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SUMMARY
Wepropose a new concept that human somatic cells can be converted to becomemale germline stem cells by the defined factors. Here, we

demonstrated that the overexpression ofDAZL, DAZ2, and BOULE could directly reprogram human Sertoli cells into cells with the char-

acteristics of human spermatogonial stem cells (SSCs), as shownby their similar transcriptomes and proteomics with human SSCs. Signif-

icantly, human SSCs derived from human Sertoli cells colonized and proliferated in vivo, and they could differentiate into spermatocytes

and haploid spermatids in vitro. Human Sertoli cell-derived SSCs excluded Y chromosome microdeletions and assumed normal chromo-

somes. Collectively, human somatic cells could be converted directly to human SSCs with the self-renewal and differentiation potentials

and high safety. This study is of unusual significance, because it provides an effective approach for reprogramming human somatic cells

into male germ cells and offers invaluable male gametes for treating male infertility.
INTRODUCTION

Infertility has become one of the most serious diseases

affecting human reproduction, as demonstrated by the

fact that around 15% of couples worldwide are infertile

(Handel et al., 2014). There are 50 million patients with

infertility in China, and about half of them are attributed

to male factors. Notably, azoospermia comprises 25% of

male infertility (Wu et al., 2007). There has been a signifi-

cant decline of the newborn population, by 7.82 million

in 2020 compared with that in 2016 in China, around

50% of whichmay be due tomale infertility. Spermatogen-

esis is a highly organized process by which spermatogonial

stem cells (SSCs) self-renew and differentiate into sper-

matocytes and spermatids. Most infertile males have game-

togenesis failure, e.g., azoospermia and oligospermia.

DAZ gene has four copies, namely DAZ1, DAZ2, DAZ3,

and DAZ4, and it has been found in gonocytes, spermato-

gonia, and spermatocytes of adult testes. Different DAZ

copy cluster deletions have different effect on spermatogen-

esis. DAZ1/DAZ2 deletions cause spermatogenic impair-

ment, whereas DAZ3/DAZ4 knockout has no influence on

fertility (Li et al., 2013). In humans, deletion of DAZ2 gene

copies is associated with male infertility (Ghorbel et al.,

2014), while DAZ2 protein is present in the tails of mature

spermatids (Habermann et al., 1998), suggesting that the

DAZ2 gene is involved in the late stage of normal spermato-
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genesis. There are two homologous genes of DAZ in the

autosome, i.e., DAZL and BOULE. DAZ family proteins are

found exclusively in germ cells, reflecting that they may

be associated with gametogenesis. Deletion or mutation of

their encoding genes usually causes severe azoospermia or

oligospermia.

DAZ family proteinsmediate the proliferation, differentia-

tion, and maturation of germ cells by regulating the expres-

sion, transport, and location of targeting genes and proteins

(Fuet al., 2015; Jenkins et al., 2011; Jiao et al., 2002;Maegawa

et al., 2002; Maines and Wasserman, 1999; Venables et al.,

2001). BOULE protein plays a pivotal role in germline speci-

fication and meiosis. It has been reported that the BOULE

gene is essential for meiosis in male germ cells (Eberhart

et al., 1996). BOULEprotein is expressed in themeiotic stages

from leptotene spermatocytes to late spermatocytes, and it is

undetectable in the testes of men with meiotic arrest (Luet-

jens et al., 2004). The overexpression of human BOULE can

restore fertility of flies with the Boule mutation (Xu et al.,

2003). As such, the ectopic expression of BOULE makes it

feasible for human Sertoli cell-derived SSCs to differentiate

into spermatocytes. Depending on the species, the DAZL

gene is present in primordial germ cells (PGCs) and/or pre-

meiotic andmeioticgermcellsofboth sexes.Micewithadefi-

ciency in DAZL are infertile (Saunders et al., 2003; Schrans-

Stassen et al., 2001), andmicrodeletion of theDAZL gene re-

sults in male infertility in humans (Reijo et al., 1995),
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implicating thatDAZL is crucial for normal spermatogenesis.

DAZL plays a critical role in primordial germ cell formation,

while DAZ and BOULE promotemeiosis andhaploid gamete

formation. Germ cells can be derived from human embry-

onic stem cells (ESCs) by overexpressing DAZL, DAZ, and

BOULE genes, and they can further enter and progress

through meiosis, which results in haploid spermatids (Kee

et al., 2009). Compared with human ESCs as the initial cells

(Kee et al., 2009), this study using human Sertoli cells as

starting cells has the following advantages: (1) it is more

important to reprogram Sertoli cells (somatic cells) into

male germline stem cells with an aim to gain novel knowl-

edge about the gap between male germ cells and somatic

cells; and (2) generation of spermatids from human Sertoli

cells could offer valuable male gametes for Sertoli cell-only

syndrome (SCOS). As such, we asked whether human Sertoli

cells could be reprogrammed to generate male germ cells by

overexpression of DAZL, DAZ, and BOULE genes. Human

ESCs and the induced pluripotent stem cells (iPSCs) can be

coaxed to differentiate into male germ cells and progress

meiosis through the overexpression of DAZL and/or VASA

(Medrano et al., 2012). In addition, PAX5-OCT4-PRDM1pro-

teins form the transcriptional network, which facilitates the

germ cell differentiation of human PGCs (Fang et al., 2018).

Very recently, oocyte-like cells have been generated from

mousePSCsby the enforcedexpressionof eight transcription

factors in vitro (Hamazaki et al., 2021). These studies illustrate

that it is feasible togeneratehumanmalegermcells invitrovia

the defined factors.

