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Cultured mouse spermatogonial stem cells (SSCs), also known as germline stem cells (GSCs), revert back to
pluripotent state either spontaneously or upon being modified genetically. However, the reprogramming efficiencies are low, and the underlying mechanism remains poorly understood. In the present study, we conducted
transcriptomic analysis and found that many transcription factors and epigenetic modifiers were differentially
expressed between GSCs and embryonic stem cells. We failed in reprogramming GSCs to pluripotent state
using the Yamanaka 4 Factors, but succeeded when Nanog and Tet1 were included. More importantly, reprogramming was also achieved with Nanog alone in a p53-deficient GSC line with an efficiency of 0.02&.
These GSC-derived-induced pluripotent stem cells possessed in vitro and in vivo differentiation abilities despite
the low rate of chimera formation, which might be caused by abnormal methylation in certain paternally imprinted
genes. Together, these results show that GSCs can be reprogrammed to pluripotent state via multiple avenues and
contribute to our understanding of the mechanisms of GSC reprogramming.
Keywords: germline stem cells, reprogramming, Nanog, pluripotency

Introduction

M

ammalian spermatogonial stem cells (SSCs) are a
unipotent type of adult stem cells that are programmed
for spermatogenesis while their fetal precursor primordial
germ cells (PGCs) keep pluripotency dependent on developmental stages. Lines of pluripotent cells, named embryonic
germ (EG) cells, were readily established in vitro from mouse
PGCs before embryonic day 12.5 but not afterward [1,2]. It is
believed that germ cells gradually lose their pluripotency as
they rebuild global DNA methylation patterns, of which a
sex-specific event is genomic imprinting [3]. Mouse cultured
SSCs, also known as germline stem cells (GSCs), can propagate in vitro for years on mouse embryonic fibroblast (MEF)
feeder cells in serum-free medium containing several key
growth factors such as GDNF, bFGF, and insulin while
keeping their spermatogenic potency [4].
In 2004, Kanatsu-Shinohara et al. [5] first reported that
colonies of typical epiblast stem cell morphology were observed among clumps of GSCs from neonatal mice in the
course of GSC line establishment and that such colonies rapidly expanded to embryonic stem cell (ESC)-like lines after
being picked up and maintained under the ESC culture condition. These ESC-like cells differentiated into various cell
types of the three germ layers in vitro, formed chimeras upon

being injected into blastocysts, and transmitted to the next
generation through germline and were therefore named multipotent germline stem cells (mGSCs). This discovery was of
great importance at the time of publication when the Yamanaka’s induced pluripotent stem cells (iPSCs) technology was
not available. GSC reprogramming is still important at present
in that it helps to understand the differences and similarities
between GSCs and pluripotent stem cells and that mGSCs
might be of less safety concerns in therapeutic applications if
human mGSCs can be derived free of genetic modifications.
Several other teams reported the derivation of mGSCs
from mice and even humans since then, but inconsistency
and even controversy in the identities of the target cells and
the reported properties of mGSCs were notable. Guan et al.
[6] claimed that mGSCs could be initially derived from
Stra8-EGFP+ cells of adult mice using ESC culture medium.
Stra8 is a key regulator of meiosis initiation and is expressed
exclusively in premeiotic germ cells, and a 1.4-kbp fragment
of its promoter had been shown beforehand to drive EGFP
expression exclusively in male germ cells of the transgenic
mice [7]. These mGSCs differentiated into several somatic
cell types in vitro and formed teratomas when injected into
nude mice subcutaneously. However, the authors did not
evaluate their abilities for chimera formation and germline
transmission. Surprisingly, they also claimed that the
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proliferation of GSCs depended on LIF but not GDNF and
that GSCs contributed to various tissues upon being injected
into blastocysts. Based on these results, these authors proposed that GSCs were themselves either unipotent or multipotent dependent on their in vivo and in vitro environments.
However, this argument had been questioned as many studies
showed that the unipotency and multipotency of germline
cells are mutually exclusive [8].
Seandel et al. [9] also reported that mGSCs could be
derived from adult GSCs, which specifically expressed a
transmembrane protein GPR125 that was used as a lineage
tracing marker. The authors also failed to evaluate their
mGSCs for germline contribution and transmission although
they showed that those mGSCs contributed to certain tissues/organs upon being injected into blastocysts. Moreover,
both the studies by Guan et al. [6] and Seandel et al. [9] did
not examine the methylation patterns of imprinted genes
before and after reprogramming. Izadyar et al. [10] showed
that Oct4-GFP+c-KIT+ but not Oct4-GFP+c-KIT- spermatogonia from transgenic mice, in which Oct4-GFP expression was under the control of a germ cell-specific Oct4
promoter, could be converted to a different type of mGSCs,
which had properties of ESCs such as marker gene expression, broad differentiation potential, and limited chimera formation but did not form teratomas. Controversially,
mounting evidences show that Oct4 but not c-Kit is expressed in SSCs and GSCs. Therefore, the identity of the
Oct4-GFP+c-KIT+ spermatogonia remains elusive. Several
other groups reported that mGSCs could also be derived
from human testicular cells, however, the germline origin
and the pluripotency of these cells were not vigorously
validated and were therefore questioned, and one study was
later retracted [11–13].
Ko et al. [14] developed a simple and reproducible procedure for converting GSCs of adult mice to mGSCs, which they
named germline-derived pluripotent stem cells (gPSCs). By
their method, GSCs from Oct4-GFP transgenic mice were
plated at a density about 5–20-folds lower than that for regular
GSC expansions. GFP-strong colonies representing gPSCs
appeared between 2 and 4 weeks, during which time reprogramming medium containing GDNF, bFGF, LIF, and EGF
was regularly changed. The gPSCs were pluripotent as they
contributed to germline and were transmitted to the next
generation. Interestingly, these cells possessed typical androgenic germline patterns of imprinted genes, and this observation was in sharp contrast to other types of mGSCs. DNA
demethylation might contribute to the reprogramming of
GSCs as demethylation of H19 has been repeatedly observed
in some studies and global 5-methylcytosone levels in mGSCs
and ESCs were reported to be significantly lower than in GSCs
[15]. GSCs have been shown to be refractory to reprogramming by using the four Yamanaka transcription factors
(c-Myc, Oct4, Sox2, and Klf4, Y4F) [16,17]. Takashima et al.
[15] showed that mGSCs could be reprogrammed from GSCs
by double knockdown of Dnmt1 and p53, which also resulted in
global reduction of DNA methylation. These authors further
showed that Dnmt1, Dmrt1, Sox2, and Oct4 constituted a regulatory cascade and that either knockdown of Dmrt1 or ectopic
expression of Sox2 or Oct4 concurrent with p53 knockdown
lead to the formation of mGSCs.
In the present study, we explored alternative methods for
reprogramming GSCs to pluripotent state to improve the
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reprogramming efficiency and to understand the underlying
mechanisms. We found that multiple transcription factors
and epigenetic modifiers, including Nanog and Tet1, were
preferentially expressed in ESCs compared with GSCs.
Reprogramming of GSCs to mGSCs was achieved with the
ectopic expression of Nanog and Tet1 concurrent with either
Y4F overexpression or p53 knockdown. Of note, reprogramming was successful with the expression of Nanog
alone in p53-deficient GSCs. The derived mGSCs, which we
named as GSCs-derived induced pluripotent stem cells
(GiPSCs) to be distinguished from other types of mGSCs
generated by different teams, possessed multiple differentiation abilities both in vitro and in vivo, and are more
similar to mouse ESCs than to GSCs based on their transcriptomic profiles. Our study not only shows that GSC
reprogramming can be achieved by multiple routes but
also contributes to understanding the mechanisms of GSC
reprogramming.

