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Abstract

Spermatogonial stem cells (SSCs) are the most primitive spermatogonia in the testis and have

an essential role to maintain highly productive spermatogenesis by self-renewal and continuous

generation of daughter spermatogonia that differentiate into spermatozoa, transmitting genetic

information to the next generation. Since the 1950s, many experimental methods, including histol-

ogy, immunostaining, whole-mount analyses, and pulse-chase labeling, had been used in attempts

to identify SSCs, but without success. In 1994, a spermatogonial transplantation method was re-

ported that established a quantitative functional assay to identify SSCs by evaluating their ability to

both self-renew and differentiate to spermatozoa. The system was originally developed using mice

and subsequently extended to nonrodents, including domestic animals and humans. Availability

of the functional assay for SSCs has made it possible to develop culture systems for their ex vivo

expansion, which dramatically advanced germ cell biology and allowed medical and agricultural

applications. In coming years, SSCs will be increasingly used to understand their regulation, as

well as in germline modification, including gene correction, enhancement of male fertility, and

conversion of somatic cells to biologically competent male germline cells.

Key words: spermatogonial stem cell, germline stem cell, germ cell transplantation, germline modification, trans-

genesis, spermatogonium, stem cell culture, stem cell niche, infertility treatment, gene therapy, cryopreservation,

transdifferentiation.

Introduction

Spermatogenesis plays a pivotal role in the continuity of the male

germline by producing haploid spermatozoa that fertilize eggs and

eventually produce progeny for the next generation. Mammalian

spermatogenesis is a highly productive and coordinated process,

which is subdivided into three successive phases based on functional

considerations: the proliferative phase (spermatogonia), in which

cells undergo continuous, successive divisions, the meiotic phase

(spermatocytes) in which genetic material is recombined, and the dif-

ferentiation or spermiogenesis phase, in which spermatids transform

into spermatozoa. The high productivity of spermatogenesis relies

primarily on the proliferation of spermatogonia, which occurs in the

mitotic spermatogonial compartment of the seminiferous tubule [1].

However, the life-long maintenance of spermatogenesis is dependent

on the biological competence of the extremely rare spermatogonial

stem cells (SSCs), which are capable of self-renewal and production

of daughter cells to generate terminally differentiated cells, sperma-

tozoa. Since the 1950s, a tremendous effort with rodent models,

using histological approaches, whole-mount analyses, and isotope

pulse-chase monitoring, had been made to understand SSCs [2], but

a means to unequivocally identify SSCs was the major hurdle. SSCs

were believed to be the least differentiated spermatogonia, called

type Asingle (As) spermatogonia, which remain as single cells on the

basement membrane of the seminiferous tubule. Germ cells, includ-

ing spermatogonia, undergo incomplete cell division during differ-

entiation, and when As spermatogonia undergo differentiation, they
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Figure 1. Outline of spermatogonial transplantation method and quantitative assay for SSCs. Single-cell suspension prepared from testes of transgenic mice

expressing a reporter gene (e.g., β-galactosidase) by enzymatic digestion is injected into the seminiferous tubules of an infertile recipient mouse. Cells from in

vitro culture or cells fractionated by FACS or MACS can be used for a donor cell population. Two months after transplantation, donor-derived spermatogenesis

can be detected in the recipient testis as blue colonies. Because each colony of spermatogenesis is developed from a single SSC, the number of colonies

represents the number of SSCs in the donor cell suspension. The length of each colony demonstrates the degree of SSC expansion. Modified from [199].

generate type Apaired (Apr) spermatogonia, which are interconnected

by an intercellular bridge. If they remain in the undifferentiated state,

As spermatogonia generate two As spermatogonia without an inter-

cellular bridge. This mitotic pattern is called a symmetric self-renewal

division. Subsequent cell divisions of the Apr spermatogonia gener-

ate Aaligned-4, Aaligned-8, and Aaligned-16 (Aal), which will differentiate

to type A1 spermatogonia. The As, Apr, and Aal spermatogonia are

called undifferentiated spermatogonia, and the undifferentiated sper-

matogonia population is heterogeneous. The As spermatogonum has

been designated an SSC, and their number is calculated to be as low

as 0.03% of total adult testis cells [3]. The small number of SSCs and

the inability to unequivocally identify them has greatly hindered our

ability to understand the biology of SSCs, the complexity of sper-

matogenesis, and regulation of the male germline. In this chapter, we

provide an overview of the advancement in our knowledge regarding

SSCs and the male germline, since the development of the spermato-

gonial transplantation method in 1994 [4, 5], which was a major

breakthrough for basic research on SSCs, for clinical applications

and in agriculture.

Spermatogonial stem cell transplantation

Development of spermatogonial stem cell

transplantation method

A technique for microinjection of donor germ cells into seminif-

erous tubules of infertile recipient males was first reported using

mice in 1994 to identify SSCs by their biological function [4, 5]. In

the initial approach, testis cell suspensions from transgenic mice

expressing a reporter gene, lacZ encoding β-galactosidase, were used

to unequivocally identify donor cells in recipient testes after trans-

plantation by staining with X-gal (5-Bromo-4-chloro-3-indolyl-β-

D-galactoside) (Figure 1). When donor testicular cells from fertile

males are injected into the lumen of the seminiferous tubules of

an infertile recipient male, some donor germ cells migrate toward

the seminiferous tubule periphery passing through the tight junction

of Sertoli cells, which form the blood–testis barrier. Because sper-

matogenesis is not present in the recipient males, donor germ cells

can more readily penetrate the epithelial layer of Sertoli cells and

reach the basal lamina surrounded by the peritubular myoid cells.