Generation of human germ cells, especiallymale gametes

in vitro, has significant applications in reproductive medi-

cine and cell biology. Various methods for obtaining male

germ cells have been developed. PGCs can be generated

from mouse ESCs and iPSCs via overexpressing Blimp1,

Prdm14, and Tfap2c, and these cells differentiate into sper-

matids after transplantation to recipient mice (Hayashi

et al., 2011; Nakaki et al., 2013). It is worth noting that

PGCs derived from mouse ESCs complete the meiosis

in vitro and give rise to spermatids (Zhou et al., 2016). Hu-

man PSCs can differentiate into PGCs and TFAP2A+ pro-

genitors for initiating in vitro gametogenesis (Chen et al.,

2019). Recently, it has been demonstrated that PRDM14

is essential for the generation of PGCs from human ESCs

(Sybirna et al., 2020). Significantly, human ESCs and iPSCs

have been demonstrated to differentiate into SSCs, sper-

matocytes, and spermatids (Easley et al., 2012; Kee et al.,

2009; Sasaki et al., 2015; Zhao et al., 2018). We have

demonstrated the generation of haploid spermatids from

human SSCs of obstructive azoospermia (OA) and cryptor-

chid patients (Sun et al., 2018; Yang et al., 2014).

SCOS is themost severe disease inwhich only Sertoli cells

but no male germ cells exist in the seminiferous tubules of

patients. It is an unsolved and key issue to generate male
germ cells from SCOS patients and other patients without

spermatids. Lineage reprogramming in which the initi-

ating cells are somatic cells might be a novel alternative

strategy to obtain germ cells. Significantly, in January,

2018, Dr. M Azim Surani, Professor at the University of

Cambridge, highlighted that it is essential to close the

gap between soma and germ cells with an aim to generate

germ cells from somatic cells, which could be a milestone

for obtaining gametes in vitro. Here, we propose a novel

concept that human somatic cells can be directly reprog-

rammed to male germline stem cells using the defined fac-

tors. As such, the starting cells do not need to be pluripo-

tent or reprogrammed to become pluripotent, which

provides a very useful approach for manual intervention

in cell fates. For example, it has been shown to reprogram

liver cells to pancreas progenitors (Cerda-Esteban et al.,

2017), fibroblasts to Sertoli-like cells (Buganim et al.,

2012), Sertoli cells to Leydig cells (Zhang et al., 2015),

mouse fibroblasts to neural progenitors (Kim et al., 2011),

human fibroblasts to hepatocytes (Zhu et al., 2014), and fi-

broblasts to cardiomyocytes (Ieda et al., 2010). These

studies demonstrate the unlimited potentials of cellular

plasticity. Notably, Sertoli cells have certain advantages

over other types of cells, since they can be expanded

in vitro to acquire a large number of cells for translational

medicine and can be reprogrammed to other cell lineages

(Sheng et al., 2012; Zhang et al., 2015). In this study, we

have demonstrated, for the first time, that overexpression

of three genes of the DAZ family, namely DAZL, DAZ2,

and BOULE, can directly reprogram human Sertoli cells to

cells with biochemical phenotypes, and self-renewal and

differentiation capacities of human SSCs. This study thus

offers invaluable male gametes for treating the infertility

of azoospermia patients.
RESULTS

Isolation and identification of human primary Sertoli

cells

Human Sertoli cells were isolated from OA patients with

normal spermatogenesis utilizing two-step enzymatic

digestion followed by differential plating as described pre-

viously (He et al., 2010). Human seminiferous tubules

were obtained from the testicular tissues by first using enzy-

matic digestion and then washing extensively with DMEM

to remove potential contamination of peritubular myoid

cells. A cell mixture containing Sertoli cells and male

germ cells was isolated by a second enzymatic digestion.

RT-PCR revealed that a number of genes, including

GFRA1, GPR125, UCHL1, PLZF, THY1, RET, SYCP3, CREST,

MLH1, rH2AX, ACR, TNP2, PRM1, PRM2, AR, SOX9, WT1,

BMP4, SCF, and VASA were detected in the cell mixture
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containing human male germ cells and Sertoli cells (Fig-

ure S1A). After culturing the cell mixture with DMEM/

F12 and 10% fetal bovine serum for 3 h, human Sertoli cells

attached to the culture plates (Figure S2A), whereas male

germ cells were suspended in the culture medium. RT-

PCR showed that the transcripts of GFRA1, GPR125,

UCHL1, PLZF, THY1, SYCP3, MLH1, TNP1, TNP2, PRM1,

PRM2, and ACR were observed in the isolated human

male germ cells (Figure S1B), whereas the mRNA of SCF,

BMP4,WT1, and FSHRwas undetectable in these cells (Fig-

ure S1B). The transcription of FSHR, GATA4, BMP4, SOX9,

GDNF, WT1, SCF, and AR was seen in the isolated human

Sertoli cells (Figure S1C) and, conversely, the mRNA of

GPR125, PLZF, andTHY1, markers for human SSCs, was un-

detected in these cells (Figure S1C), which excludes the

contamination of human primary SSCs in isolated human

Sertoli cells.

A number of hallmarks for Sertoli cells were employed to

identify the initial human cells used for reprogramming.