Materials and Methods
Cell culture
Mouse breeding and use followed standard procedures
and were approved by the Animal Care and Use Committee
of the Institute of Zoology, Chinese Academy of Sciences.
GSCs are derived and established from DBA/C57 F1 pup
mice as previously described [18]. In brief, seminiferous
tubules of 5–7 days postpartum was digested into fragments
and plated onto dishes in MEF medium (Dulbecco’s modified Eagle’s medium [DMEM] plus 10% fetal bovine serum
[FBS]) for 36–48 h. Next, the GSCs were collected by gentle
pipetting from the attached somatic cells and plated on
mitomycin-inactivated MEF feeder layer in GSCs cultured
medium. Medium was changed every 2 to 3 days and cultures
were passaged in 1:4 every 5 to 6 days. Contaminated somatic cells were gradually eliminated, and GSC lines were
established after 40 doubling times.
All pluripotent cell lines were maintained on mitomycininactivated MEF feeder in DMEM supplemented with 15%
FBS, 1000 U/mL LIF (ESGRO; Merck Millipore), nonessential amino acid mixture (Gibco), penicillin–streptomycin
(Gibco) and 0.1 mM b-mercaptoethanol (Thermo Fisher
Scientific, 21985-023). We also used 1 mM PD0325901
(Selleck Chemicals) and 3 mM CHIR99021 (BioVision,
Inc.) to maintain the undifferentiated stage of pluripotent
cell lines.
To induce GiPSCs into a more naive pluripotent state, the
cells were treated by serum-free N2B27-LCDM medium following a protocol developed by Yang et al. [19]. In brief,
GiPSCs were cultured on mitomycin-inactivated MEF feeder
in the N2B27 medium containing DMEM/F12 (Thermo Fisher
Scientific, 11330-032), Neurobasal (Thermo Fisher Scientific,
21103-049), N2 supplement (Thermo Fisher Scientific, 17502048), B27 supplement (Thermo Fisher Scientific, 12587-010),
1% GlutaMAX (Thermo Fisher Scientific, 35050-061), 1% nonessential amino acids (Thermo Fisher Scientific, 11140-050),
0.1 mM b-mercaptoethanol (Thermo Fisher Scientific, 21985023), penicillin–streptomycin (Thermo Fisher Scientific,
15140-122), and 5% knockout serum replacement (Thermo
Fisher Scientific, A3181502, optional). Small molecules and
cytokines were added in the N2B27 medium as indicated at
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the following final concentrations: 10 ng/mL recombinant
human LIF (L, 10 ng/mL; Peprotech, 300-05), CHIR99021
(C, 3 mM; Tocris, 4423), (S)-(+)-Dimethindene maleate (D,
2 mM; Tocris, 1425), and Minocycline hydrochloride (M,
2 mM; Santa Cruz Biotechnology, sc-203339).
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RNA extraction, real-time PCR
and quantitative real-time PCR
Total RNAs were extracted from the freshly isolated cells
or cultured cells using TIANGEN RNA Prep Pure Micro Kit
(TIANGEN, DP420) according to the manufacturer’s instruction. Reverse transcription of purified RNA was performed using oligo(dT) primer and M-MLV Reverse
Transcriptase (Promega) according to the manufacturer’s
instructions. Quantitative real-time PCR analysis was performed with UltraSYBR Mixture (Beijing CoWin Biotech)
according to the manufacturer’s instructions on a LightCycler 480 platform (Roche). Data were acquired in biological triplicates. Relative gene expression was calculated
based on DDCt method using b-actin as an internal control.
The PCR primers used in the experiment are shown in
Supplementary Table S1 (Supplementary Data are available
online at www.liebertpub.com/scd).