Two types of infertile mice can be used for recipients. One type can

be prepared by injection of Busulfan, an alkylating agent used for

cancer chemotherapy, which will eliminate endogenous germ cells,

including SSCs. The second type of recipients are specific mutant

mice lacking spermatogenesis, such as White-spotting (W) mouse

strains that have mutations in the Kit gene that encodes a receptor

tyrosine kinase responsible for proliferation of primordial germ cells

(PGCs) in the fetus and spermatogonia in postnatal testes [4]. In

addition, immature testes before forming the blood–testis barrier of

Sertoli cells, which occurs between 10 and 16 days postpartum in the

mouse, are excellent recipients resulting in a significant improvement

of the colonization efficiency [6, 7].

After microinjection into infertile recipient testes, the donor germ

cells colonize the basement membrane of the recipient seminiferous

tubules and regenerate spermatogenesis. Donor cell-derived sperma-

tozoa appear by 2 months after transplantation. The donor-derived

spermatozoa are morphologically normal and are able to fertilize

eggs, resulting in production of fertile progeny carrying the donor
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Figure 2. Spermatogonial transplantation methods and regeneration process of donor-derived spermatogenesis. (A) Three cell-injection methods into a recipient

testis are shown. The micropipette can be inserted directly into the seminiferous tubules (a), into the rete testis (b), or into an efferent duct (c). (B) A micropipette

was inserted through an efferent duct into rete testis. Seminiferous tubules of a recipient testis were beginning to fill by injecting donor cells with dye (trypan

blue). Modified from [9]. (C–F) Regeneration process of donor-derived spermatogenesis from transplanted SSCs expressing β-galactosidase. (C) One week after

transplantation, some blue donor cells were observed on the basement membrane. (D) Two weeks after transplantation, spreading interconnected spermatogonia

were observed. (E) Two months after transplantation, dark blue colonies with complete spermatogenesis were identified. Donor-derived spermatogenic colonies

continued to grow at the extremities. (F) Donor SSCs-derived spermatogenic colonies were identified as blue stretches of tubules under lower magnification by

2 months after transplantation. Each blue colony in the recipient testis is developed from a single donor SSCs. The testes were stained with X-gal. Scale bars:

(C–E) 100 µm, (F) 2 mm. Modified from [10].

male haplotype. This proves that donor-derived spermatozoa are

functionally normal [4]. Furthermore, the reconstituted spermatoge-

nesis continues during the remaining life of the recipient male. The

spermatogenesis-reconstituting cells fulfill the biological criteria for

a stem cell, both the ability to self-renew and differentiate into the

appropriate terminal cell type; therefore, the spermatogonial trans-

plantation technique has made it possible to unequivocally identify

SSCs in any donor-cell population based on their biological function

and established the second functional assay for stem cells following

the previously established bone marrow transplantation system for

hematopoietic stem cells (HSCs) [8].

Distributing donor cells to many areas of seminiferous tubules

is critical to maximize colonization efficiency of transplanted SSCs.

Because all seminiferous tubules access the rete testis, microinjecting

donor cells into the rete testis followed by filling of many seminif-

erous tubules is the most efficient way to achieve this goal. Three

ways to inject donor cells have been developed [9]. The first method

is to inject donor cells directly into the seminiferous tubule using a

micropipette, which was the first method reported [5] (Figure 2Aa).

Donor germ cells introduced are forced into the rete testis from the

injected tubule and can then enter other seminiferous tubules. The

second method is to insert a micropipette directly into the rete testis

and inject donor cells, which fill the rete and flow into the seminif-

erous tubules (Figure 2Ab). When injection pressure is increased too

rapidly or is too high, some leakage around the insertion site of the

rete testis may occur. The third method is to insert a micropipette

into one of the efferent ducts and thread it into the rete testis in a

retrograde direction (Figure 2Ac and B). This method is the most

accurate to control the injection volume because less cell suspension

can leak from the insertion site of the micropipette, and seminiferous

tubule filling of 70 to 90% can be achieved routinely.

Regenerative spermatogenesis from spermatogonial

stem cells

The regeneration process of donor-derived spermatogenesis from

transplanted SSCs has been investigated using transgenic mice ex-

pressing the β-galactosidase reporter gene [10]. During the first

week following donor cell transplantation, some donor germ cells

reach and colonize the basement membrane (Figure 2C). After 2

weeks, spreading interconnected spermatogonia appear, indicating

the donor cells begin proliferating laterally on the basement mem-

brane (Figure 2D). About 1 month following transplantation, donor-

derived spermatocytes appear in the adluminal compartment of the

seminiferous tubules. By 2 months after transplantation, the recip-

ient seminiferous tubules are filled by donor germ cells, and donor

spermatozoa can be identified. The complete spermatogenesis estab-

lished by donor cells forms identifiable colonies, and the area of

donor-derived spermatogenesis continues to extend laterally along

recipient seminiferous tubules (Figure 2E and F). Although the pro-

cess of spermatogenesis from type A spermatogonia to mature sper-

matozoa in mice is 35 days [1], nearly twice as long as necessary to

differentiate into donor spermatozoa following transplantation [10].

