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SUMMARY
Cultured spermatogonial stem cells (GSCs) can spontaneously formpluripotent cells in certain culture conditions. However, GSC reprog-

ramming is a rare event that is largely unexplained. We show GSCs have high expression of mesenchymal to epithelial transition (MET)

suppressors resulting in a developmental barrier inhibiting GSC reprogramming. Either increasing OCT4 or repressing transforming

growth factor b (TGF-b) signaling promotes GSC reprogramming by upregulatingCDH1 and boostingMET. Reducing ZEB1 also enhances

GSC reprogramming through its direct effect on CDH1. RNA sequencing shows that rare GSCs, identified as CDH1+ after trypsin diges-

tion, are epithelial-like cells. CDH1+GSCs exhibit enhanced reprogramming and becomemore prevalent during the course of reprogram-

ming. Our results provide amechanistic explanation for the spontaneous emergence of pluripotent cells fromGSC cultures; namely, rare

GSCs upregulate CDH1 and initiateMET, processes normally kept in check by ZEB1 and TGF-b signaling, thereby ensuring germ cells are

protected from aberrant acquisition of pluripotency.
INTRODUCTION

A long-standing vision for regenerative medicine has been

the possibility of generating cells needed for therapy by

inducing differentiation of pluripotent cells. Pluripotent

cells are defined by their ability to give rise to all of the

cell types that make up the body. Embryonic stem cells

(ESCs) are the prototypical pluripotent cell type, derived

from the inner cell mass within blastocyst staged embryos.

Primordial germ cells (PGCs) can first be detected in the

extraembryonic mesoderm just posterior to the definitive

primitive streak inmouse at 7 days post coitum (dpc) (Gins-

burg et al., 1990). In 1992, it was found that PGCs could

reprogram into ESC-like (ESL) cells when cultured with

appropriate growth factors including fibroblast growth

factor 2 (FGF2), stem cell factor, and leukemia inhibitory

factor (LIF) (Matsui et al., 1992; Resnick et al., 1992). The

reprogramming potential of PGCs decreases gradually dur-

ing development between 8.5 and 12.5 dpc, and reprog-

ramming ability is no longer found in the embryonic

germline later than 12.5 dpc (Labosky et al., 1994). How-

ever, the reprogramming ability is restored in later germline

development as evidenced by the ability to derive ESL cells

from spermatogonial stem cells (SSCs) (Guan et al., 2006;

Kanatsu-Shinohara et al., 2004; Ko et al., 2009; Seandel

et al., 2007).

SSCs are the founder cells of spermatogenesis and are

located on the basementmembrane of the seminiferous tu-

bules. SSCs are unipotent and have the ability to self-renew

to maintain a stem cell population or to differentiate to ul-

timately produce sperm. In 2003, an in vitro mouse SSC

culture system was developed (Kanatsu-Shinohara et al.,

2003). The cultured SSCs, designated germline stem cells
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(GSCs), form grape-like clusters in vitro and proliferate

in medium containing several cytokines, notably glial cell

line-derived neurotrophic factor (GDNF) (Kubota et al.,

2004). Importantly, GSCs reinitiate spermatogenesis and

produce offspring after transplantation into seminiferous

tubules of infertile testes (Kanatsu-Shinohara et al., 2003;

Kubota et al., 2004). When GSCs are subjected to suitable

in vitro conditions they can spontaneously dedifferentiate

into ESL cells without introducing any exogenous factors

(see Table S1 for summary; Guan et al., 2006; Kanatsu-

Shinohara et al., 2004; Ko et al., 2009; Seandel et al.,

2007). ESL cells derived from GSCs are able to contribute

to chimera formation, fulfilling this requirement for a

bona fide pluripotent cell type (Guan et al., 2006; Ko

et al., 2009). ESL cells have been shown to be more similar

to ESCs than induced pluripotent stem cells (iPSCs) of so-

matic origin in terms of gene expression profiles, indicating

that ESL cells might be better than iPSCs for therapeutic

purposes (Ko et al., 2009). SSC reprogramming as a tran-

scription factor-free reprogramming strategy could be

greatly beneficial for clinical applications and could also

be a powerful tool for studying the origin of totipotency

during development.

Early SSC reprogramming studies relied on visual detec-

tion of unpredictable, very rare conversion events wherein

a singular, smooth-edged and flattened ESC-like colony

would be found andmanually removed from the surround-

ing typical grape-like clusters of GSCs. The first report of

such an occurrence was in 2004 by the Shinohara group,

who obtained ESL cells from neonatal mouse testis with

extremely low frequency (1 in 107 cells). Seandel et al.

(2007) used a similar protocol for reprogramming, except

that they started with GPR125+ GSCs derived from adult
uthor(s).
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Figure 1. GSC Spontaneous Reprogramming and Characterization of ESL Cells
(A–C) Oct4-GFP GSC colony after (A) 3 days, (B) 14 days, or (C) 35 days of culture in RP medium. Insets show Oct4-GFP ESL cells derived
from GSC colonies 7 days after transferring from GSC growth medium to ES medium. Scale bars, 150 mm.
(D) RT-PCR analysis of Nanog, Oct4, Eras, Utf1, Esg1, Cripto, and ActinB mRNA from GSC, ESL cells, and ES-D3 cells.
(E) Embryoid body derived from ESL cells. Green color indicates Oct4-GFP expression in (A) to (C), (E) and (H). Scale bar, 150 mm.
(F, G, I, and J) bIII-Tubulin immunostaining of neuron-like (ectodermal) cells derived by ESL cell differentiation (F). Immunofluorescence
analysis of ESL-derived embryoid bodies differentiated into mesodermal cells (G, ACTA2), ectodermal cells (I, SOX1) and endodermal cells
(J, GATA4) in red, merged with DAPI in blue.
(H) SSEA1 staining (red) in ESL cells.

(legend continued on next page)
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mice and they used inactivated testicular stromal cells as a

feeder layer. In contrast to the preceding reports, Ko et al.