Immunofluorescent staining
and alkaline phosphatase staining
The cells were fixed with 4% paraformaldehyde at room
temperature for 15 min, permeabilized with 0.1% Triton X100 in phosphate-buffered saline (PBS) for 25 min and then
blocked with PBS which contained 5% bovine serum albumin for 45 min at room temperature (RT). The cells were
incubated sequentially with primary antibodies against
OCT4 (Santa Cruz, CA) or NANOG (Chemicon, Temecula,
CA) overnight at 4C. The next day, after three washes in
PBS, secondary antibodies ( Jackson ImmunoResearch) were
incubated at room temperature for 1 h. Alkaline phosphatase
(AP) staining was performed using the Alkaline Phosphatase
Detection Kit (Millipore, SCR004, America) following the
manufacturer’s instructions.

Teratoma formation and histological analysis
For teratoma formation, GiPSCs were trypsinized and
suspended in DMEM containing 10% FBS. Six-week-old
male severe-combined-immune deficiency beige (SCID)
mice were purchased from Vital River Laboratories (Beijing, China). Approximately 1 · 106 cells per mouse were
injected subcutaneously into the dorsal flank of SCID mice.
Four to 5 weeks after the injection, tumors were surgically
dissected from the mice. Samples were fixed in 4% formaldehyde and embedded in paraffin. Sections were stained
with hematoxylin and eosin.

In vitro differentiation of GiPSCs
We applied the ‘‘hanging drop’’ method reported by
Wang and Yang [20] to induce GiPSCs into the mesodermal
lineages. In brief, cells were trypsinized and pipetted up and
down to form a single cell. MEFs were removed by transferring the cell suspension into a plate precoated with 0.1%
gelatin for 1 h, and stem cells were resuspended in differ-
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entiation medium at a concentration of 400–500 cells per
20 mL. The 20 mL cell suspension was dropped on the upturned inner surface of the lid of the culture dish, inverted
carefully to cover the dish containing 10 mL of PBS. The
dish was placed in the incubator for 2 days. The drops were
transferred into the wells of a 96-well ultralow attachment
plate one-by-one and were incubated for another 3 days. The
aggregated cells were plated into the 48 well gelatin-coated
plates. Medium was changed the next day and subsequently
changed every other day. The beating cell clusters appeared
at about day 12 of induction.
For germ cell induction, we followed a protocol previously described by Li et al. from our laboratory [21]. In
brief, 5 · 105 GiPSCs were plated on wells of gelatin-coated
six-well plates and treated with Activin A and bFGF for a
2-day to derive epiblast-like cells (EpiLCs), which were
further induced to PGC-like cells (PGCLCs) upon being
treated with BMP4, BMP8b, and SCF for 4 days.
Neuronal induction was conducted by following the
protocol described by Chen et al. with some modifications
[22]. In brief, GiPSCs were trypsinized and suspended in
DMEM supplemented with 15% FBS, 0.1 mM b-ME, and
nonessential amino acid mixture for 3 days to form embryoid
body (EB), which were then collected and plated on the
gelatin-coated plates for 6–8 days in the neuro differentiation
medium containing DMEM/F12, Neurobasal, N2 supplement,
B27 supplement, 1% nonessential amino acids, 0.1 mM b-ME,
penicillin–streptomycin, 100 nM RA. Medium was changed
every other day. Cells were collected on day 6 of induction for
immunostaining of neuronal marker bIII-tubulin.

Chimera formation
GiPSCs were trypsinized to single cells and resuspended
in MII medium. Approximately 10–15 GiPSCs were injected into blastocysts of ICR mice and transferred to the
uterus of E2.5 pseudopregnant ICR mothers. Chimeric mice
were identified by coat color and then assessed for germline
transmission by mating with ICR mice.

DNA methylation assay by bisulfite sequencing
About 105 GiPSCs were digested with protein K and treated
with sodium bisulfite using an EZ DNA Methylation-Direct
Kit (Zymo Research) according to the manufacturer’s instructions. The bisulfite-treated DNA was amplified by nested
PCR for Igf2r (insulin-like growth factor 2), Meg3IG, and
H19 genes (Supplementary Table S2) with Hot Start Taq
Polymerase (TaKaRa). The PCR products were gel-purified
with EasyPure Quick Gel Extraction Kit (TRANSGENE) and
cloned into a pGM-T Vector (TIANGEN), and the insert was
sequenced. About 10 clones were chosen for each sample.