The reason for the difference of 35 days versus 2 months remains un-

clear, but the migration and colonization processes from the lumen

to the basement membrane are likely involved in the time lag to
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produce mature spermatozoa following transplantation. Further-

more, the time required for differentiation from an SSC to A1 sper-

matogonium is not known and not counted in the 35 days; therefore,

this differentiation time may account for a significant part of the ad-

ditional 1 month for transplanted SSCs to produce spermatozoa.

Quantitative functional assay for spermatogonial stem

cells

Controlling the injection volume of a donor cell suspension trans-

planted to a recipient testis has made it possible to establish a quan-

titative analysis of SSCs. When β-galactosidase-expressing SSCs are

transplanted, donor-derived spermatogenesis can be unequivocally

identified as blue colonies after staining with X-gal in the recipient

testes 2 months after transplantation (Figure 1). These spermato-

genic colonies are each derived from a single donor cell [11–13],

and the colony number does not change from 1–4 months, whereas

the length of colonies increases [10]. Thus, while the number of blue

colonies represents the number of SSCs, which successfully colonized

recipient testes, in donor cell suspensions, the area of blue colonies

represents the proliferative ability of each SSC colonized, both of

which can be quantified by an imaging analysis [11]. In addition to

β-galactosidase, any visible reporter gene product, such as green flu-

orescent protein (GFP) or other fluorescent proteins, can be used to

identify spermatogenic colonies derived from donor SSCs in recipient

testes.

In a previous whole mount analysis of seminiferous tubules, the

estimated quantity of As spermatogonia was 0.03% of all germ cells

in an adult testis [3]. If all As spermatogonia are considered SSCs,

the SSC number in an adult mouse testis was calculated to be ap-

proximately 35 000. Using the estimated number, the colonization

efficiency of SSCs in adult recipient testes is 4.25% (functional value

(colony number)/SSC number from morphological readout) [14].

On the other hand, the colonization efficiency of SSCs based on

the transplantation assay has been estimated to be approximately

12.5% (functional value/SSC number from functional readout), and

the functional SSC number estimated to be 3000, which represents

0.01% of all seminiferous tubule cells [15]. The functional assess-

ment of SSC number in the adult testis suggests that all As spermato-

gonia are not functional SSCs that are able to colonize the basement

membrane and regenerate long-term spermatogenesis; therefore, the

4.25% value likely underestimates the colonization efficiency, and

the calculation using this efficiency overestimates the absolute num-

ber of total SSCs. The reason for the low colonization efficiency

following transplantation is not clear, but spontaneous differentia-

tion and apoptosis before reaching the basal lamina and the necessity

to migrate through the blood–testis barrier between Sertoli cells in

the opposite direction of normal spermatogenesis are possible con-

tributing reasons. Although the molecular mechanism of the homing

process of donor SSCs through the blood–testis barrier is largely un-

known, several molecules have been tentatively identified as impor-

tant, including integrin β1 (ITGB1), chemokine (C-X-C motif) ligand

12 (CXCL12), RAC1, and claudins (CLDNs) [16, 17]. Because the

number of functional SSCs is extremely low in testes, improving the

colonization efficiency of SSCs is important in many applications

and therapeutic uses of SSCs, and elucidation of the mechanism of

the homing process should increase colonization efficiency.

Functional assay for spermatogonial stem cell potential

The spermatogonial transplantation technique can be used to iden-

tify progenitor cells of SSCs. In mice, the first SSCs arise from a

subpopulation of gonocytes, also called prospermatogonia, a few

days after birth. Gonocytes are immature germ cells and follow PGCs

in male germ cell development. By 11.5 dpc (days post coitum), PGCs

migrate into the fetal gonad from the proximal epiblast, where they

arise at 6.5 dpc, and differentiate to gonocytes at approximately

13.5 dpc. Subsequently, the gonocytes become mitotically inactive

and remain in the center of the seminiferous tubules until birth.

When neonatal and fetal gonocytes (14.5 dpc∼) are transplanted

into seminiferous tubules of adult recipient testes, donor-derived

spermatogenesis can be reconstituted [4, 6, 18, 19]. This indicates

that the donor gonocytes can give rise to SSCs in the mature testis

environment. Furthermore, not only PGCs, but also epiblast cells

can reconstitute spermatogenesis when transplanted into immature

W mouse testes before the blood–testis barrier of Sertoli cells is

formed, and produced spermatozoa [20]. Although adult recipient

testes were not able to support the conversion of PGCs to SSCs [19],

the immature testis environment did enable the differentiation pro-

cess from PGCs to SSCs, including proper epigenetic modification.

Indeed, normal fertile progeny were produced by microinsemination

using donor-derived spermatids or spermatozoa from as early as 8.5-

dpc PGCs [20]. This indicates that the transplantation technique can

be used for not only a functional assay to identify SSCs, but also for

assessing developmental potential of earlier differentiation steps to

produce SSCs, when immature recipient testes are used.

Derivation of functional spermatozoa from pluripotent stem cells

in vitro is an attractive approach to study germ cell development and

restore fertility. A series of stepwise studies of the developmental

process from early embryonic cells to PGCs eventually lead to gen-

eration of functionally normal spermatozoa from embryonic stem

(ES) cells and induced pluripotent stem (iPS) cells in the mouse [21,

22]. In this study, epiblast-like cells were initially generated from

pluripotent stem cells, and then further differentiation to PGC-like

cells was induced in culture. The PGC-like cells were transplanted

into immature W mouse testes to generate SSCs. In the recipient

testes, donor PGC-like cell-derived spermatogenesis occurred, and

spermatozoa were collected from the recipient seminiferous tubules.