(2010) established a reprogramming protocol that con-

verted GSCs, derived from adult Oct4-GFP mice, into ESL

cells in a more predictable and reproducible manner. A

key feature of their approach was that they determined

an ideal density to plate cells for reprogramming that was

5- to 10-times lower than the typical density used formain-

tenance of GSCs, thereby allowing the cells to be cultured

for 3–4 weeks without the need for dissociation and

passaging.

GSC reprogramming takes place over multiple weeks and

the mechanism is largely unknown. Low efficiency and

inconsistent ESL cell formation makes it difficult to study

the molecular mechanism of GSC reprogramming, knowl-

edge of which is a prerequisite for improving the efficiency.

In addition, GSCs do not reprogram to ESL cells when

transfected with the four Yamanaka factors typically used

in somatic cell reprogramming, suggesting that GSCs

exhibit unique properties constituting a barrier to reprog-

ramming (Morimoto et al., 2012). Here, we report that

high TGF-b signaling and high ZEB1 expression result in

a barrier preventing the needed upregulation of CDH1 for

initiation of mesenchymal to epithelial transition (MET)

during GSC reprogramming. Epithelial to mesenchymal

transition (EMT) and the reverse process of MET are devel-

opmental processes whereby polar epithelial cells that

typically interact with a basal membrane interconvert to

fibroblast-like migratory cells with mesenchymal secretory

properties. SSCs are generally not thought of as being either

mesenchymal or epithelial but have certain properties of

both epithelial cells (CDH1 expression) (Tokuda et al.,

2007) and mesenchymal cells (THY1 expression) (Kubota

et al., 2003).

In GSC clusters in vitro, and in undifferentiated sper-

matogonia in vivo, CDH1 is detected in a majority of cells

(Fanslow et al., 2014; Tokuda et al., 2007). However,

following dissociation of GSC clusters detection of CDH1

by flow cytometry varies depending on the exact method

used. CDH1 epitopes are typically sensitive to trypsin

digestion, a method commonly used for cell dissociation.

We identified a population of rare CDH1+ cells that remain

following trypsin digestion (hereafter referred to simply as

CDH1+ GSCs). By total RNA sequencing (RNA-seq) analysis

of trypsin-digested GSCs we show that CDH1- cells are

mesenchymal-like and CDH1+ GSCs are epithelial-like.

The presence of a rare population of GSCs with epithelial

properties, typified by enhanced CDH1 expression, likely
(K) NANOG, SOX2, OCT4, and TUB1 immunoblotting of lysates from G
(L–Q) Immunofluorescence analysis of ESL-derived teratomas diff
(M, ACTA2), and ectodermal cells (N, bIII-tubulin) in red, merged wit
Scale bars, 150 mm (E–J and L–Q).
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explains the occasional spontaneous emergence of ESL

cells that have been observed by others in standard GSC

culture conditions in the past.

By focusing our study on understanding the molecular

mechanism of GSC reprogramming we identify several

key positive and negative regulators of the process and

define manipulations that increase the CDH1+ GSC pop-

ulation and promote MET and likewise, formation of

ESL cells. First, we show CDH1 is essential for GSC reprog-

ramming. Increasing OCT4 promotes reprogramming by

upregulating CDH1 and boosting MET. ZEB1 and TGF-b

signaling reduce CDH1 and suppress MET and GSC re-

programming efficiency. During the weeks-long process

of reprogramming, CDH1+ GSCs gradually increase and

the enhanced reprogramming ability of isolated CDH1+

cells suggests that CDH1+ GSCs are poised in a later stage

of MET. In summary, our results suggest that CDH1 upre-

gulation constitutes a MET barrier to SSC spontaneous

reprogramming that is controlled by ZEB1 and TGF-b

signaling, thereby ensuring germ cells are protected

from aberrant acquisition of pluripotency. Instead of

relying on transfection of genetic material, we define

multiple approaches that lead to improved conversion

of mouse GSCs to pluripotency that may accelerate the

study of human SSC reprogramming and its clinical

applications.
RESULTS

Establishment and Validation of Conditions for

Reproducible and Quantifiable GSC Reprogramming

In order to investigatemechanisms of GSC reprogramming

we required a quantitative and reproducible assay (Fig-

ure S1). In a procedure adapted from Ko et al. (2010),

Oct4-GFP GSCs were seeded at low density (Figure 1A) in

wells of a 48-well plate and cultured in reprogrammingme-

dium (RP medium) without passaging for several weeks.

Two weeks after plating, clusters were small (about 5–20

cells) and appeared similar to typical GSC clusters (Fig-

ure 1B). At this stage Oct4-GFP expression was heteroge-

neous and at overall low levels, consistent with what is

known about OCT4 expression in GSCs (Dann et al.,

2008) (Figure 1B). After 4 weeks GSC clusters often had

more than 100 cells; abundant cell deathwas also observed,

consistent with previous findings (Heim et al., 2012). How-

ever, in a subset of wells (�4 out of 100 wells; Table 1) a

single colony emerged with typical ESC morphology and
SC, ESL, and ES-D3 cells.
erentiated into endodermal cells (L, GATA4), mesodermal cells
h DAPI in blue. Respective negtive control images shown in (O–Q).



Table 1. Summary of GSC/SSC Reprogramming Results

Reprogramming
Condition

Cell
Backgrounda

No. of
Experiments

No. of Wells
Cultured

No. of Wells
with ESL Cells

ESL Colonies
per 100 Wells

GSCs RP medium only OG/DO 5 96 4 4

WT 2 96 3

+DMSO control OG/DO 4 96 3 3

WT 2 48 1

+siRNA control OG/DO 6 96 3 3

WT 3 72 2

+Dox OG/DO 6 96 14 14

+RepSox OG/DO 5 96 13 12

WT 2 48 4

+SB431542 OG/DO 4 84 3 4

+Zeb1 siRNA OG/DO 6 120 17 13

WT 3 72 8

+Zeb2 siRNA OG/DO 5 84 3 4

+Twist2 siRNA OG/DO 5 84 2 2

+Zeb1 siRNA

+control siRNA

OG/DO 4 96 12 10

WT 3 72 5

+Zeb1 siRNA

+Cdh1 siRNA

OG/DO 4 96 0 0

WT 3 72 0

+Dox

+Cdh1 siRNA

OG/DO 2 96 0 1

OG/DO 2 96 1

RP medium only OG/DO

CDH1+/THY1+
3 88 6 7

OG/DO

CDH1�/THY1+
3 96 1 1

Primary testis SSCs +Zeb1 siRNA OG 3 72 5 7

+siRNA control OG 3 72 1 1

+RepSox OG 3 72 4 6

+DMSO control OG 3 72 2 3

RP medium only OG

CDH1+/THY1+
4 84 5 6

OG

CDH1�/THY1+
4 84 0 0

aOG/DO, Oct4-GFP/Dox-Oct4; OG, Oct4-GFP; WT, wild-type.
unusually high GFP expression in the middle (Figure 1C).