RT-PCR showed that the transcripts of SOX9, AR, BMP4,

WT1, GATA4, and FSHR were present in isolated human

Sertoli cells (Figure S2B), whereas the mRNA of VASA

GFRA1, UCHL1, RET, PLZF, THY1, GPR125, SYCP3, MLH1,

CREST, TNP2, ACR, PRM1, and PRM2 was undetectable in

these cells (Figure S2B). Immunocytochemistry further re-

vealed that over 96% of the isolated human cells were pos-

itive for WT1 (Figure S2C), GDNF (Figure S2D), SOX9

(Figure S2E), GATA4 (Figure S2F), and VIM (Figure S2G),

but were negative for VASA (Figure S2I). Meanwhile, more

than 95% of the isolated human cells expressed Ki-67 (Fig-

ure S2H), a hallmark for proliferating cells, reflecting that

these cells have a high level of proliferation potential. After

replacement of primary antibodies with mouse or rabbit

normal IgGs, no immunostaining was seen in the isolated

human cells (Figure S2J), thus demonstrating the specific

immunostaining of the antibodies mentioned above.

Fluorescence-activated cell sorting (FACS) showed that

97.3% of human Sertoli cells were negative for THY1

(Figure S2K, left panel), the SSC marker, thus excluding

SSC contamination in human Sertoli cells. Considered

together, these results implicated that the starting human

cells are human Sertoli cells phenotypically without

contamination of male germ cells.

Human Sertoli cells overexpress DAZL, DAZ2, and

BOULE genes and proteins

We asked whether overexpression of DAZ family genes

could reprogram human Sertoli cells to male germline

stem cells. Plasmids overexpressing DAZL, DAZ2, and

BOULE genes were sequenced, and the sizes of the three

plasmids were 9,421, 10,210, and 9,385 bp, respectively

(Figures S3A–3C; Table S1). The promoter for DAZL,

DAZ2, and BOULE genes was EF1a, and the structures of
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three plasmids with blasticidin resistance were shown in

Figures S3A–3C.

Plasmids overexpressing DAZL, DAZ2, and BOULE were

packaged into gag/pol-293T cells with the packaging plas-

mids of D8.9 and VSVG, and the lentivirals were collected

and transfected to human Sertoli cells by polybrene. The

transfected cells were then selected by 4 mg/mL blasticidin

as determined by preliminary experiments. As a control,

p2k7-null vector was packaged into gag/pol-293T cells,

and there were no positive cells after blasticidin selection

in human Sertoli cells by introducing p2k7-null lentiviral

(data not shown). After 2 weeks of selection, RT-PCR

showed that the transcription of DAZ2, DAZL, and BOULE

genes was present in human transfected cells (Figure S4A),

whereas these genes were undetected in the primary Sertoli

cells (Figure S4A). Immunocytochemistry demonstrated

that human transfected cells were positive for DAZL (Fig-

ure S4B), DAZ2 (Figure S4C), and BOULE (Figure S4D)

proteins. These data indicate that the transfected cells

overexpress DAZ2, DAZL, and BOULE genes and their

respective proteins.

Human Sertoli cells overexpressing DAZL, DAZ2, and

BOULE genes are human SSCs in phenotype

To examine whether human Sertoli cells overexpressing

DAZ2,DAZL, and BOULE genes were putative SSCs, we char-

acterized these cells by phenotypic and morphological char-

acteristics. ThemRNA of genes for SSCs, spermatocytes, sper-

matids, and germ cells, including PLZF, GFRA1, GPR125,

UCHL1, SYCP3, MLH1, CREST, ACR, TNP2, PRM1, PRM2,

and VASA, was undetectable in human Sertoli cells without

overexpression of DAZ family genes but with culture with

conditioned medium (Figure S5A). Notably, DAZ2, DAZL,

and BOULE transcripts were detected in the transfected cells

(Figure S5B), whereas mRNA of SOX9, BMP4, SCF, GDNF,

WT1, AR, and FSHR was undetectable in these cells (Fig-

ure S5B), which reflects the successful reprogramming of the

fate of human Sertoli cells by overexpressing DAZ family

genes. Morphologically, human Sertoli cells had a fibroblast-

like appearance (Figures S5C and S2A), while the transfected

cells assumed an oval shape (Figure S5D), which was similar

to primary human SSCs in culture. The transcripts of GFRA1

(Figures 1A and S5B),GPR125 (Figures 1A and S5B), RET (Fig-

ures 1A and S5B),THY1 (Figures 1A and S5B),UCHL1 (Figures

1B and S5B), and PLZF (Figure S5B) were expressed in the

transfected cells. In contrast, mRNA of PIWIL2 (Figure 1B),

SYCP1 (Figure 1B), and SYCP3 (Figure 1B), markers for sper-

matocytes, was undetected in these cells, suggesting that

these cells were not converted into spermatocytes. GFRA1,

GPR125, THY1, and PLZF have been regarded as the markers

of human SSCs (Easley et al., 2012; Fend-Guella et al., 2019;

Hermann et al., 2018; Zhao et al., 2018). Immunocytochem-

istrydemonstrated that the transfectedcells stainedpositively



Figure 1. Phenotypic characterization of human Sertoli cells
overexpressing DAZL, DAZ2, and BOULE genes
(A and B) RT-PCR demonstrated the transcripts of GFRA1 (A),
GPR125 (A), RET (A), THY1 (A), UCHL1 (B), PIWIL2 (B), SYCP1 (B),
forTHY1(Figure1C),UCHL1(Figure1D),GPR125(Figure1E),

GFRA1(Figure1F), andMAGEA4(gift fromProfessorGiulioC.

Spagnoli, University Hospital of Basel, Switzerland) (Fig-

ure 1G). We also evaluated the proliferation potential of the

transfected cells using PCNA, a marker for cell proliferation.