Microinsemination using the spermatozoa successfully generated off-

spring transmitting the donor haplotype. The progeny were fertile,

and no abnormalities were observed [22]. Although an in vitro dif-

ferentiation system to produce functional haploid germ cells from

PGC-like cells from pluripotent stem cells has been reported [23],

the procedure is complex and the applicability to all mouse strains is

not clear. Therefore, the transplantation procedure is still the most

effective and reliable approach to generate functional spermatozoa

from PGCs or PGC-like cells.

Cryopreservation of spermatogonial stem cells

The transplantation technique has demonstrated that SSCs can be

cryopreserved for a long period in liquid nitrogen by a protocol

commonly used for somatic cells [24]. SSCs thawed after a 14-year

storage in liquid nitrogen retain the ability to regenerate spermato-

genesis following transplantation, and the spermatozoa recovered

generated normal progeny by microinsemination [25] (Figure 3).

Because SSCs have the ability to self-renew and expand in num-

ber, cryopreservation of SSC-containing cell populations provides a

potentially immortal lifespan for germlines of individual males. Al-

though semen cryopreservation can be used to preserve the germline

of certain economically, biologically, or scientifically valuable males,

including livestock breeds or endangered animal species, semen

cryopreservation represents a resource limited by the number of
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Figure 3. Restoration of spermatogenesis and generation of viable progeny by cryopreserved SSCs. (A) SSCs cryopreserved for 14 years reconstituted sper-

matogenesis in recipient testes. Cryopreserved donor SSCs were prepared from transgenic mice expressing β-galactosidase. (B) Colonies of spermatogenesis

generated by cryopreserved SSCs in a recipient testis following transplantation. (C) Intracytoplasmic sperm injection (ICSI)-derived progeny using spermatozoa

isolated from a recipient testis transplanted cryopreserved SSCs. Scale bars: (A) 50 µm, (B) 2 mm. Modified from [25].

spermatozoa in the sample, and the cryopreservation protocols must

be developed for each species. Cryopreservation methods for all

mammalian SSCs examined are identical and basically the same pro-

cedures used for somatic cells [24, 26–31]; therefore, cryopreserving

SSCs is more suitable for preservation of male germlines and the only

method applicable for prepubertal males and in those species where

specific techniques have not been developed for cryopreservation of

spermatozoa.

A critically important aspect of SSC cryopreservation is that SSCs

retain all the potential recombination possibilities during meiotic di-

visions, whereas the genetic variation of spermatozoa preserved is

limited by the number of spermatozoa present in the sample. Fur-

thermore, SSCs are able to self-renew in culture; thus, providing a

potentially unlimited source of any individual male’s genetic pro-

gram and the variability contained within that program. Although

long-term culture techniques are available for only a few species at

present, techniques for many of the valuable species, including hu-

man, livestock, or endangered animals, are certain to be developed

in the future.

Spermatogonial stem cell niche

Self-renewal and differentiation of stem cells must be precisely regu-

lated, and intrinsic and extrinsic factors are involved. The surround-

ing microenvironment of stem cells is called the stem cell niche, which

provides extrinsic factors for maintaining stem cell competence [32].

The testis cell transplantation technique was originally developed for

SSC transplantation and evaluation but is also valuable to investigate

the biological function of the SSC niche. When SSCs from adult mice

were transplanted into infertile pups and adult recipient testes, the

number of spermatogenic colonies generated in pup testes was about

10 times greater than in adult testes [6]. In addition, the length of

colonies generated was four times longer in pup testes than in adult

testes (Figure 4A). These findings indicate that the SSC niche in pups

is more accessible and supportive of transplanted SSCs than that in

adults. Conversely, aged testes are less supportive of transplanted

SSCs. Although some male mice can maintain spermatogenesis and

are fertile until old age (over 2-years-old), the number of SSCs begins

to decrease after the first year and is generally very low by 2 years

of age. Although the SSC number in old males is low, the colony

length generated by transplanted SSCs from young and old males is

the same [33, 34] (Figure 4B). In contrast, SSCs from young males

rarely colonized and regenerated spermatogenesis in atrophic aged

testes of 2-year-old mice [34]. In addition, serial transplantation of

SSCs into young recipient males demonstrated that the SSC number

and the SSC activity of the transplanted SSCs did not change up to

32 months, during which time SSCs were serially transplanted eight

times, every 3 months into young recipients [33]. These serial trans-

plantation experiments indicate that the young SSC niche extends

the competency of SSC beyond the normal life span of the mouse.

Thus, aging of the SSC niche is the critical factor for maintenance

of SSCs, and dysfunction of the SSC niche results in the decreased

number of SSCs in old males.