RNA-sequencing analysis
Total RNA was extracted using Qiagen RNeasy Mini Kit
according to the manufacturer’s protocol. The quality of the
RNA samples was assessed by agarose gel electrophoresis.
The RNA libraries were constructed by using the NEB Next
Ultra II Direction RNA Library Preparation Kit for Illumina. High-throughput sequencing was performed on HiSeq
X10 by Novogene (Beijing, China). The sequencing reads
were mapped to the mouse genome (UCSC mm9) using
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TopHat (v2.0.6). The expression level of messenger RNAs
(mRNAs) was represented by FPKM calculated by Cufflinks
(v2.0.2). The DEGs were identified using the Cuffdiff
package. Hierarchical clustering of gene expression was
carried out using the software Cluster3.0 [23]. Clustering
results were visualized with the TreeView program [24].
Principal component analysis (PCA) was performed using R
software and the rgl package. Published RNA sequencing
data were downloaded from GEO database in NCBI.

Data analysis and statistics
Statistical analyses were performed using t-test. Results
are presented as mean – standard deviation. All experiments
were independently repeated at least three times.
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Results
Transcriptomic comparison between
mouse ESCs and GSCs
We set out to compare mouse GSCs and ESCs by transcriptomic analyses. Three GSCs lines were developed from
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pup mice and in vitro propagated for 40–60 doubling times
before RNAs were harvested. Two biological samples of the
R1 ESC line were included for RNA sequencing. A total of
4854 DEGs (Supplementary Table S3, Set 1) were identified
between ESCs and GSCs, and hierarchical clustering analyses partitioned these DEGs into two big clusters, representing
genes preferentially expressed in one cell type (Fig. 1A). Genes
such as Mvh, Dazl, and Gfra1 that are either germ cell markers
or highly expressed in GSCs are in cluster 1 while well-known
ESC regulators such as Oct4, Nanog, and Sox2 were in cluster
2. We are particularly interested in pluripotency-related epigenetic modifiers and transcription factors, and a list of such
genes was identified based on their UniProtKB annotations
(Supplementary Table S3).
We repeated the transcriptomic comparison using a second batch of RNA-sequencing data of ESC and GSC as well
as published data for GSCs, ESCs, and MEFs (Supplementary Fig. S1). As a result, 1246 DEGs (Supplementary
Table S3, Set 2) were identified, of which 1183 were in the
4854 DEG set (Supplementary Table S3). As expected, samples from the three cell types first clustered together, respectively, and the GSC cluster was closer to the ESC cluster

FIG. 1. Transcriptomic comparison between GSCs and
ESCs. (A) Clustering of
DEGs identified by RNAsequencing analysis of GSCs
and ESCs. (B) Expression
validation of representative
DEGs in MEFs, GSCs and
ESCs by quantitative RTPCR analysis. The expression
levels in GSCs and ESCs are
normalized by that in MEFs.
(C, D) RT-PCR validation of
DEGs identified by RNA-seq
analyses in ESCs and GSCs.
Expression
values
are
mean – standard
deviation
(n = 3). Comparison between
GSCs and ESCs were conducted using t-test with
*p < 0.05. DEGs, differentially expressed genes; ESCs,
embryonic stem cells; GSCs,
germline stem cells; MEFs,
mouse embryonic fibroblasts;
mRNA, messenger RNA;
RT-PCR, real-time PCR.
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FIG. 2. Reprogramming of
p53-deficient GSCs to GiPSCs
by overexpression of Nanog
and Tet1. (A) Schematic illustration of the reprogramming process. GSCs were
plated 1 day before viral infection. Multiple viral infections were carried out during
*60 days until GiPSC colonies were observed *15 days
of the last infection. Colonies
were isolated mechanically,
trypsined and replated under
the ESC culture condition.
(B) Morphological comparison of GSCs and NT-GiPSCs
before and after clonal expansion. Scale bar, 100 mm.
(C) Proliferation of NTGiPSCs was impaired in GSC
medium. Scale bar, 100 mm.
(D) Quantitative evaluation of
GiPSC proliferation under
different culture conditions.
(E) Karyotyping of GSCs,
ESCs and GiPSCs based on
chromosome counts of at least
20 cells for each cell line.
ES, embryonic stem; GiPSCs,
GSCs-derived induced pluripotent stem cells.

than the MEF one as shown by the heat map of the clustering
analyses (Supplementary Fig. S1). The expression patterns of
20 DEGs among GSCs, ESCs, and MEFs were confirmed by
quantitative real-time PCRs (Fig. 1B–D). The expression of
Nanog in ESCs is about 200-times of its expression in GSCs.
Similarly, the expression of Oct4 and Sox2 in ESCs is 11 and
19 times of that in GSCs, respectively. The expressions of
these stem cell transcription factors in MEFs are negligible.
We also examined the expression of three genes involved in
DNA demethylation, Tet1, Tet2, and Tet3, and found that
Tet1 in ESCs is six times of that in GSCs, Tet2 is expressed at
the same level in both cell types, while Tet3 in GSCs is six
times of its abundance in ESCs (Fig. 1B).