Upon trypsinization and transfer of all of the cells of each

well to newwells containing standard ESC growthmedium

(ES medium), which contained LIF but lacked GDNF, the
germ cells quickly died without GDNF but ESL cells formed

typical ESC colonies and expanded rapidly within 1 week

(Figure 1C). For quantitative assessment of reprogram-

ming, reprogramming was defined by this ability of a well
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of cells to rapidly expand upon dissociation and transfer to

a new well containing ES medium.

To test whether the ESL cells had the same molecular

phenotype as ESCs, we examined expression of pluripo-

tency markers (Figures 1D and 1K). ESL cells expressed

Nanog,Oct4, Eras,Utf1, Esg1, andCriptomRNAs and stained

positive for SSEA1, SOX2, and NANOG, but were nega-

tive for the SSC marker GFRA1 (Figures 1D, 1H, and S1).

Western blotting confirmed NANOG, SOX2, and OCT4

expression in ESL cells (Figure 1K). We then tested the dif-

ferentiation potential of ESL cells.We showed that ESL cells

could be induced to neuroectoderm cells expressing bIII-

tubulin, a neuronal marker (Figure 1F) (Gaspard et al.,

2009). We also tested whether ESL cells could differentiate

into cell types indicative of the three germ layers.We gener-

ated differentiated embryoid bodies (Figure 1E) and ob-

tained cardiac beating cells, and cells with expression of

ACTA2 (mesoderm, Figure 1G), SOX1 (ectoderm, Figure 1I),

and GATA4 (endoderm, Figure 1J). Similar differentiation

potential was observed in vivo by transplanting ESL cells

into mice to generate teratomas (Figures 1L–1N). Alto-

gether the results validated our procedure for consistently

generating ESL cell lines from GSCs and defined a baseline

efficiency atwhich reprogramming occurred (�4 out of 100

wells; Table 1).

Exogenous OCT4 Promoted GSC Reprogramming by

Upregulating CDH1

Although GSCs could reprogram to ESL cells consistently,

the frequency was similarly low in our study as in studies

by others (about 0.02% of cells plated). Interestingly, the

presence of very high Oct4-GFP expression in a cluster of

cells correlated with its ability to reprogram to ESL cells.

Based on this observation, and the known role for OCT4

in pluripotency, we hypothesized that increasing OCT4

may increase the efficiency of GSC reprogramming.

OCT4-inducible GSCs were established from doubly trans-

genic mice (‘‘Dox-OCT4’’ and ‘‘Oct4-GFP’’) to study OCT4

function in GSC reprogramming. Dox-OCT4 transgenic

mice expressed exogenous OCT4 in a doxycycline-depen-

dent manner (Hochedlinger et al., 2005) (Figure 2A). In

GSCs 1 mg/mL of doxycycline resulted in effective OCT4

overexpression (Figure 2B). Using our 48-well-plate reprog-

ramming assay, we found a reproducible increase in the

frequency of reprogramming when GSCs were cultured

with doxycycline. This result suggested that OCT4 played

a role in promoting GSC reprogramming (Figure 2C and

Table 1).

The function of OCT4 in GSC reprogramming is still

largely unknown. Interestingly, we noticed that ESL

clusters appeared from within the middle of large clusters

of GSCs (Figure 1C), indicating that the surrounding

environment of cell-to-cell adhesion may influence re-
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programming. It is known that CDH1 is required for the

maintenance of cell-to-cell contacts in epithelial cells:

anti-CDH1 antibodies can disrupt these contacts and

induce a mesenchymal phenotype (Imhof et al., 1983).

We found CDH1 increased after OCT4 induction (Fig-

ure 2D). In the presence of doxycycline, the highest levels

of OCT4 were obtained from Dox-Oct4 homozygous mice,

intermediate levels in Dox-Oct4 heterozygous mice, and

low levels in wild-type mice. Accordingly, CDH1 protein

increased as the amount of OCT4 increased, suggesting

that Cdh1 was a downstream gene of OCT4 and that

OCT4’s effect on reprogramming was mediated by CDH1.

Indeed, OCT4 overexpression failed to induce GSC reprog-

ramming when CDH1 was downregulated, indicating that

the effect of OCT4 on reprogramming was dependent on

CDH1 (Figure 2C and Table 1).

CDH1 is not only a surface marker on a subset of

spermatogonia/SSCs but is also a typical marker of

epithelial cells. We examined other epithelial markers

including desmoplakin (Dsp) and crumbs family member

3 (Crb3) and found that they were also upregulated along

with OCT4 (Figure 2E). Furthermore, cadherin 2 (Cdh2,

also known as N-cadherin), a mesenchymal marker, was

downregulated after OCT4 overexpression (Figure 2E).

Increased epithelial and decreased mesenchymal markers

indicated that GSCs may acquire properties of epithe-

lial cells through MET during OCT4 induction. These

results suggested that OCT4 promoted reprogramming

in part by upregulating CDH1 and enabling GSCs to

undergo MET.