Immunocytochemistry illustrated that all transfected cells

were positive for PCNA, indicating that these transfected cells

have a high proliferation capacity (Figure 1H). After replace-

ment of primary antibodies with rabbit or mouse normal

IgGs, no immunostaining was seen in isolated human cells

(Figures S3D and S3E), thus verifying specific immunostain-

ingof the antibodiesmentioned above. Flowcytometric anal-

ysis showed that 94.2% of the transfected cells expressed

GPR125 (Figure1I), indicating ahighefficiencyof the conver-

sionofhumanSertoli cells tohumanSSCs.Collectively, these

results suggest that human Sertoli cells overexpressingDAZ2,

DAZL, and BOULE genes are phenotypically human SSCs

with high proliferation potential.
Human Sertoli cell-derived SSCs colonize and

proliferate in vivo in the recipient nude mice

We further determined whether human Sertoli cell-derived

SSCs could colonize and proliferate in vivo in busulfan-

treated nude mice. Four weeks after treatment of busulfan,

H&E staining showed that male germ cells were depleted,

whereas only Sertoli cells remained in the seminiferous

tubules of mice (Figure S6A). Around 90% of the testes of

recipient nude mice were transplanted with human Sertoli

cell-derived cells (Figure S6B). Twomonths after transplanta-

tionof human Sertoli cell-derived SSCs, immunohistochem-

istry revealed that UCHL1 (Figure 2A), PLZF (Figure 2B),

GPR125 (Figure 2C), and GFRA1 (Figure 2D), hallmarks for

human SSCs,were expressed in the cells (indicated by arrow-

heads) within seminiferous tubules of recipient nude mice.

Meanwhile, PCNA was strongly expressed in the cells of

seminiferous tubules of recipient nude mice (Figure 2E).
and SYCP3 (B) in human Sertoli cells overexpressing DAZL, DAZ2,
and BOULE genes (the transfected cells). GAPDH served as a loading
control of total RNA, and cDNAs from human testis tissues of OA
patients were utilized as the positive controls. Replacement of RNA
with water and PCR using GAPDH primers was used as a negative
control. The data shown in (A and B) are from at least three
independent experiments.
(C–H) Immunocytochemistry demonstrated that the presence of
THY1 (C), UCHL1 (D), GPR125 (E), GFRA1 (F), MAGEA4 (G), and
PCNA (H) proteins in human Sertoli cells overexpressing three DAZ
family genes. Scale bars, 10 mm in (C–F) and right panel in (G);
20 mm left panel in (G) and (I).
(I–J) Flow cytometric analysis revealed the expression of GPR125
(I) and mouse or rabbit IgG (J) in human Sertoli cells over-
expressing three DAZ family genes. Three independent experiments
were performed.
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Figure 2. Phenotypic characterization of human Sertoli cell-
derived SSCs in vivo
(A–G) (A) Immunohistochemistry revealed the expression of
UCHL1 (A), PLZF (B), GPR125 (C), GFRA1 (D), PCNA (E), human
nuclear antigen (HumNuc) (F), and normal mouse or rabbit IgG
(G) in the seminiferous tubules of recipient nude mice with
transplantation of human Sertoli cell-derived SSCs. The typically
positive cells for the antibodies are indicated by arrowheads.
Scale bars, 10 mm in (A–G). Three independent experiments were
performed.
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Figure 3. Global gene expression of human
Sertoli cell-derived SSCs
(A–C) Electropherogram using the Agilent
bioanalyzer indicated the concentrations and
nucleotides (nt) of total RNA isolated from
human Sertoli cell-derived SSCs (transfected
cells) (B) and the human SSC line (C). The
RNA ladders are shown in (A).
(D) Microarray clustering analysis of a number
of genes related to reproduction and cell di-
vision in human Sertoli cell-derived SSCs
(transfected cells) and the human SSC line.
Two independent experiments were per-
formed.
(E) Real-time PCR verified the expression
levels of numerous genes, including GFRA1,
THY1, PLZF, RET, UCHL1, and GPR125 between
human Sertoli cell-derived SSCs (transfected
cells) and the human SSC line. *Statistically
significant differences (p < 0.05) between
human Sertoli cell-derived SSCs (transfected
cells) and the human SSC line. NC, negative
control. Three independent experiments were
performed.
Furthermore, we utilized an antibody against human nu-

clear antigen (HumNuc) that specifically identifies the cells

of human source rather than recipient mice, and found

that HumNucwas detected in the cells within the seminifer-

ous tubules of the recipient mice (Figure 2F). After replace-

ment of primary antibodies with normal rabbit IgG, no im-

munostaining was seen in the cells within the seminiferous

tubules of recipient nudemice (Figure 2G).Double immuno-

staining was performed using antibodies against HumNuc

and PLZF, and we observed that a number of cells within

the seminiferous tubules of recipient nude mice with hu-

man Sertoli cell-derived SSC transplantationwere coexpress-

ingHumNuc and PLZF (Figures S6C and S7A). No staining of

HumNuc or PLZF in the cells within the seminiferous tu-

bules of recipient nude mice without cell transplantation

was used as a negative control (Figure S7B), whereas the co-

expression of HumNuc and PLZF in the testis of OA patients

served as a positive control (Figure S7C). These results clearly

indicate that human Sertoli cell-derived SSCs can survive,

colonize, and proliferate in vivo in the recipient nude mice.