These experiments demonstrate that the transplantation assay

can be used to evaluate the biological impact of the SSC niche in

recipient testes. Components of the stem cell niche comprise neigh-

boring cells, soluble factors, and extracellular matrices. The neigh-

boring cells include Sertoli cells, peritubular myoid cells, Leydig cells,

potentially other interstitial cells, and spermatogonia. In particular,

Sertoli cells play a critical role in establishing the SSC niche, because

they produce glial cell line-derived neurotrophic factor (GDNF)

and fibroblast growth factor 2 (FGF2), which are the primary and

secondary critical soluble factors for self-renewal and expansion

of SSCs in vivo and in vitro [35–39]. Moreover, the number of
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Figure 4. Developmental effect of the stem cell niche on SSC activity. Donor SSCs from adult testes were transplanted into pup or adult recipient mice. (A) The

colony number and length of donor-derived spermatogenesis generated in recipient testes were analyzed 2 months after transplantation. The colony number

and length in pup recipient testes were 9.4-fold and 4-fold greater than those in adult recipient testes, respectively [6]. This result indicated that the SSC niche

in immature testes is more accessible and supportive for transplanted SSCs. (B) The colony number (SSC number) and the length of colony generated by

SSCs from young to old donor males. The SSC number progressively decreased as the males aged, but the colony length from young and old males was not

significantly different [33].

Sertoli cells influences the number of niches accessible for coloniza-

tion of transplanted SSCs in mice [40]. Following SSC transplan-

tation, the number of spermatogenic colonies derived from donor

SSCs was significantly increased 3-fold in recipient testes with an

∼50% increase in Sertoli cell numbers compared with normal re-

cipient mice. In addition to GDNF and FGF2, insulin-like growth

factor 1 (IGF1), CXCL12, and colony-stimulating factor 1 (CSF1)

are candidate SSC niche factors, because they enhance expansion or

survival of SSCs [37, 41–43]. Using the transplantation assay, it has

been shown that CSF1 selectively increases the number of SSCs in

vitro relative to the number of spermatogonia and other germ cells

in the culture. It is important to identify the sources of these factors

to fully understand the function of the niche. Like GDNF and FGF2,

it has been demonstrated that IGF1 and CXCL12 are expressed in

Sertoli cells [41, 42, 44]. Although CSF1 is expressed in Leydig cells

and myoid cells [43], a recent study has shown that CSF1 is also

produced from specialized peritubular macrophages in addition to

vascular-associated macrophages and vascular smooth muscle cells

[45]; thus, some cells expressing CSF1 are closely associated with

the basement membrane and undifferentiated spermatogonia, in-

cluding the SSC. Furthermore, in addition to Sertoli cells, it has been

shown that peritubular myoid cells and vascular smooth muscle cells

express GDNF [46, 47], and that premeiotic germ cells express FGF2

[48]. Based on the distribution of cell sources to produce these crit-

ical factors for SSC self-renewal, further investigation to clarify the

roles of individual factors and functional interaction of each factor

will be critical to fully understand the SSC niche.

Restoration of fertility by transplantation

There are a number of congenital disorders leading to impairment

of spermatogenesis, which result in male infertility; however, the

exact mechanism of many disorders is still unclear [49]. As seen in

age-related degeneration of spermatogenesis, which can be caused by

defects or dysfunction of either germ cells or their microenvironment,

congenital disorders in spermatogenesis can also result from either

germ cells or surrounding cells.

Spermatogonial transplantation can be used to elucidate the

mechanism of genetic defects in spermatogenesis and to restore fer-

tility in infertile males. The first proof of principal was from infertile

mice with congenital mutations of the Steel (Sl) locus and W locus.

The Sl locus encodes KIT-ligand (KITL) and the W locus encodes

KIT. Several mutations in the Sl locus have been identified, and mice

with the Sld mutation do not express the membrane-bound form
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Table 1. Germ cell transplantation in various mammalian species.§

Donor Recipient Colonization Spermatogenesis Offspring (transgenesis)

Intraspecies transplantation (syngeneic/allogeneic transplantation)

Mouse Mouse + + + (+)

Rat Rat + + + (+)

Dog Dog + +1,2 –

Goat Goat + +1 + (–3)

Sheep Sheep + +2 + (–)

Pig Pig + +1,2 –3

Cattle Cattle + +2 –

Macaque Macaque + +1,2 –3

Interspecies transplantation (xenotransplantation)

Mouse Rat + + –

Rat Mouse + + +

Hamster Mouse + + –

Rabbit Mouse + – –

Cat Mouse + – –

Dog Mouse + – –

Pig Mouse + – –

Cattle Mouse + – –

Horse Mouse + – –

Marmoset Mouse + – –

Baboon Mouse + – –

Macaque Mouse + – –

Human Mouse + – –

§See text for references and detail.
1Generation of transgenic sperm by viral transduction to donor cells
2Generation of allogenic sperm
3Production of embryo with donor haplotype

of KITL on Sertoli cells and have no spermatogenesis. When testis

cells from adult Sld mice were transplanted into wild-type recip-

ients, donor-derived spermatogenesis was reconstituted [50]. This

indicates the Sld germ cells including SSCs are normal, and stimula-

tion by membrane-bound form of KITL is required for progression

of spermatogenesis. Importantly, the SSC niche of Sld mice is func-

tional, because the Sld SSCs were able to survive until puberty. KIT is

expressed at a low level on undifferentiated spermatogonia, and the

expression is induced in differentiating spermatogonia, which stimu-

lates their proliferation and differentiation [51]. The W mutant mice

have a congenital mutation of KIT and show impaired spermatogen-

esis. When testis cells from adult Wv mice, which have a defect in the

tyrosine kinase domain, were transplanted into wild-type recipients,

no donor-derived spermatogenesis was reconstituted, indicating that

spermatogonial activation through KIT is necessary for progression

of spermatogenesis. Conversely, when SSCs from wild-type mice

were transplanted into the Wv mouse testes, complete spermato-

genesis could be reconstituted [4]. These results indicated that the

microenvironment for spermatogenesis in the Wv testis is normal.