MET Barrier Mediated by TGF-b Signaling Inhibits

GSC Reprogramming

Recent studies have shown that conversion of fibroblasts

into an intermediate epithelial cell is crucial during initia-

tion of reprogramming (Li et al., 2010; Samavarchi-Tehrani

et al., 2010). This phenotypic change occurs through in-

duction of MET and is consistent with the fact that ESCs

from the inner cell mass of the blastocyst are epithelial-

like (Ocana andNieto, 2010). It is known that SSC-contain-

ing populations of undifferentiated spermatogonia express

both mesenchymal (THY1) and epithelial (CDH1) markers

(Kubota et al., 2003; Tokuda et al., 2007). To gain better

insight on the nature of GSCs, we quantitatively examined

several mesenchymal/epithelial markers in direct compari-

son with ESCs. We found that mesenchymal markers

including Thy1 and Cdh2 were expressed at higher levels

in GSCs, while epithelial markers, including Cdh1, Dsp,

Pkp1, and Crb3, were expressed at lower levels in GSCs (Fig-

ures 3A and 3C). These results were consistent with

recently published RNA-seq data (Liu et al., 2016) and sug-

gested that GSCs favor the mesenchymal state over the

epithelial state.



Figure 2. Doxycycline-Dependent OCT4 Overexpression Promotes GSC Reprogramming
(A) Schematic representation of Dox-Oct4 transgenic mice. The rtTA gene was targeted into the ROSA26 locus under control of the ROSA
promoter. A cassette containing the Oct4 cDNA under the control of the doxycycline-responsive promoter was inserted downstream of the
collagen locus. SA, splice acceptor; TetOP, tetracycline/doxycycline-responsive operator. Black arrows indicate transcriptional start sites.
(B) OCT4 (top) and TUB1 (bottom) immunoblotting of GSC lysates from Dox-Oct4 homozygous mice treated with different concentrations
of doxycycline.
(C) GSC reprogramming efficiency in RP medium after 1 mg/mL doxycycline treatment (n = 96 wells total from six experiments) compared
with doxycycline and Cdh1 siRNA co-treatment group (n = 96 wells total from four experiments) and untreated control group (n = 96 wells
total from five experiments). *p < 0.01, significance between doxycycline-only group and each of the other two groups. The values in the
histogram are presented as the means ± SD.
(D) OCT4 (top), CDH1 (middle), and TUB1 (bottom) immunoblotting of cells lysates from homozygotes (+/+), heterozygotes (+/�), and
wild-type (�/�) GSCs after 72 hr of doxycycline treatment (1 mg/mL).
(E) qRT-PCR analysis of mesenchymal or epithelial marker expression as indicated. RNA was isolated from Dox-Oct4 homozygotes (+/+),
Dox-Oct4 heterozygotes (+/�), and wild-type (�/�) GSCs after 1 mg/mL of doxycycline treatment (72 hr). The values in the histogram are
presented as the means ± SD. Mean and SD for three biological replicates from three independent experiments are shown. *p < 0.01.
Transforming growth factor b (TGF-b) signaling plays a

major role in influencing MET (Akhurst and Hata, 2012).

TGF-b induces EMT through SMAD-mediated and SMAD-

independent signaling. In SMAD-mediated signaling

TGF-b signals through a tetrameric complex of receptors

to activate SMAD2 and SMAD3 and turns on expression

of EMT-related factors. Consistent with our observations

showing that GSCs exhibit an EMT-favored (mesen-

chymal) state, we found evidence for relatively higher

TGF-b signaling in GSCs than in ESCs. Specifically, Tgfbr1

and phosphorylated SMAD3 were much higher in GSCs

than ESCs (Figures 3B and 3C). Also, Smad7, a negative

regulator of TGF-b signaling, was lower in GSCs than

in ESCs (Figure 3B). These results showed that TGF-b

signaling, which plays a negative role inMET,was activated

in GSCs. We analyzed factors known to induce EMT, such

as Zeb1, Zeb2, Twist1, Twist2, Snai1, and Slug, and found
that they were also more highly expressed in GSCs

compared with ESCs (Figure 3B). Altogether, a high expres-

sion of negative regulators ofMETestablished aMETbarrier

for GSCs.

We hypothesized that breaking theMET barriermay help

to increase the efficiency of GSC reprogramming. To test

this prediction we used the TGFBR1 inhibitors, RepSox

and SB431542, to repress TGF-b signaling. Treatment of

GSCs for 3 days led to decreased phosphorylated SMAD3

(Figure 3C) and increased Smad7 (Figure 3D), confirming

the effectiveness of each inhibitor treatment (Figure 3C).

Also, repressors of MET, Zeb1 and Snai1, were decreased

by RepSox treatment while factors associated with MET,

SOX2 and CDH1, were upregulated (Figures 3C and 3D)

(Li et al., 2010). In addition, OCT4 and NANOG were

increased by 3 days of RepSox treatment (Figure 3C).

Importantly, when RepSox treatment was added to
Stem Cell Reports j Vol. 8 j 446–459 j February 14, 2017 451



Figure 3. Effect of TGF-b Signaling-Mediated Modulation of MET on GSCs Reprogramming
(A and B) qRT-PCR analysis of mesenchymal/epithelial markers (A) and MET regulators (B) as indicated. RNAs were from Oct4-GFP GSCs, ESL
cells, and ES-D3 cells. *p < 0.01.
(C) Top: phospho-SMAD3, CDH1, and TUB1 immunoblotting of cells lysates from GSCs, ESL cells, and ES-D3 cells. Bottom: phospho-SMAD3,
OCT4, NANOG, SOX2, CDH1, ZEB1, and TUB1 immunoblotting of cell lysates from GSCs treated with 25 mM RepSox, 25 mM SB431542, or DMSO
(Control).
(D) qRT-PCR analysis of mesenchymal/epithelial-related genes in RNAs of GSCs after 72 hr of treatment with 25 mM RepSox and 25 mM
SB431542. DMSO was used as control. *p < 0.01.
(E) GSC reprogramming efficiency in RP medium after TGF-b signaling inhibitor (n = 144 wells from seven experiments for RepSox, n = 84
wells from four experiments for SB431542) compared with DMSO control (n = 144 wells from six experiments). *p < 0.01.
In (A), (B), (D), and (E), the values in the histograms are presented as the means ± SD. Mean and SD for three biological replicates from
three independent experiments are shown.
reprogramming medium, we saw a marked increase in re-

programming efficiency (Figure 3E and Table 1). However,

SB431542 failed to promote GSC reprogramming for rea-

sons that are unclear. One possibility is that both RepSox

and SB431542 upregulated CDH1 and increased CDH1+

cells after 3 days; however, SB431542-treated cells failed

to maintain elevated CDH1 after 2 weeks of treatment (Fig-

ure S2). In addition, unlike with RepSox, cells treated with

SB431542 did not have upregulated OCT4 or NANOG or

substantially downregulated ZEB1 (Figure 3C). ESL cells

generated with RepSox treatment were confirmed to have

pluripotent properties based on their ability to form tera-

tomas (Figure S3). These results support the idea of a MET
452 Stem Cell Reports j Vol. 8 j 446–459 j February 14, 2017
barrier that prevents GSCs from acquiring pluripotency,

and that repressing TGF-b signaling could boost MET and

promote GSC reprogramming.