Human Sertoli cell-derived SSCs have similar

transcriptomes and proteomics with human SSCs

We compared the global gene expression profiles between

human Sertoli cell-derived SSCs and the human SSC line
that was established by our group in primary human

SSCs expressing human SV40 large T antigen (Hou et al.,

2015). An electropherogram indicated the high quality

of total RNA isolated from human Sertoli cell-derived

SSCs (transfected cells) (Figure 3B) and the human SSC

line (Figure 3C). In total, 28,226 genes were detected by

microarray analysis in both cell types, and 876 (3.1%)

and 429 (1.5%) genes were upregulated and downregu-

lated in human Sertoli cell-derived SSCs compared with

the human SSC line, respectively. As such, 95.4% of global

gene profiles in human Sertoli cell-derived SSCs were

similar to that of the human SSC line. Microarray analysis

revealed that there was no significant difference in the

expression levels of UCHL1, GFRA1, THY1, PLZF, RET,

and MAGEA4, markers for human SSCs and spermato-

gonia, between human Sertoli cell-derived SSCs and the

human SSC line (Table S2). A number of genes that were

related to reproduction and cell division were chosen for

further hierarchical clustering analysis, which showed

that there was no significant difference in the levels of

UCHL1, PCNA, THY1, SOX17, PLZF, NANOS1, C-KIT,

FOXP3, UTF1, and MAGEA4 between human Sertoli cell-

derived SSCs and the human SSC line (Figure 3D). Real-

time PCR was performed to verify the results of

microarray analysis. We found that there was no
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significant difference in the expression levels of GFRA1,

THY1, PLZF, RET, and UCHL1 between human Sertoli

cell-derived cells and the human SSC line (Figure 3E),

except that the expression level of GPR125 was higher in

human Sertoli cell-derived SSCs than in the human SSC

line (Figure 3E). Together, microarray analyses further

demonstrate that human Sertoli cell-derived SSCs have

similar transcriptomes to human SSCs.

Label-free quantitative proteomics was performed to

compare the large scale of protein expression profiling be-

tween human Sertoli cell-derived SSCs and the human

SSC line. The proteins of human Sertoli cell-derived SSCs

and the human SSC line were separated and effectively

ranged from 15 to 220 kDa without any degradation (Fig-

ure 4A). In total, 4,333 proteins were detected in both kinds

of cell types, while 568 and 632 proteins were especially ex-

pressed in human Sertoli cell-derived SSCs and the human

SSC line, respectively. In addition, 150 and 219 proteins

were upregulated and downregulated, respectively, in hu-

man Sertoli cell-derived SSCs compared with the human

SSC line (Figure 4B; Table S3). Therefore, 91.48% of pro-

teins in human Sertoli cell-derived SSCs were similar to

that in the human SSC line (Table S3). The Pearson correla-

tion among human Sertoli cell-derived SSCs (transfected

cells) and the human SSC line ranged from 0.88 to 0.95

(Figure 4C), reflecting that human Sertoli cell-derived

SSCs assume similar proteomics with human SSCs. We

then selected 48 proteins that were related to stem cell

and reproduction for further hierarchical clustering anal-

ysis, and showed that there was no significant expression

difference in these proteins between human Sertoli cell-

derived SSCs and the human SSC line (Figure 4D). Western

blots were performed to verify the results of label-free

quantitative proteomics, and no statistically significant

difference was seen in the levels of UCHL1 (Figure 4E)

and THY1 (Figure 4F) proteins between human Sertoli

cell-derived SSCs and the human SSC line, which was

consistent with the results of label-free quantitative

proteomics.

Human Sertoli cell-derived SSCs assume normal

chromosomes and exclude Y chromosome

microdeletions

Transferring exogenous genes into cells may cause an

abnormal karyotype, and thuswechecked thechromosomes

of human Sertoli cell-derived SSCs overexpressingDAZ fam-

ily genes. Karyotype analysis revealed that 92.5% of the

transfected cells hadnormal karyotypewith 23pairs of chro-

mosomes (Figures 5A and 5B), while 7.5% of these cells

showed an abnormal karyotypewith anunbalanced translo-

cation or chromosomal numerical aberrations (Figure 5C).

Together, these data suggest that human Sertoli cell-derived

SSCs assume almost normal chromosomes.
2804 Stem Cell Reports j Vol. 16 j 2798–2812 j November 9, 2021
Multiplex PCR was used to evaluate whether human Ser-

toli cell-derived SSCs had Y chromosome microdeletions.

As shown in Figure 5D, eight specific genes, including

sY127, sY134, sY86, sY84, sY254, sY255, SRY, and ZFX/Y,

were detected in human Sertoli cell-derived SSCs. DNA

was substituted by water and used as a negative control

(Figure 5E), while DNA from normal blood served as a

positive control (Figure 5F). These data implicate that

human Sertoli cell-derived SSCs exclude Y chromosome

microdeletions.

Human Sertoli cell-derived SSCs can be induced to

differentiate into spermatocytes and spermatids

in vitro

We finally determined whether human Sertoli cell-derived

SSCs could initiate and progress through meiosis in vitro.

Before induction, RT-PCR revealed that human Sertoli

cell-derived SSCs were expressing GPR125, GFRA1, THY1,

UCHL1, RET, and PLZF, markers for human SSCs, as well

as DAZ2, DAZL, and BOULE (Figure 6A), suggesting that

the identity of these cells were human SSCs. After 12–

14 days of induction, the transcripts of CREST, SYCP3,

MLH1, PIWIL2, rH2AX, TNP2, ACR, and PRM1 were de-

tected in these cells (Figure 6B). Triple immunostaining

for detecting SYCP3, MLH1, and CREST was performed.