Reprogramming GSCs to pluripotent state
by multiple factors
We tried to reprogram GSCs to pluripotent state by using
Y4F, which have been successfully used to reprogram many

other cell types. We developed a GSC line from transgenic
mice that contains the Doxycycline (Dox)-inducible Y4F
expression cassette, and 2 · 106 GSCs were continually
treated with Dox. Unfortunately, no iPSCs were acquired
after 10 experiments although the expressions of Nanog and
Oct4 were strongly induced (Supplementary Fig. S2A, C).
Interestingly, the expression of Plzf and Gfra-1, two GSC
marker genes, were also strongly upregulated on day 30 of
induction (Supplementary Fig. S2C), suggesting that these
cells were still in the unipotent state with enhanced expression of GSC marker genes. As a control, Sertoli cells
isolated from the transgenic mice were reprogrammed back
to pluripotent state upon being treated with Dox for 16 days,
and about 300 colonies with typical pluripotent cell morphology were derived from 105 cells in each of five experiments, equivalent to a reprogramming efficiency of about
0.3% (Supplementary Fig. S2B). We also tried the Y4F
strategy by infecting wild-type GSCs and MEFs side-byside with Y4F-expressing lentivirus. Again, MEFs but not
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GSCs were successfully reprogrammed with an efficiency of
0.99% based on the results of five experiments. These results indicate that GSCs are indeed refractory to reprogramming as reported by others [16,17].
We then tried a reprogramming procedure, by which the
Y4F transgenic GSCs were first infected with Dox-inducible
Nanog- and Tet1-expressing lentivirus and then induced by
Dox (Fig. 2A). Reprogramming was regarded failed if no
GiPSCs were derived within *75 days since the first viral
infection. In 7 of 9 experiments, we observed iPSC colonies
and most of them were expanded to cell lines. To distinguish
these iPSC-like cells from other types of mGSCs/gPSCs
developed by others, we named our cells GSC-derivediPSCs (GiPSCs). The average efficiency was 0.02& based
nine experiments (Table 1). Interestingly, infection of Y4F
transgenic GSCs by either Nanog- or Tet1-expressing virus
alone followed by Dox-treatment was not successful for
reprogramming. Moreover, we were unable to derive
GiPSCs with either Nanog or Tet1 or their combination in
the absence of Y4F after at least five experiments were
conducted (Table 1).

Reprogramming p53-deficient GSCs
to pluripotent state by a single factor Nanog
p53 deficiency has been reported to be beneficial for iPSC
reprogramming [5,25,26]. We then introduced p53 short
hairpin RNAs into wild-type GSCs by lentiviral infection.
As the lentiviral vector also harbors a GFP expressing cassette, GFP-fluorescent cells were collected by fluorescence
activated cell sorting (FACS) and expanded and were named
p53KD-GSCs. We then introduced Dox-inducible Nanogand Tet1-expressing lentivirus into p53KD-GSCs, round
tight colonies were observed within 2 weeks of Dox induction with an efficiency of 0.06& (Fig. 2B; Table 1).
Colonies were then picked and expanded to cell lines under
the ESCs culture condition (Fig. 2B). In contrast, the colonies
did not expand under the GSC culture condition (Fig. 2C, D).
GiPSCs were also derived from p53KD-GSCs with single
factor Nanog although the efficiency was slightly lower
(0.02&). Reprogramming with Tet1 alone in p53KD-GSCs
was not successful in seven experiments (Table 1). GiPSCs
derived from p53KD-GSCs with Nanog and Tet1 (NT-GiPSCs)
and Nanog alone (N-GiPSCs) had a normal karyotype in
70%–85% of metaphase spread (Fig. 2E). AP activities in
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these GiPSCs were stronger than in GSCs, and the expression of OCT4 and NONOG proteins was detected in
GiPSCs but not in GSCs (Fig. 3A). mRNA expression of
pluripotent-related genes such as Nanog, Oct4, Sox2, and
Tet1 in GiPSCs were much higher than in GSCs and similar
to levels in ESCs (Fig. 3B). In contrast, the expression of
germ cell-related genes such as Gfra1, Plzf, Mvh, Nanos3,
and c-Ret was suppressed in both GiPSCs and ESCs
(Fig. 3C). These results showed that GiPSCs possess the
basic characters of pluripotent stem cells.

GiPSCs possess in vitro and in vivo
differentiation potentials
We next evaluated GiPSCs for their in vitro and in vivo
differentiation potentials. Beating cardiomyocytes were
readily induced from three lines of NT-GiPSCs and NGiPSCs with efficiencies >82% (Supplementary Table S4;
Supplementary Movies S1 and S2). These cells also differentiated into neuronal linage as indicated by the positive
staining of b-III tubulin (Fig. 4A). By using a two-step induction procedure described in our previous study [21], we
induced both NT-GiPSCs and N-GiPSCs into EpiLCs and
then PGCLCs (Fig. 4B). Compared with GiPSCs, the induced PGCLCs expressed lower levels of pluripotent marker
genes Nanog and Oct4 and higher levels of germ cell marker
genes Prdm1, Stra8, and Stella (Fig. 4C). When GiPSCs
were injected into three nude mice subcutaneously, teratomas were formed in all recipients 4 weeks after surgery
(Supplementary Fig. S3). Histological assessment of the
teratomas revealed the presence of derivatives of the three
EG layers (mesoderm, endoderm, and ectoderm; Fig. 4D).
We injected GiPSCs into blastocysts to evaluate their
chimera forming potential. As a control, we also injected R1
ESCs and found the percentage of chimeric mice among all
born was 75% (Fig. 4E; Table 2). For the NT-GiPSCs, only
one chimeric mouse identified by the chimeric hair colors
was derived out of a total of 459 mice generated from the
microinjections (Fig. 4F; Table 2). No chimera was derived
from the 584 mice of N-GiPSCs (Table 2). We reasoned that
GiPSCs might not be in a more naive pluripotent state,
which might be achieved by culturing these cells by using
the LCDM medium reported lately by Yang et al. [19] for
the establishment of extended pluripotent stem cells. Unfortunately, 9 weeks treatment did not improve the chimera

