed with 4% paraformaldehyde for 10–30 min at an ambient temperature or from 4 h to overnight at 4�C. The fixed

samples were treated with a gradient of 10%, 20%, and 30% sucrose solution and subsequently embedded in OCT compound for

cryosectioning (Sakura Finetek, Tokyo, Japan). Samples were cut into 7 mm-thick cryosections using Cryostat (Leica Biosystems,

Wetzlar, Germany) and then dried and washed with PBS and PBS/0.1% Triton X- each three times. After incubating with blocking

buffer (5% normal donkey serum (Sigma-Aldrich), 1% BSA, 0.1% Triton X- in PBS) for 30 min, the sections were incubated with pri-

mary antibodies for 1–2 h. Next, the sections were washed three times with PBS/0.1% Triton X-, and were incubated with fluores-

cent-conjugated secondary antibodies with DAPI (Dojindo) for 1 h. After washing three times with PBS/0.1% Triton X-, samples were

mounted with mounting medium. Antibodies used are listed on Table S4. Specimens were observed and analyzed using FV3000

(Olympus, Tokyo, Japan).

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry analysis
FACS data were analyzed and visualized by Flowjo software (BD Biosciences).

Bioinformatics analysis
For processing the RNA-seq data, we used RaNA-seq program (https://ranaseq.eu/index.php) to calculate TPM values. For further

analysis, rat genes showingmaximum log2 (TPM+1) values > 4 in at least one replicate were selected (9606 genes). Hierarchical clus-

tering was performed based on Ward’s method using the ‘htclust’ function of R package. The PCA was performed using the ‘tidy-

verse’ function of the R package.
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For cross-species comparison analysis, existing in vitro transcriptomic data from mouse ESC and EpiSC10 (GSE131556), in vivo

data frommouse E4.5-E7.5 embryo ref. 33 (GSE121650) were downloaded and trimmed using TrimGalore! (https://doi.org/10.5281/

zenodo/7598955) and aligned to mouse genome mm10 using STAR aligner51 (v2.5.4b).

For integrative analyses, in vitro datasets weremerged using the Seurat merge function, and aligned to an in vivo reference dataset

(GSE121650) using the Seurat v3.1.252 function FindIntegrationAnchors (2000 integration features, 20 PCs, 10 anchor features).

Reduced dimensionality plots were generated using the runPCA/runUMAP functions. Correlations based on raw log2(CP10k + 1)

and integration corrected expressionmatrices were calculated based on pseudobulk averages (using the Seurat Average Expression

function and R cor function) and visualised using pheatmap (v1.0.12).

Statistical analysis
Quantitative data were generated with Microsoft Office Excel or GraphPad Prism and presented as means ± SD. All statistical details

of the experiments can be found in the figure legends.
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