Meiotic spreads revealed that SYCP3- and CREST-positive

cells were observed in human Sertoli cell-derived SSCs after

12 days of induction (Figure 6C) and that a subset of cells

had punctuate SYCP3 staining (Figure 6C), whereas

MLH1 (DNA repair protein) was not detected in these cells

(Figure 6C), implicating that these cells were likely lepto-

tene spermatocytes of meiotic prophase I. Notably, we

found that human Sertoli cell-derived SSCs after 14 days

of induction coexpressed SYCP3, MLH1, and CREST (Fig-

ure 6E), indicating that these cells are probably pachytene

spermatocytes. The expression of SYCP3, CREST, and

MLH1 in leptotene spermatocytes (Figure 6D) and pachy-

tene spermatocytes (Figure 6F) from OA patients served as

positive controls.

RT-PCR revealed that the transcripts of TNP2, ACR,

PRM1, and PRM2, hallmarks for haploid spermatids, were

detected in human Sertoli cell-derived SSCs after 15–

20 days of induction (Figure 7A). Immunocytochemistry

illustrated the expression of PNA (Figures 7B and 7C) at

various stages and ACROSIN (Figure 7D) in differentiated

cells. FACS of DNA contents showed that 7.6% of haploid

(1N) cells could be obtained from human Sertoli cell-

derived SSCs at day 20 of differentiation by induction (Fig-

ure 7E), whereas no haploid (1N) cells could be detected in

the transfected cells (human Sertoli cell-derived SSCs) (Fig-

ure 7G) or untransfected cells (human Sertoli cells) (Fig-

ure 7H). The percentage of haploid (1N) cells in human

male germ cells of OA patients was utilized as positive cells



Figure 4. Label-free quantitative prote-
omics of human Sertoli cell-derived SSCs
(A) The protein quality assessment of human
Sertoli cell-derived SSCs (transfected cells)
and the human SSC line.
(B) Volcano plot of global protein profiles in
human Sertoli cell-derived SSCs (transfected
cells) and the human SSC line. The upregulated
and downregulated proteins are represented
by red and green dots, respectively.
(C) Pearson correlation between human Sertoli
cell-derived SSCs (transfected cells) and the
human SSC line.
(D) Hierarchical clustering analysis of proteins
related to stem cell and reproduction in human
Sertoli cell-derived SSCs (transfected cells)
and the human SSC line. Two independent
experiments were performed.
(E and F) Western blots illustrate the relative
expression levels of UCHL1 (E) and THY1 (F) in
human Sertoli cell-derived SSCs (transfected
cells) and the human SSC line after normali-
zation to ACTB. The results shown in (E and F)
are from three independent experiments.
(Figure 7F). Fluorescence in situ hybridization (FISH)

further demonstrated that haploid (1N) cells with chromo-

some X (Figure 7L) and chromosome Y (Figure 7M), as well

as the secondary spermatocytes (4N) with chromosome X
(Figure 7J) and chromosome Y (Figure 7K), were obtained

from the human Sertoli cell-derived SSCs (2N) (Figure 7I)

after differentiation, which illustrates the generation of

haploid cells (1N) from human Sertoli cell-derived SSCs.
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Figure 5. Karyotype and Y chromosome microdeletion analyses of human Sertoli cell-derived SSCs
(A–C) Cytogenetic assay revealed a normal karyotype with 23 pairs of chromosomes (A and B) and abnormal karyotype unbalanced
translocation or chromosomal numerical aberrations (C) in human Sertoli cell-derived SSCs.
(D–F) Multiplex real-time PCR displays the expression of all eight specific STS markers from AZFa, AZFb, and AZFc regions, including sY127,
sY134, sY86, sY84, sY254, sY255, SRY, and ZFX/Y, in human Sertoli cell-derived SSCs (D). Water substituting for DNA was used as a negative
control (E), and DNA from normal human blood served as a positive control (F). The results shown in (A–F) are from three independent
experiments.
Collectively, these data indicate that human SSCs derived

from human Sertoli cells overexpressing of DAZ family

genes can be induced to differentiate into spermatocytes

and haploid spermatids.
DISCUSSION

Germ cells have recently been generated in vitro frommouse

andhumanESCsaswellas iPSCs(Easleyetal., 2012;Keeetal.,

2009; Zhou et al., 2016). In this study, we demonstrate that

the overexpression of DAZL, DAZ2, and BOULE genes could

effectively reprogram human Sertoli cells into human SSCs

with self-renewal and differentiation potentials. To our

knowledge, this is thefirst reporthighlighting thegeneration

of phenotypic attributes of human germline stem cells

directly from human somatic cells. Significantly, our human

Sertoli cell-derived SSCs could be further coaxed to differen-

tiate into spermatocytesandspermatidsbya specificmedium

in vitro, which could offer an invaluable source of male gam-

etes to treat male infertility in patients with azoospermia.
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We identified human Sertoli cells overexpressing DAZL,

DAZ2, and BOULE as putative human SSCs, since they

possess the phenotypic characteristics of human primary

SSCs both in vitro and in vivo. First of all, these cells shared

a number of markers for human SSCs, including UCHL1,

PLZF, GFRA1, RET, GPR125, and THY1, at the transcrip-

tional and translational levels. Secondly, microarray anal-

ysis highlighted that the transfected cells have 95.4%

similarity of global gene profiles with the human SSC line

that possesses the features of human primary SSCs (Hou

et al., 2015), implying that the transfected cells from Sertoli

cells possess biochemical characteristics of human SSCs.