ZEB1 but Not ZEB2 Is a MET Regulator in GSC

Reprogramming

The process of MET represents a reversion of EMT; there-

fore, one might predict that downregulation of EMT-

inducing transcription factors, such as ZEB1, ZEB2, and

TWIST2, would promote GSC reprogramming by pro-

moting MET. We tested this idea by knocking down

Zeb1, Zeb2, and Twist2 using small interfering RNA

(siRNA) transfection. Zeb1, Zeb2, and Twist2 mRNA



Figure 4. ZEB1 Represses MET through Binding to the Cdh1 Promoter in GSCs
(A) qRT-PCR analysis of RNAs from GSCs treated with Zeb1, Zeb2, and Twist2 siRNA for 72 hr. Zeb1, Zeb2, and Twist2 genes were detected.
*p < 0.01, significant difference between siRNA and each control separately.
(B) GSC reprogramming efficiency in RP medium after Zeb1 siRNA (n = 192 total wells from nine experiments), Zeb2 siRNA (n = 84 total wells
from five experiments), and Twist2 siRNA (n = 84 total wells from five experiments) treatment. Scrambled non-targeting siRNA was used as
a control (n = 168 total wells from nine experiments). *p < 0.01.
(C) The expression of MET-related genes after Zeb1 siRNA treatment. qRT-PCR analysis of mesenchymal/epithelial-related genes in GSCs
treated with Zeb1 siRNA. siRNA consisting of a scrambled sequence was used as negative control (NC). GSCs without siRNA transfection
were used as control (MOCK). *p < 0.01, significant difference between siRNA and each control separately.
(D) ZEB1 (top), CDH1 (middle), and TUB1 (bottom) immunoblotting of GSC lysates treated with different siRNA combinations. siRNA
consisting of a scrambled sequence was used as negative control (NC).
(E) The locations of E boxes and primers in CDH1 gene promoter (small arrows). Black arrow indicates the transcriptional start site.
(F) qPCR analysis of DNAs from GSCs after chromatin immunoprecipitation (ChIP) by using ZEB1 antibody. ChIP was performed using GSCs
treated with Zeb1 siRNA, control siRNA (NC), or no siRNA (MOCK) and qPCR was used to analyze the E-box 1/2 and E-box 3 in the promoter
of CDH1. Enrichment is presented as (ChIP/input) 3 100.
In (A), (B), (C), and (F), the values in the histograms are presented as the means ± SD. Means and SD for three biological replicates from
three independent experiments are shown. *p < 0.01.
levels in GSCs were significantly reduced after each

siRNA treatment (Figure 4A). To test whether ZEB1

influenced MET in GSCs, we determined expression of

MET genes in GSCs after siRNA treatment (Figure 4C).

Zeb1 knockdown led to a significant increase in Cdh1,

Dsp, Pkp1, and Crb3 and a decrease in Snai1, Snai2,

and Cdh2. Interestingly, Zeb1 knockdown, but not Zeb2

or Twist2 knockdown, promoted GSC reprogramming

(Figure 4B and Table 1), suggesting that not all

EMT-inducing factors functioned as barriers for GSC

reprogramming.
CDH1 is one of the defining features of the epithelial

state (Zeisberg and Neilson, 2009). As described above,

our results showed that CDH1 was necessary in GSC re-

programming regulated by OCT4. To test whether CDH1

was also involved in ZEB1-regulated GSC reprogramming,

we co-transfected Zeb1 and Cdh1 siRNA during reprogram-

ming. Without CDH1 reprogramming was virtually unde-

tectable in our assay (Table 1), suggesting that CDH1 was

a crucial factor in GSC reprogramming and that CDH1

may be downstream of ZEB1 regulation. Consistent with

this idea, western blotting showed that Zeb1 knockdown
Stem Cell Reports j Vol. 8 j 446–459 j February 14, 2017 453



increased CDH1 but not the opposite (Figure 4D). These

results suggested Zeb1 knockdown promoted GSC reprog-

ramming via CDH1.

The 50 proximal promoter region of Cdh1 contains E

boxes, sites for direct binding of specific transcription reg-

ulators. E boxes in the mouse Cdh1 promoter were shown

to play a crucial role in the epithelial-specific expression

of Cdh1 (Behrens et al., 1991; Giroldi et al., 1997). To test

whether ZEB1 directly regulated CDH1 expression, we

analyzed three E-box elements in the promoter of CDH1

by chromatin immunoprecipitation (ChIP) using a ZEB1

antibody (Figure 4E). qPCR analysis of the immunoprecip-

itated DNA showed that ZEB1 could bind to all three E

boxes (Figure 4F). The binding was reduced when ZEB1

was knocked down. These results showed that ZEB1

directly regulated Cdh1 expression and suggested that

ZEB1 inhibits MET in GSCs by directly repressing CDH1

transcription.

A Rare Population of Epithelial-like GSCs Exhibits

Enhanced Reprogramming Ability

Undifferentiated spermatogonia, and likewise GSC popula-

tions, are known to be heterogeneous, with different sub-

populations expressing different combinations of proteins

(Dann et al., 2008; Hermann et al., 2015; Niedenberger

et al., 2015). As shown by immunoblotting (Figure 3C),

CDH1 is detected weakly in the GSC population. We hy-

pothesized that a subset of GSCs with elevated CDH1

may exhibit enhanced reprogramming ability.When using

collagenase type II to dissociate cells prior to immunostain-

ing and flow cytometry, CDH1 expression was detected in

�60% of GSCs and with a range of expression levels. In

contrast, consistent with the known sensitivity of CDH1

epitopes to trypsin, trypsin-digested GSCs exhibited a

much lower percentage of CDH1+ cells (�3%) (Figure S4).