This was confirmed by transplantation of SSCs from Sld mutant

mice into testes of Wv mutant mice, which resulted in normal sper-

matogenesis and produced fertile progeny from the donor Sld SSCs

[52]. The transplantation assay between mutant and wild-type mice

is a powerful approach to elucidate the mechanism of impaired sper-

matogenesis of mutant mice and the function of mutated genes, be-

cause the assay can clarify the self-renewal or differentiation ability

of SSCs, as well as the function of their niche, or differentiation en-

vironments. Although species differences in gene function may exist,

spermatogonial transplantation of mice provides a valuable model

for studying male infertility in humans.

The transplantation of Sertoli cells into the seminiferous tubule

can provide an approach to restore fertility in some infertile males.

Sld mice are infertile due to a congenital defect of the membrane-

bound KIT ligand on Sertoli cells, and transplantation of wild-type

Sertoli cells into the seminiferous tubules of Sld mice initiates sper-

matogenesis [53]. In addition, transplantation of Sertoli cells from in-

fertile W mice testes into infertile Sld recipient mice restored endoge-

nous spermatogenesis and fertility, demonstrating that functional

transplantation of Sertoli cells is feasible [54]. These studies demon-

strate an alternative approach to restore fertility in infertile males by

transplantation of the appropriate milieu for spermatogenesis. A ma-

jor drawback of this approach is low colonization efficiency of donor

Sertoli cells [53]. Because recipient Sertoli cells form intact seminif-

erous tubules with tight junctions, penetration of donor Sertoli cells

into the epithelial sheets is likely inefficient; therefore, elimination

of endogenous Sertoli cells could improve colonization efficiency of

donor Sertoli cells [55]. Moreover, transplantation of xenogeneic

Sertoli cells in addition to xenogeneic SSCs into immunocompro-

mised mice would reconstitute the SSC niche for foreign species and

their differentiation milieu resulting in reconstitution of spermatoge-

nesis, which could be used for xenogeneic spermatogenesis in mice

(see below).

Application of spermatogonial transplantation

method to nonmouse systems

Spermatogonial stem cell transplantation in rats

The spermatogonial transplantation technique developed in the

mouse has been extended to many other species, including rats,

dogs, goats, sheep, pigs, cattle, and monkeys [56–66] (Table 1). The
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transplantation method for rats is essentially the same procedure as

for mice. Donor germ cells are injected into infertile recipient rat

testes through the efferent duct [57, 67, 68]. Recipient males can

be prepared by injection of Busulfan to deplete endogenous germ

cells, although the injection dose of Busulfan must be reduced for

recipient rats because they are more sensitive to the drug than mice.

There are no infertile rat strains with congenital mutations, like W

mice, that are suitable for recipient males. After Busulfan treatment

in rat, some endogenous spermatogenesis remains, but complete re-

moval of endogenous germ cells is not necessary because residual

endogenous spermatogenesis is helpful to maintain a healthy tes-

ticular microenvironment to enhance donor spermatogenesis [68].

When testicular cells from wild-type rats or transgenic rats express-

ing β-galactosidase were transplanted into recipient testes, progeny

with the donor haplotype were produced in the recipient from the

allogeneic combinations [67, 68].

Modification of spermatogonial transplantation

method for nonrodent animals

The procedures for spermatogonial transplantation in nonrodents

require modification because of the species-specific anatomy of the

testis, particularly size and rete testis structure. While three meth-

ods to inject donor germ cells were developed in the mouse system,

direct injection of donor SSCs into the rete testis by ultrasound guid-

ance or surgical dissection has been shown to be a feasible approach

in nonrodents, such as farm animals and companion animals [58,

59, 62, 63, 69, 70] (Table 1). For preparation of recipients, Busul-

fan injection or local irradiation of testes can be used in nonrodent

species. Although appropriate injection timing and doses for Busul-

fan or irradiation protocols must be determined in each species,

complete removal of endogenous germ cells is not essential, and like

rats, residual endogenous spermatogenesis could help to maintain a

healthy testicular microenvironment to enhance donor spermatogen-

esis. In addition, it has been shown that immature males before onset

of spermatogenesis without pretreatment can be used as recipients

in pig, goat, and cattle [58, 59, 71–73].

In nonrodent animals, transgenic strains that express a reporter

gene are not available, and there are no spermatogenesis-impaired

males with congenital mutations suitable for recipients. Therefore,

proving regeneration of donor-derived spermatogenesis following

transplantation is no easy task, because recipients can produce both

donor- and recipient-derived spermatozoa. To demonstrate donor-

derived sperm production in recipients, viral transduction was em-

ployed to genetically label donor SSCs. Using lentivirus vector or

adeno-associated virus vector, transgenic sperm were successfully

detected by genotyping of ejaculates in pig, goat, dog, and Rhesus

monkey [66, 72, 74, 75]. It should be pointed out, however, that

semen samples might contain somatic cells and the virus vector-

mediated approach cannot rule out the possibility of transduction

into endogenous germ cells or somatic cells by residual intact virus

particles. Another approach to confirm donor-derived spermatogen-

esis is detection of donor-specific microsatellite DNA in semen sam-

ples, which has been employed in dog, sheep, cattle, and Rhesus

monkey [61, 66, 71, 76]. Again, this approach alone cannot dis-

tinguish between DNA coming from somatic cells versus sperm of

donor origin; therefore, production of embryo by in vitro fertiliza-

tion or micro insemination using the sperm or, ideally, generation of

progeny is evidently required for demonstration of complete donor-

derived spermatogenesis. So far, progeny with donor SSC haplo-

type were successfully generated in goat and sheep [73, 76], while

production of embryo using donor-derived sperm were demonstrated

in pig, goat, and Rhesus monkey (Table 1). Taken together, although

generation of progeny derived from donor SSCs is crucial to unequiv-

ocally demonstrate feasibility of spermatogonial transplantation in

nonrodent animals, these studies demonstrate that spermatogonial

transplantation techniques are applicable to nonrodent species.