Thirdly, SSC transplantation has been generally regarded

as the gold standard assay for evaluating the function of

SSCs in vivo (Brinster and Zimmermann, 1994). In this

study, we transplanted the transfected cells into the testis

of recipient nude mice. Notably, the transfected cells could

survive for 2 months, colonize, and proliferate in the sem-

iniferous tubules of recipient nudemouse testes, as demon-

strated by the expression of SSC markers, e.g., GPR125,

GFRA1, UCHL1, PLZF, HumNuc, and PCNA in the recipient



Figure 6. Phenotypic characterization of
the differentiated cells from human Ser-
toli cell-derived SSCs after 12–14 days of
induction
(A) RT-PCR showed the transcripts of GPR125,
GFRA1, THY1, UCHL1, RET, PLZF, DAZ2, DAZL,
and BOULE in human Sertoli cell-derived SSCs.
(B) RT-PCR demonstrated the mRNA of CREST,
SYCP3, MLH1, PIWIL2, rH2AX, TNP2, ACR, and
PRM1 in the differentiated cells obtained
from human Sertoli cell-derived SSCs for 12–
14 days of induction. GAPDH was employed as
a loading control of total RNA, and RNA
without RT (RT�) but with PCR of GAPDH
primers utilized as a negative control. The
results shown in (A and B) are from at least
three independent experiments.
(C–F) Meiotic spreads show the coexpression
of SCP3 (red fluorescence), MLH1 (green
fluorescence), and CREST (blue fluorescence)
in human Sertoli cell-derived SSCs after
12 days of induction (C) and 14 days of in-
duction (E). The expression of SYCP3, CREST,
and MLH1 in leptotene spermatocytes (D)
and pachytene spermatocytes (F) from OA
patients was used as the positive controls.
Three independent experiments were per-
formed in (C–F). Scale bars, 10 mm in (C–F).
mice, whichwas consistent with the typical attribute of pri-

mary human SSCs for xenotransplantation. Finally, human

Sertoli cell-derived SSCs can be induced to initiate and

progress meiosis to become spermatocytes and haploid

spermatids, as demonstrated by RT-PCR, immunocyto-

chemistry, meiotic spread assays, FACS analysis of DNA

contents, and FISH of chromosomes.
To evaluate the safety of the process of transfection, we

checked the karyotype and Y chromosome microdeletions

of human Sertoli cell-derived SSCs. Chromosomal changes,

e.g., chromosomal numbers and chromosomal banding

pattern, may occur when transferring exogenous genes

into cells. It is worth noting that 92.5% of human Sertoli

cell-derived SSCs had normal chromosomal characteristics,
Stem Cell Reports j Vol. 16 j 2798–2812 j November 9, 2021 2807



Figure 7. Phenotypic characterization and DNA contents assays
of the differentiated cells from human Sertoli cell-derived SSCs
after 15–20 days of induction
(A) RT-PCR displays the transcription of TNP2, ACR, PRM1, and PRM2
in human Sertoli cell-derived SSCs after 15–20 days of induction.
GAPDH was used as a loading control of total RNA, and RNA without
RT (RT�) but with PCR of GAPDH primers served as a negative
control. The results shown in (A) are from at least three indepen-
dent experiments.
(B–D) Immunocytochemistry revealed the expression of PNA (B and
C) and ACROSIN (D) in the differentiated cells from human Sertoli
cell-derived SSCs after 15–20 days of induction. Scale bars, 5 mm in
(B–D).
(E–H) FACS analysis indicated the percentages of haploid cells (1N)
in the differentiated cells from human Sertoli cell-derived SSCs at
day 20 of induction (E), male germ cells of OA patients (F), the
transfected cells (human Sertoli cell-derived SSCs) (G), and human
Sertoli cells (H).
(I–M) FISH showed the ploidy of the secondary spermatocytes with
chromosome X (J) and chromosome Y (K) as well as the haploid cells
with chromosome X (L) and chromosome Y (M) derived from human
Sertoli cell-derived SSCs (I). Three independent experiments were
performed in (B–M).
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which is in accordance with the previous studies showing

that transferring exogenous genes into cells causes less

change in chromosomes (Akimov et al., 2005; Balducci

et al., 2014). Using multiplex PCR with a number of genes,

we found that no Y chromosomemicrodeletionwas seen in

human Sertoli cell-derived SSCs. As such, human Sertoli

cell-derived SSCs may have significant applications in

both reproductive and regenerative medicine.

Mammalian spermatogenesis starts with the self-renewal

and differentiation of SSCs, giving rise to certain kinds of

spermatocytes and haploid spermatids (Bellve et al.,

1977). To induce human Sertoli cell-derived SSCs to initiate

meiosis and gametogenesis in vitro, we used the condi-

tioned medium containing testosterone, BMP4, activin A,

retinoic acid (RA), stem cell factor (SCF), EGF, BPE, and

KSR, which are essential for spermatogenesis. BMP4 and ac-

tivin A promote the self-renewal and proliferation of germ

cells (Carlomagno et al., 2010; Mithraprabhu et al., 2010).

RA has been shown to be sufficient for inducing spermato-

cytes frommouse SSCs and is required for the development

of complete meiosis and generation of haploid cells from

both mouse ESCs and human iPSCs (Eguizabal et al.,

2011; Nayernia et al., 2006; Wang et al., 2016). We have re-

ported that RA and SCF induce human SSCs to differentiate

into haploid spermatids (Yang et al., 2014). BMP4 cooper-

ates with the RA to stimulate the differentiation of mouse

spermatogonia (Yang et al., 2016). In this study, we found

expression of SYCP3, MLH1, and CREST in human Sertoli

cell-derived SSCs after 14 days of induction, indicating

the formation of pachytene spermatocytes. We next asked

if human Sertoli cell-derived spermatocytes further develop



into haploid spermatids, and thus we checked the expres-

sion of PNA, ACROSIN, and PRM2, which are markers of

haploid spermatids. As expected, the expression of these

three genes or proteins was detected in human Sertoli

cell-derived SSCs after 15–20 days of induction. Notably,

7.6% of haploid cells, as assessed by FACS and FISH, can

be obtained by our conditioned medium, which was com-

parable with the efficiency for our generation of haploid

spermatids from human SSCs (Sun et al., 2018).