Interestingly, the rare CDH1+ cells detected after trypsin

digestion showed significantly higher reprogramming effi-

ciency than CDH1� cells (Table 1 and Figure 5E), suggest-

ing that this CDH1+ cell population has unique properties.

Therefore, we focused on the properties of these rare

CDH1+ cells that remained after trypsin digestion (here-

after, CDH1+).

To further understand the properties of CDH1+ GSCs

and CDH1� GSCs, we used flow cytometry to sort the

two populations after trypsin digestion and compared

them by total RNA-seq. A total of 23,803 transcripts were

detected, of which 3,125 were upregulated (red in Fig-

ure 5A) and 2,134 were downregulated (green in Figure 5A)

in CDH1+ GSCs compared with CDH1� GSCs (fold

change>2). The differentially transcribed genes (fold

change>2) were classified into 28 gene ontology terms,

including 13 biological processes, seven cellular compo-

nents, and eight molecular functions (Figure S5). The
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data clearly showed CDH1+ and CDH1� cells as having

highly distinct profiles (Figure 5B). In particular, numerous

epithelial genes (e.g., Dsp, Pkp2, and Krt19) and pluripo-

tency factors (Nanog and Sox2) were highly expressed in

the CDH1+ population. In contrast, most genes known

to be general markers of SSCs/undifferentiated spermato-

gonia were downregulated (e.g., GFRA1 and ID4) or

unchanged (e.g., ZBTB16 and SALL4) in CDH1+ GSCs (Fig-

ures 5A and 5C). KEGG pathway analysis revealed that

the populations exhibited distinct activity in signaling

pathways including WNT and TGF-b signaling (Figure S5).

Notably, Tgfbr1, Smad2, and Smad3 tended to be lower

in CDH1+ GSCs while Smad7, an inhibitor of TGF-b

signaling, was higher. qRT-PCR analysis confirmed that

these trends were statistically significant and showed

that epithelial markers Cdh1, Dsp, and Crb3 were highly

expressed whereas mesenchymal markers Thy1, Cdh2,

Zeb1, and Zeb2 were lowly expressed in CDH1+ GSCs (Fig-

ure 5D). The results showed that CDH1+ GSCs were more

epithelial in nature compared with CDH1� GSCs and

supported the notion that CDH1+ GSCs are able to partly

overcome the MET barrier because they may be in an

advanced stage of MET.

CDH1+ GSCs were quantified at different time points

during GSC reprogramming. We found that CDH1+ GSCs

increased over the weeks of reprogramming (Figure 5G),

supporting the idea that upregulation of CDH1 through

MET occurs during GSC reprogramming. Interestingly,

Zeb1 siRNA and RepSox, treatments that both enhanced re-

programming efficiency, also resulted in increased CDH1+

GSCs 2 weeks into reprogramming (Figures S2, S4, and

S6), indicating that ZEB1 and TGF-b signaling inhibited

the upregulation of CDH1. In summary, these results

showed thatMETwas a crucial step in GSC reprogramming

and by initiating reprogramming with rare trypsin-resis-

tant CDH1+ GSCs the barrier to reprogramming was

reduced, because CDH1+ GSCs were poised in a later stage

of MET.

For obtaining autologous testes-derived pluripotent cells

from patients, it is likely that direct reprogramming from

primary testicular cells would be required instead of estab-

lishingGSC lines. To studywhetherMETalso plays a role in

reprogramming of SSCs obtained directly from the testes,

we sorted THY1+ cells (enriched in SSCs) from Oct4-GFP

mice testes and quantified their reprogramming ability.

THY1+ cells were directly sorted into wells in 48-well plates

and treated with RepSox and Zeb1 siRNA for 6 weeks.

Similar to results obtained with GSCs, testicular SSCs

treated with RepSox or Zeb1 siRNA showed increased SSC

reprogramming efficiency (Table 1). Using sorted CDH1+/

THY1+ SSCs also promoted cell reprogramming efficiency

(Table 1). These results suggested that methods based

on overcoming a MET barrier were not only relevant to



Figure 5. CDH1 Defines an Epithelial-like GSC Subpopulation with Enhanced Reprogramming Efficiency
(A) Pairwise comparison of expression profiles for CDH1�/THY1+ and CDH1+/THY1+ cells. The scatterplot represents normalized expression
values (average fragments per kilobase of transcript per million mapped reads) of individual genes, with the genes increased or
decreased >2-fold in CDH1�/THY1+ and CDH1+/THY1+ cells indicated in red and green, respectively. Crb3, Dsp, and Cdh1 are marked in blue.
(B) Heatmap showing the hierarchically clustered correlation matrix resulting from comparing the transcript expression values for each
pair of samples.
(C) Heatmap showing the relative expression levels of each sample.
(D) qRT-PCR analysis of MET-related gene expression in CDH1+/THY1+ and CDH1�/THY1+ cells. The values in the histogram are presented as
the means ± SD. Means and SD for three biological replicates from three independent experiments are shown. *p < 0.01.
(E) Reprogramming efficiency in RP medium by using CDH1�/THY1+ cells (n = 96 wells from three experiments) and CDH1+/THY1+ cells (n =
88 wells from three experiments). The values in the histogram are presented as the means ± SD. *p < 0.01.
(F) Schematic representation summarizing sorting experiment and results.
(G) Flow cytometry analysis of CDH1 and THY1 expression in GSC (wild-type) reprogramming at indicated time points. Forward and side
scatterplots were used to define viable GSCs (not shown) and isotype controls were used to define positive immunostaining. Percentage of
parent gates are indicated with CDH1+/THY1+ cells marked in red.
GSC reprogramming but also promoted testicular SSC