Xenotransplantation using immunocompromised mice

Autologous, syngeneic, and allogeneic donor/recipient combinations

have been used in spermatogonial transplantation in intraspecies

experimental settings [60, 62, 66, 77]. The first interspecies sper-

matogonial transplantation was performed injecting rat donor cells

into mouse testes. Following transplantation of rat testis cells into

the seminiferous tubules of immunocompromised mice treated with

Busulfan, rat spermatogenesis was established in the recipient mouse

testes [78] (Figure 5A and B). The rat spermatozoa, which developed

in the recipient mouse testes, were morphologically and functionally

normal, because the rat spermatozoa generated normal progeny by

microinsemination into rat oocytes [79]. Conversely, mouse SSCs

also colonized rat testes and reconstituted mouse spermatogenesis

following transplantation [57, 67]. Complete spermatogenesis from

transplanted SSCs has been obtained in other combinations between

rodents, such as hamster-to-mouse [80]. This finding suggests that

xenogeneic spermatogenesis could be reconstituted by transplanta-

tion of SSCs from a phylogenetically closely related species. Although

the differentiation time from type A spermatogonia to mature sper-

matozoa is different among species (30–75 days in most mammals),

the causal factors are not clear. The rat-to-mouse spermatogonial

transplantation experiments demonstrated that the timing of germ

cell differentiation during spermatogenesis is controlled by the germ

cell genotype [78]. While development of type A spermatogonia to

spermatozoa takes 35 days in mice, rats require 52 days [1]. Surpris-

ingly, rat spermatogenesis in mouse seminiferous tubules progresses

at the slower rate of rat spermatogenesis, although mouse Sertoli

cells provide the support and nourishment for the rat germ cell dif-

ferentiation, indicating that the endogenous program of the germ

cells regulates species-specific timing of differentiation during sper-

matogenesis [81].

To extend the xenogeneic spermatogonial transplantation ap-

proaches into mammalian species other than rodents, including rab-

bits, cats, dogs, pigs, cattle, horses, marmosets, baboon, macaques,

and humans, germ cells from those species were transplanted into

Busulfan-treated immunocompromised male mice [26–30, 82–84].

However, complete spermatogenesis from donor nonrodent SSCs

did not develop (Table 1). Although differentiation of donor-derived

spermatogonia did not occur in the recipient testes, colonies of donor

germ cells from all nonrodent mammals examined were formed on

the basal lamina (Figure 5C and D).The germ cell colonies persisted

in the recipient testes for 1–12 months, indicating that the colonies

contained germ cells that can survive and proliferate in the seminif-

erous tubules of immunocompromised mice for long periods [26–30,

82, 83]. The germ cell colonies formed in the recipient testes likely

contain SSCs or undifferentiated spermatogonia due to their long-

lived nature, and therefore the colony-forming spermatogonia in

immunocompromised mice testes are often considered to represent

SSCs. Because no functional assay for nonrodent SSCs has been yet

developed, the xenogeneic transplantation system with immunocom-

promised mice has been used as a facultative method for assessment

of nonrodent SSC activity, although interpretation of experimental

results has to be cautious.
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Figure 5. Xenogeneic spermatogenesis and spermatogonial colonization in immunocompromised mouse testes. (A) Four months after transplantation of rat

testis cells expressing β-galactosidase, rat spermatogenesis was regenerated in the recipient mouse testis (blue stretches of tubules). The testis was stained

with X-gal. (B) Histological analysis of rat spermatogenesis in the immunocompromised mouse testis 4 months after transplantation. The testis was stained

with X-gal plus hematoxylin and eosin. (C) Colonies of porcine spermatogonia were identified in recipient testes 6 months after transplantation of porcine testis

cells. (D) Colonies of human spermatogonia were identified in recipient testes 1 month after transplantation of human testis cells. Donor germ cells in the

seminiferous tubules were identified by species-specific antibody staining and appear red (C, D). Scale bars: (A) 2 mm, (B–D) 50 µm. Modified from [27, 29, 78].

Assuming that the colony-forming cells are nonrodent SSCs,

the xenogeneic transplantation experiments demonstrate that fac-

tors produced in the microenvironments of the colony-formed area,

likely mouse SSC niche, are able to support survival and prolifer-

ation of SSCs from nonrodent species and the exogenous factors

are conserved among mammalian species, while differentiation fac-

tors must be species-specific. When nonrodent xenogeneic SSCs are

transplanted into mouse testes, Sertoli cell transplantation from the

same species as the donor SSCs may overcome the block in differen-

tiation of xenogeneic donor SSCs in the mouse microenvironment.