Table 1. Summary of Germline Stem Cells-Derived Induced Pluripotent Stem Cells Induction Efficiency

WT GSC

p53 KD GSC

Gene
transduction

No. of
induction

No. of induction
with GiPSCs

GiPSCs colonies
per 106 cells

Day GiPSC
colonies appeared

OKSM
OKSM, Tet1, Nanog
OKSM, Nanog
OKSM, Tet1
Tet1, Nanog
Tet1
Nanog
p53 KD, Nanog
p53 KD, Tet1

8
9
8
8
8
5
6
6
7

0
7
6
0
0
0
0
5
0

0
20 – 1.8
19 – 3.4
0
0
0
0
17 – 2.3
0

40
12
12
12
20
20
20
12
20

GSC, germline stem cell; GiPSCs, GSCs-derived induced pluripotent stem cells.

Downloaded by Institute of Zoology, CAS from www.liebertpub.com at 01/22/19. For personal use only.

698

FENG ET AL.

FIG. 3. Molecular characterization of GiPSCs. (A)
Staining of alkaline phosphatase activity and NANOG
and OCT4 in GSCs, GiPSCs,
and ESCs. Scale bar, 100 mm.
(B, C) The expression of
pluripotency-related genes
and genes highly or specifically expressed in GSCs.

formation ability of GiPSCs (Table 2). Together, these results indicated that GiPSCs possess both in vitro and in vivo
developmental potentials despite the low chimera formation
rate.

The transcriptomes of GiPSC and ESCs are similar
We further conducted transcriptomic analyses to compare
GSCs, ESCs, MEFs, and GiPSCs before and after LCDM
treatment. We performed PCA using RNA-seq data generated
in the present study and published GEO datasets (Fig. 5A).
GSCs samples formed a tight cluster in the three-dimensional
space defined by the top three components of PCA, while
MEF samples clustered together in a more relaxed manner.
Interestingly, ESCs and GiPSCs with or without LCDM
treatment formed a tight cluster that is readily distinguishable
from the other two clusters. These results indicated that
GiPSCs were similar to ESCs independent of the culture
conditions. Moreover, the pluripotent cluster is closer to
the GSC cluster than to the somatic cluster.

Methylation changes in regulatory regions
of pluripotent and imprinted genes during
reprogramming
Since the expressions of Oct4 and Nanog were highly
upregulated during the reprogramming of GSCs to GiPSCs
(Fig. 3B), we used bisulfite sequencing to examine the
methylation changes of the promoters of these two genes
and an enhancer region of Oct4 (Supplementary Fig. S4).
Although the promoter of Oct4 was demethylated in GSCs,
ESCs, and GiPSCs, its enhancer is heavily, partially, and not
methylated in the three cell types, respectively, consistent
with its expression changes during reprogramming. The
methylation status of the Nanog promoter region was
methylated in GSCs but not in GiPSCs and ESCs, consistent
with its inactivation in GSCs and reactivation in pluripotent
stem cells.
We also examined the DNA methylation patterns of the
differentially methylated regions (DMRs) of several imprinted
genes (Fig. 5B; Supplementary Fig. S5). As expected, the
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FIG. 4. Phenotypic characterization of GiPSCs. (A) Neuronal differentiation of GiPSCs. b-III tubulin positive neurons
were observed on days 6–8 of induction. (B) Morphology of epiblast-like cells and PGCLCs induced from GiPSCs. (C) The
expression changes of germline marker genes (Prdm1, Stella, and Stra8) and pluripotency-related genes (Nanog, Oct4)
during PGCLC induction determined by quantitative RT-PCR analysis. The expression was normalized by the expression of
GiPSCs (n = 3). Comparisons were conducted using t-test. *p < 0.05, **p < 0.01. (D) Histological evaluation of teratomas
formed by NT-GiPSCs and N-GiPSCs. Sections of teratomas were stained with hematoxylin and eosin. (E) Live chimeras
produced by microinjection of R1 ESCs into ICR blastocyst. (F) A live chimera produced by microinjection of GiPSCs of
the DBA/C57 background into ICR blastocyst. The black coat color represents the contribution of GiPSCs. PGCLCs,
primordial germ cell-like cells.

DMRs of the maternally expressed genes H19 and Meg3 IG
are completely methylated in GSCs and that of the paternally expressed gene Igf2r is devoid of methylation while, in
ESCs, the DMRs of these genes are approximately halfmethylated. Partial or complete demethylation of the H19
DRM in GiPSCs was observed regardless of passage times
and LCDM treatment, and the Meg3 IG DMR is completely
demethylated. The demethylation status of Igf2r was well
maintained at least in the early passage, and the detection of
a minor faction of methylated clones could be due to the
incomplete conversion of cytosine to uracil during bisulfite

treatment. Therefore, aberrant changes in certain DMRs of
imprinted genes occurred, and it might contribute to the
limited in vivo development potential of GiPSCs.