reprogramming.
DISCUSSION

SSCs are unique among adult cell types in that they share

expression of many mRNAs in common with ESCs,

including all four Yamanaka factors. Although levels are

lower compared with ESCs, Oct4, Klf4, and Myc mRNA

and protein, and Sox2 mRNA are all expressed in SSCs,

implying that SSCs may contain special protective mecha-

nisms to prevent acquisition of pluripotency in the germ-

line and that additional factors may be required for

the initiation of SSC reprogramming (Kanatsu-Shinohara
et al., 2008). Our results show that relatively high expres-

sion of ZEB1, along with relatively high TGF-b signaling

in GSCs compared with ESCs, play a pivotal role in pre-

venting MET in GSCs, thereby inhibiting their reprogram-

ming to pluripotency (Figure 6). We show that enhanced

reprogramming can be achieved with three general ap-

proaches and that each approach is correlated with an

increase in the CDH1+ cell population. First, knockdown

of Zeb1, but not Zeb2 or Twist2, enhances reprogramming

through its effect on CDH1. Second, RepSox treatment,

but not SB431542 treatment, results in a greater CDH1+

cell population while increasing reprogramming effi-

ciency. Finally, using isolated CDH1+ cells directly for

reprogramming enhances the generation of ESL cells while

CDH1� cells exhibit reprogramming efficiency lower than
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Figure 6. Model of Mechanistic Regulation of Mesenchymal to
Epithelial Transition in Reprogramming
Initially, GSCs have moderate to no detectable CDH1 expression.
During prolonged culturing rare, transitional GSCs emerge with
higher CDH1, reflecting an initiation of MET. Additional known and
unknown factors (pink box) further drive reprogramming of MET
transitional colonies to a fully epigenetically reprogrammed state
of pluripotency. OCT4 and ZEB1 and TGF-b signaling regulate MET
during SSC reprogramming. ZEB1 regulates Snai1/2 and directly
represses CDH1 expression, thereby preventing MET.
the basal level of spontaneous reprogramming observed in

controls.

MET is an important step in reprogramming fibroblasts

to iPSCs (Li et al., 2010; Samavarchi-Tehrani et al., 2010),

and the acquisition of epithelial features and loss of mesen-

chymal features are known to occur soon after transfection

with Yamanaka factors (David and Polo, 2014; Polo et al.,

2012). Traditionally, SSCs have been considered neither

mesenchymal nor epithelial. Extensive genomic profiling

of neonatal mouse spermatogonia recently suggested that

both epithelial-like and mesenchymal-like subpopulations

of spermatogonia were present (Hammoud et al., 2015).

Similarly, we found that GSCs in vitro comprise both

epithelial-like (CDH1+) and mesenchymal-like (CDH1�)
cells. However, side-by-side comparisons with ESCs show

that the GSC population appears to be dominated by a

mesenchymal phenotype because expression of epithelial

markers, such as Cdh1, Crb3, and Dsp, are much lower in

GSCs than ESCs. In addition, GSCs exhibit high expression

of MET repressors such as ZEB1, ZEB2, and TWIST2, factors

that one would expect to further reinforce the mesen-

chymal phenotype and prevent acquisition of pluripo-

tency by GSCs. We demonstrate that ZEB1, although not

ZEB2 or TWIST2, is a key contributor to the MET barrier

that prevents GSC conversion to pluripotency (Figure 6).
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ZEB1 is well known as an inducer of EMT, the opposite pro-

cess of MET (Li et al., 2014; Shu and Pei, 2014). ZEB1 has

been shown to act as a direct transcriptional repressor of

CDH1 in a variety of cell types, but to our knowledge a

role for ZEB1 in SSCs has not been described (Eger et al.,

2005; Grooteclaes and Frisch, 2000). We provide evidence

here that in GSCs ZEB1 directly binds the Cdh1 promoter

at both the E-box 1/2 and E-box 3 regions, and that loss

of ZEB1 results in increased CDH1 expression and a reduc-

tion in the barrier to SSC and GSC reprogramming to

pluripotency.

CDH1 is one of the definingmarks of the epithelial state.

Ironically, CDH1 and THY1 have both been commonly

used as spermatogonial markers. We noticed that although

THY1 expression is abundant, GSCs have overall much

lower expression of CDH1 than ESCs. Only about 3% of

GSCs were CDH1+ after trypsin digestion (Figure S4), but

after collagenase type II digestion a much higher fraction

of GSCs (�60%) were CDH1+. In contrast, ESCs were over

80% CDH1+, even after trypsin digestion (J.A., unpub-

lished data). Others have used collagenase type II instead

of trypsin for testis digestion before CDH1 cell sorting, pre-

sumably to protect CDH1 epitopes. Altogether, the results

suggested that by using trypsin the sensitivity of our flow

cytometry assay was reduced such that only those GSCs

with highest CDH1 expression could be detected. In sup-

port of this idea, following collagenase type II digestion

gene expression analysis of the 3% highest expressing

CDH1 cells exhibited relatively high Crb3, Dsp, and Nanog

and low Cdh2 and Zeb1, patterns comparable with the

CDH1+ trypsin-digested cells (Figure S7). Also, after RepSox

or Zeb1 siRNA treatment, comparable effects were observed

regardless of the enzyme used for cell dissociation (Fig-

ure S4). Hence, despite differences in the absolute number

of CDH1+ cells observed with different methods of cell

preparation, the GSC subpopulation with the highest

CDH1 expression appears to correspond to cells with

epithelial properties that are poised in a later stage of

MET and with greatest potential for reprogramming.

Transcriptome-wide analysis of the rare CDH1+ trypsin-

digestedGSCpopulation revealed that theyhave an epithe-

lial gene expression profile, suggesting that GSC-derived

ESL cells may originate from these epithelial-like cells. By

using the trypsin-digested CDH1+ and CDH1� cells to

initiate a reprogramming experiment it was apparent that

the CDH1+ population had a higher reprogramming effi-

ciency than CDH1� cells. The results further support a

model wherein MET presents a barrier to GSC reprogram-

ming that can be overcome by selecting cells that have

already acquired epithelial characteristics, possibly because

they are already undergoing MET, to initiate reprogram-

ming. Still, lineage tracing would be required to prove

that cells that upregulate CDH1 are the origin of ESL cells.