In summary, we have demonstrated, for the first time, the

direct reprogramming human Sertoli cells into human

germline stem cells, with phenotypic characteristics and

high safety, by overexpressing three DAZ family genes.

Significantly, human Sertoli cell-derived SSCs can colonize

and renew in vivo and differentiate into spermatocytes and

haploid spermatids in vitro. Our ability to directly reprogram

human Sertoli cells and other somatic cells into male

germline stem cells and haploid spermatids may provide

invaluable male gametes for azoospermia patients.
EXPERIMENTAL PROCEDURES

Reprogramming of human Sertoli cells into human

SSCs
The plasmids used in this study, including p2k7-DAZL, p2k7-

DAZ2, p2k7-BOULE, and p2k7-null, were kindly provided by Dr.

Kehkooi Kee, Professor at Tsinghua University School of Medicine,

China. Lentivirus packaging plasmids including D8.9 and Vsvg

were packaged, respectively, using two packaging plasmids and

plasmids p2k7-DAZL, p2k7-DAZ2, p2k7-BOULE, or p2k7-null

into gag/pol-293T cells with lipofectamine 3000 (Invitrogen) ac-

cording to the manufacturer’s instructions. Expression titers were

determined by infecting the 293T cells with series of dilutions.

About 1.5 3 105 human Sertoli cells and 1.5 3 105 human skin

fibroblast HFF-1 (ATTC no. SCRC-1041) were transfected with 1–

10 mL of lentiviral overexpression vectors forDAZL,DAZ2, BOULE,

and p2k7-null with 8 mg/mL polybrene (Sigma-Aldrich) in DMEM

medium for 24 h in 5% CO2 incubator and recovered for another

24h. Culturemediumwas changed every 2 dayswith newmedium

plus 4 mg/mL blasticidin for about 14 days for selection of cells. The

positive cells after blasticidin selection were used for further iden-

tification and following studies.

Chromosomal karyotype analysis
Chromosomal karyotype analysis of the exponentially growing

human Sertoli cell-derived SSCs at passage 8 was performed in

terms of the method as described previously (Ma et al., 2013;

Yang et al., 2014). In brief, the cells were treated with 5 mg/mL col-

cemid for 3 h and by 0.075M KCl solution for 25min at 37�C, and
theywere fixed twice in fixative (methanol:glacial acetic acid = 3:1)

for 20 min. Cell suspension was cytospun onto the slides. Cell

slides were stained with Giemsa solution and counted under a mi-

croscope. The chromosome status was analyzed with the recom-

mendation of the International System for Human Cytogenetic

Nomenclature.
Label-free quantitative proteomics
The transfected cells (human Sertoli cell-derived SSCs) and the

human SSC line were lysed with RIPA (Santa Cruz) buffer for

30 min on ice. Cell lysates were cleared by centrifugation at

12,000 3 g for 20 min at 4�C, and the concentrations of the pro-

teins were determined using the Qubit fluorescent protein

quantification kit (Invitrogen) according to the manufacturer’s

instruction. Proteins were reduced by DTT (DL-dithiothreitol)

to a final concentration of 10 mM at 56�C for 1 h, and they

were diluted by 10 times with 250 mM iodoacetamide and kept

in the dark for 1 h. Protein samples were digested with trypsin

at 37�C for 12 h. The digested supernatant fractions were stored

at �80�C until high performance liquid chromatography

(HPLC)-tandem mass spectrometry analysis.

Label-free analysis was performed using an Agilent 1100 quater-

nary HPLC system, micrOTOF-Q II mass spectrometer (Bruker Sci-

entific) coupled with QExactivemass spectrometer (Thermo Scien-

tific, Bremen, Germany). Bioinformatics analysis was performed

using Mascot2.2 and Profile Analysis software 2.0. For comparison

of differences, the differentially expressed proteins were selected as

fold changes R1.5 and p < 0.05.
Xenotransplantation of human Sertoli cell-derived

SSCs
The xenotransplantation of human Sertoli cell-derived SSCs was

performed according to the procedure as described previously

(Hermann et al., 2012). In brief, 20 male nude mice 6–8 weeks

old were used as recipients, and they were treated with 40 mg/

kg body weight of busulfan (Sigma, St Louis, MO, USA) to remove

endogenous male germ cells. Four weeks after busulfan treat-

ment, human Sertoli cell-derived SSCs were harvested using

0.25% trypsin and resuspended inDMEM/F12 at a cell concentra-

tion of 1–3 3 107/mL. Filtered trypan blue was added to cell

suspension and agitated before cell transplantation. Approxi-

mately 10 mL of cell suspension was transplanted into seminifer-

ous tubules of one testis via rete testis, while the other testis

without cell injection served as internal control. Eight weeks

after cell transplantation, recipient mice were killed, and

testes were collected for preparing the paraffin sections and

immunohistochemistry.
FISH
FISH was conducted to further assess the ploidy of various kinds of

cells, including human Sertoli cell-derived SSCs and the secondary

spermatocytes as well as the haploid cells derived from human Ser-

toli cell-derived SSCs pursuant to the methods as we described pre-

viously (Sun et al., 2018).
Statistical analysis
All valueswerepresented asmean± SEMfromat least three indepen-

dent experiments. Statistical analyseswere evaluatedusing Student’s

t test, and p < 0.05 was considered statistically significant.
Data and code availability
Microarray data are available under NCBI GEO accession no:

GSE184088.
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