Discussion
Since Kanatsu-Shinohara et al. [5] first reported that
GSCs converted back to pluripotent state spontaneously,
several similar studies followed but inconsistency in the
reprogramming method and the properties of the mGSCs
were notable. In the present study, we tried to address this
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Table 2. Rates of Chimera Construction
from Germline Stem Cells-Derived Induced
Pluripotent Stem Cells
Cell line
R1 ESC
4# NT-GiPSCs
8# NT-GiPSCs
10# NT-GiPSCs
2# N-GiPSCs
4# N-GiPSCs
7# N-GiPSCs
8# N-GiPSCs
GiPSCs (N2B27)
GiPSCs (LCDM)

No. of. injected No. of
No. of
blastocysts births (%) chimeras (%)
134
78
265
116
263
137
113
71
101
159

40
17
74
28
82
61
72
17
36
59

(29.9)
(21.8)
(27.92)
(24.1)
(31.2)
(44.5)
(63.71)
(23.94)
(35.6)
(37.1)

30 (75)
0
1 (1.35)
0
0
0
0
0
0
0
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ESC, embryonic stem cell.

issue by using different reprogramming methods. We found
that GSCs were refractory to reprogramming by using the
Y4F but could be reprogrammed by Y4F plus Nanog and
Tet1, two factors preferentially expressed in ESCs rather
than in GSCs. Moreover, we succeeded in reprogramming
using Nanog alone in p53 deficient GSCs. The derived
GiPSCs passed most of the in vitro and in vivo pluripotency
tests despite their low chimera formation ability. The transcriptome of GiPSCs was highly similar to ESCs but not
to GSCs or MEFs. Partial or complete demethylation of
paternally imprinted genes was observed in GiPSCs and
might result in the reduced chimera formation ability. Genetic background of recipients and donors may also contribute to the low rate of chimera formation. Our results,
together with the early studies by others, revealed the following two key points: (1) GSCs can be reprogrammed to

pluripotent state by different methods; and (2) The GSC
reprogramming efficiency was much lower compared with
those of many somatic cells, suggesting that GSCs have
unique epigenetic barrier for reprogramming.
Compared with somatic reprogramming, GSC reprogramming is unique in that spontaneous conversion occurs. Early
studies tried to reproduce and improve this spontaneous conversion method. However, as introduced previously, more
discrepancies rather than a consistent conclusion appeared, and
the validity and/or soundness of some studies have even been
challenged [6,11,13]. Ko et al. [14] reported that a different
type of mGSCs, which they named gPSCs, could be derived
just by maintaining GSCs at very low density in reprogramming medium containing growth factors essential for GSC
culture and LIF for several weeks without enzymatic passage.
A recent study suggested that the absence of enzymatic passage
might be beneficial to the mesenchymal to epithelial transition,
which in turn promotes the reprogramming of GSCs to pluripotency [27]. Despite the simplicity of this method, the reprogramming efficiency is still unsatisfactorily low (0.01%),
and, unfortunately, we failed in GSC reprogramming by following this procedure.
Later studies turned to the Yamanaka strategy aiming to
improve the efficiency and to understand the reprogramming
mechanisms. However, several studies, including our present
study, show that GSCs were refractory to reprogramming using the Y4Fs [15–17]. The major problem of this reprogramming strategy is that large-scale apoptosis occurs when GSCS
are infected by the Y4F expressing lentivirus. Consequently,
apoptosis reduction by inhibiting p53 expression seems to be a
prerequisite. As a matter of fact, the iPS promoting effect of
p53 knockdown was first reported in an effort to increase the
human iPS efficiency [28]. A recent article by the Shinohara
group systematically showed that either ectopic expression of
Sox2/Oct4 or the knockdown of Dnmt1 or its downstream