Interestingly, not only do the CDH1+ GSCs exhibit gene

expression consistent with MET, they also are highly en-

riched in multiple pluripotency factors, including Nanog,

an important pluripotency factor not previously detected

in SSCs or GSCs. In the context of the normal GSC re-

programming procedure, it is likely that the prolonged

culturing of clusters leads to a microniche as proposed by

Ko et al. (2010) that is defined by acquisition of epithelial

features conducive to the conversion to pluripotency.

Previous studies of GSC reprogramming commonly uti-

lized genetically modified mice. For instance, Oct4-GFP

mice have been used because they provide a convenient

way to monitor the process of reprogramming (Ko et al.,

2010; Youn et al., 2013). Using transgenicmicemay be pre-

cluded in certain research contexts and is not applicable to

clinical settings. We show that the use of Zeb1 knockdown

and RepSox are effective for increasing reprogramming ef-

ficiency. Both approaches are effective in mice with other

genetic backgrounds including C57BL6 wild-type mice,

and the experimental approach does not depend on visual-

ization of an Oct4-GFP reporter. ESL cells generated in our

study, including from four conditions (RPmedium control,

RP medium with Dox, RP medium with RepSox, and RP

medium with Zeb1 siRNA) exhibit many characteristics of

pluripotent cells, including the ability to differentiate to

mesoderm, ectoderm, and endoderm both in vitro and in

a teratoma assay (Figures 1 and S3). It should be noted,

however, that the ESL lines generated in our study were

not tested for ability to contribute to a chimera following

injection into blastocysts, so conclusions about the extent

of pluripotency are tentative. Still, the baseline reprogram-

ming culture conditions and techniques used here (i.e., RP

medium control) were proved to generate bona fide plurip-

otent ESL cells with chimera-forming ability by others (Ko

et al., 2009).

In recent years a variety of technologies have emerged for

the generation of pluripotent cells, each ofwhichmayhave

its own benefits. Pluripotent cell lines generated by each

method may be particularly suitable for certain down-

stream applications, and it is known that even individual

cell lines generated from the samemethodmay exhibit var-

iable propensity for subsequent differentiation. In some

cases, using germ cell-derived pluripotent cells may be

advantageous over somatic cell-derived pluripotent cells.

ESL cells are more equivalent to ESCs than iPSCs of somatic

origin in terms of gene expression profiles, indicating that

ESL cells might be better than iPSCs for therapeutic pur-

poses (Ko et al., 2009). Also, the presence of telomerase ac-

tivity in SSCs may lend itself to the production of superior

cells for transplantation-based therapies (Ozturk, 2015;

Pech et al., 2015). Finally, the ability to obtain pluripo-

tent cells spontaneously, without introducing transgenes,

provides advantages. Ultimately, further research will be
needed to determine the ideal source of pluripotent cells

for any given application.

Some reports have claimed that human SSCs may also

become spontaneously reprogrammed to pluripotency;

however, more recent data suggest that the cell lines that

were generated are fibroblast-like in nature and may be

related to multipotent mesenchymal-like stem cells, not

ESL cells (Chikhovskaya et al., 2014; Ko et al., 2011; Kos-

sack et al., 2009; Zheng et al., 2014). Based on our observa-

tions here with mouse SSCs, it may be possible to obtain

bona fide germ cell-derived ESL cells from human testes

by enriching for epithelial-like spermatogonia and/or pro-

moting MET through manipulation of TGF-b signaling.
EXPERIMENTAL PROCEDURES

Mice
Transgenic mice were from The Jackson Laboratory. ‘‘Dox-Oct4’’

mice are B6;129-Gt(ROSA)26Sortm1(rtTA*M2)Jae Col1a1tm2

(tetO-Pou5f1)Jae/J (Stock No. 006911). ‘‘Oct4-GFP’’ mice are

B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J (Stock No. 04654) and are also

known as OG2. Dox-Oct4 homozygous and Oct4-GFP mice were

intercrossed to generate doubly transgenic mice. Wild-type mice

were C57BL6 background. All procedures involving mice were

approved by the Bloomington Institutional Animal Care and Use

Committee.
Reprogramming Assay
In initial experiments we determined that plating 200–400 cells

per well of a 48-well plate, with minimally 12 replicates, produced

an ideal density and quantity of cells to reliably observe reprogram-

ming in at least one well. For the experiments in this study, estab-

lished GSCs (around passage 6) were seeded on DR4 MEFs at a low

density of 250 cells (or 500 cells for primary testis SSCs) per one

well of a 48-well plate (Falcon). Cells were fed with RP medium

(Table S4) at least two times per week and maintained without

passaging until ESL cell colonies appeared, generally 5–7 weeks af-

ter seeding. Using this procedure only a single ESL colony could be

discerned in any given well. For quantification of wells with ESL

cells, all wells of cells were dissociated with 0.05% trypsin and re-

plated (one to one) into new wells with ES medium (Table S4).

Wells were scored based onwhether the trypsinized cells could pro-

liferate rapidly following trypsinization and transfer to ES me-

dium. Since GSCs require GDNF for proliferation, and ES medium

lacks GDNF, remaining germ cells that did not undergo reprogram-

ming died following transfer to the newwell. Hence, each well was

scored as either positive (ESL cells grew) or negative (cells died).

Data from reprogramming assays are summarized in Table 1.
Statistical Analysis
Experiments including qRT-PCR, western blot, and ChIP assay

were repeated at least three times (n > 3) with different individual

samples (biological replicates). More than 12 wells (n > 12) per

treatment group were set up for a single GSC reprogramming

experiment and each experiment was reproduced at least three
Stem Cell Reports j Vol. 8 j 446–459 j February 14, 2017 457



times. Total number of wells and experimental replicates for

reprogramming are summarized in Table 1 and provided individu-

ally in the figure legends. The values in each histogram (qRT-PCR,

ChIP-PCR, and reprogramming) are presented as the means ± SD.

Significant differences between means of biological replicates

were compared pairwise using Student’s t test.
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