FIG. 5. Transcriptomic characterization of GiPSCs and methylation status of imprinted genes. (A) Clustering analysis of
GSCs, ESCs, and MEFs based on the results of PCA of transcriptomic data. The top 3 principal components were used as
the three axes of the three-dimensional space. Different cell types are marked by different colors. (B) DMR methylation of
H19, Meg3 IG, and Igf2r in GSCs, ESCs, and GiPSCs before and after LCDM treatment. Each row of circles represents a
single cloned allele, and each circle represents a single CpG site. Black ovals indicate methylated CpGs, and white ovals
indicate unmethylated CpGs. CpGs, CpG dinucleotide; DMR, differentially methylated region.
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target Dmrt1 concurrent with p53 knockdown lead to the formation of mGSCs. In line with this, our results in this study
opened novel avenues for GSC reprogramming and suggest
that GSC reprogramming, similar to somatic reprogramming,
can be achieved through multiple routes defined by the expression and/or inhibition of a few key regulatory factors [29].
Candidates of such key factors can be screened by comparing transcripts between GSCs and pluripotent stem cells
such as ESCs. Although many transcriptomic data sets for
ESCs can be found in public databases, those for GSCs are
limited. Therefore, we set out to generate transcriptomic
data for both ESCs and GSCs through side-by-side RNAsequencing analyses and identified many DEGs. We are
most interested in transcription factors and epigenetic
modifiers as they have been widely used in reprogramming
studies. We selected Nanog and Tet1 as our candidate reprogramming factors because Nanog was expressed only in
ESCs, while Tet1 expressed at a higher level in ESCs than in
GSCs. Nanog acts primarily in inner cell mass construction
and germ cell states and was originally considered as a
critical determinant during establishment of pluripotency
both in vitro and in vivo [30–32]. Its expression in PGCs
decreases sharply after E14.5 and is undetectable in germ
cells of adult gonads [33]. Recently, Murakami et al. [34]
reported that Nanog alone induced primed epiblasts into
PGCLCs, which were further converted back to EG-like cells
in vitro. Despite its important role in reprogramming, later
studies show that Nanog is actually not absolutely required
for iPSC establishment under standard condition, and the
reduced reprogramming efficiency in its absence can be
compensated by the inclusion of ascorbic acid in culture
medium [35,36].
Our results showed that ectopically expressed Nanog
promoted GSC reprogramming. However, whether endogenous Nanog is activated and required for GSCs to convert
to mGSCs spontaneously, similar to its activation during
somatic reprogramming [37], remains unknown. It has been
reported that TET1 physically interacts with NANOG and
the two proteins synergistically enhance the efficiency of
somatic cell reprogramming by Oct4, Klf4, and c-Myc dependent on the hydroxylation of 5 mC to 5 hmC [38]. Another study shows that Tet1 can replace Oct4 in the Y4F in
somatic reprogramming and 5 hmC enrichment is involved
in the demethylation and reactivation of genes and regulatory regions that are important for pluripotency [39]. In the
present study, we found that Tet1 alone was not sufficient
for GSC reprogramming under the condition of either Y4F
overexpression or p53 knockdown but Tet1 and Nanog together worked under these two conditions. Particularly, reprogramming efficiency of Nanog ectopic expression in p53
knockdown GSCs was further increased by threefold by the
expression of Tet1. Therefore, GSC and somatic cell reprogramming seem to share common mechanisms such as
the demethylation of some key regulators such as Nanog and
Oct4 (Supplementary Fig. S4), probably by the cooperative
action of Nanog and Tet1.
One important question that needs to be addressed for
GSC reprogramming is why reprogramming efficiencies
using different methods are much lower than those of somatic cells (*1.0% in mice) [40]. The spontaneous conversion frequency reported in the first study by the
Shinohara group is 1 in 1.5 · 107 cells [5]. Impressively, it
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was increased to 0.01% by the Scholer group using the
above discussed low-density plating method [14]. A more
surprising difference between these two types of mGSCs
is that the gPSCs developed by the Scholer group, but not
the mGSCs by the Shinohara group, keep the androgenic
methylation patters on imprinted genes tested. Therefore,
the two types of mGSCs derived by these two groups represent are different although they are both pluripotent.
Among several reprogramming methods based on genetic
manipulations, the highest efficiency was 47 mGSC colonies
per million (cpm), starting GSCs when Dmrt1 and p53 were
double knocked down [15]. In our study, the highest efficiency was 55 cpm when Nanog and Tet1 were both expressed concurrent with p53 knockdown.
As for somatic reprogramming, two models can be proposed to explain the low reprogramming efficiencies. One is
that a subpopulation which can be readily reprogrammed
exists at very low frequency among all target cells, the other
one is that all target cells can potentially be reprogrammed,
but they follow a stochastic multistep reprogramming process, of which the overall reprogramming efficiency decreases drastically as the number of the steps with not-so-low
efficiency increases [29]. Although successful reprogramming of clonally expanded GSCs does not support the first
model, it cannot be rejected confidently because reprogrammable cells can reappear from refractory ones during
clonal expansion. That reprogramming efficiencies are similarly low for all genetic manipulation-based methods seemingly support the first model if such genetic manipulations
only enhance the proliferation of the reprogrammable cells
but not to increase their original proportion. The first model is
also in line with the unique spontaneous conversation property of GSCs. Although the second model is widely accepted
for somatic reprogramming based on the Yamanaka strategy,
similarly convincing mechanistic studies have not been conducted in GSC reprogramming. It is also possible that
mechanisms represented by both models function in reality.
Several studies show that male germ cells are similar
to pluripotent stem cells in terms of epigenetic profiles
[41,42]. For example, developmentally important genes keep
H3K4me3 and H3K27me3 bivalency both in ESCs and postnatal spermatogonia cells. Moreover, many pluripotency related key transcription factors such as Oct4, Sox2, Lin28, and
Sall4 are expressed in GSCs, despite lower levels. Compared
with other adult stem cell types, GSCs are the most similar to
ESCs, and therefore are expected to be the easiest cell type that
can be reprogrammed to the pluripotent state. Spontaneous
conversion of GSCs to mGSCs indeed supports this argument.
The low reprogramming efficiency of genetic manipulationbased methods can be explained by a ‘‘lock and key’’ model.
When wrong or imperfect keys are used for a simply designed
lock, failure or low-probability success is not surprising. Nanog in combination with p53 knockdown looks like a simple
but not yet perfect key for GSC reprogramming so far discovered, and we believe that the perfect one will be found
sooner or later and the secrets of GSC reprogramming will be
revealed consequently.
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