Successful colonization of xenogeneic Sertoli cells would re-establish

the necessary microenvironment for foreign species spermatogene-

sis in immunocompromised mice. Such reconstitution system can

be used as a functional assay for nonrodent SSCs. At present, the

SSC characteristics of nonrodent mammals are largely unknown be-

cause there is no functional assay to unequivocally identify them.

Therefore, it is extremely important to develop functional assays for

nonrodent SSCs in which both self-renewal and differentiation can

be evaluated, which will allow a definitive conclusion on whether

the colony-forming cells in the mouse testes are nonrodent SSCs.

Identity of spermatogonial stem cells

The number of SSC in the seminiferous tubules of adult mouse

testes is only 0.01% [15]. Therefore, identification of the phenotype

of SSCs is critical to investigate SSCs at the single-cell level in the

context of tissue sections or whole mount analyses. Several meth-

ods to enrich SSCs from postnatal testes were developed, includ-

ing differential plating, density-gradient centrifugation, experimen-

tal surgical cryptorchidism, and antibody-based selection [18, 50,

85]. Among the methods for antibody-based selection to isolate par-

ticular subpopulations from a mixed cell population, fluorescence

activated cell sorting (FACS) has proved to be the most precise to

identify stem cell populations from a variety of tissues [86]. An

approach using FACS together with a functional transplantation

assay was initially developed to identify HSCs. After considerable

effort, the unique cell surface phenotype of murine HSCs was suc-

cessfully determined, although mouse HSCs are less than 0.01% of

the cells in bone marrow [87]. Utilizing a similar experimental ap-

proach, the cell surface phenotype of SSCs in mice and rats was

determined. When the testicular cell population of isolated testes is

divided based on expression of cell surface molecules by flow cyto-

metric analysis, each fraction can be isolated by FACS and sub-

jected to the spermatogonial transplantation assay. Two months

after transplantation of each cell fraction, recipient testes are an-

alyzed to count donor-derived spermatogenic colonies (Figure 1).

The number of spermatogenic colonies generated by different cell

populations indicates the number of SSCs in that population of cells.

By repeating this process, the antigenic profile of SSCs in mice has

been determined to be integrin α6 (ITGA6)+ ITGB1+ thymus cell
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antigen 1 (THY1)+ CD9+ GDNF family receptor α1 (GFRA1)+

epithelial cell adhesion molecule (EPCAM)+ CD24+ E-cadherin

(CDH1)+ melanoma cell adhesion molecule (MCAM)+ KIT− ma-

jor histocompatibility complex class I (MHC-I)− [85, 88–92]. A

combination of multiple cell surface markers can identify a uni-

form cell population of undifferentiated spermatogonia enriched for

SSCs [90]. While unfractionated adult testis cells generated 0.8–

1.6 colonies per 105 cells transplanted, the THY1+ ITGA6+ KIT−

MHC-I− cells isolated from cryptorchid testes generated approxi-

mately 350 colonies [18, 90], indicating that the THY1+ ITGA6+

KIT− MHC-I− cell population has a 300-fold higher SSC concentra-

tion than unfractionated adult testis cells. Accurate determination of

the antigenic profile of SSC-enriched cell populations by FACS lead

to subsequent development of simpler and quicker methods to en-

rich SSCs, such as magnetic activated cell sorting (MACS) [18, 93].

Other than antibody staining for cell surface molecules, FACS can be

used for cell fractionation based on cellular activity, such as efflux

pump activity, mitochondrial activity, cell-cycle, and intracellular

enzymatic activity, which all have been used for HSC identification

[90, 94–97]. Fractionation by these parameters is useful for nonro-

dent and nonhuman animals, because the availability of antibodies

for those species is limited.

To identify SSC-specific gene expression, transgenic mice in

which a reporter gene, such as GFP, or a site-specific recombi-

nase, such as Cre, is inserted downstream of the promoter of a

gene of interest, have been used. Several genes expressed in undif-

ferentiated spermatogonia, including Pou5f1 (Oct-3/4), Neurogenin

3 (Ngn3), Nanos2, inhibitor of DNA binding 4 (Id4), Bmi1, Pax7,

and telomerase reverse transcriptase (Tert) have been investigated

[98–105]. Following identification of genetically marked cells in the

testes by flow cytometry, the cells can be isolated by FACS and

transplanted into recipient testes to determine the SSC activity. Al-

though no SSC-specific molecules have been identified, this approach

could allow better fractionation of undifferentiated spermatogonia

and would be useful to characterize each spermatogonia subpopu-

lation based on the SSC activity. Although As spermatogonia have

been thought to be SSCs for a long time, recent live image stud-

ies using GFP-labeled Ngn3 spermatogonia by whole mount anal-

ysis suggest that fragmentation of Aal spermatogonia resulted in

generation of Apr or As spermatogonia occurred. Furthermore, the

Apr and As spermatogonia reinitiate formation of Aal spermatogo-

nia [106]. Because no specific molecular marker for As, Apr, and

Aal spermatogonia has been identified, their individual SSC activity

cannot directly be assessed. However, the whole mount study sug-

gests that some nonstem cell undifferentiated spermatogonia might

revert to stem cells. To support this, KIT-expressing type A1 sper-

matogonia have been shown to possess SSC potential [107]. It is

not clear, however, that these reversion pathways from differenti-

ating spermatogonia to SSCs contribute to normal spermatogenesis;

therefore, the biological significance of this phenomenon remains to

be determined. In any event, if a molecular marker specifically ex-

pressed in SSCs could be identified, the SSC behavior in the testis

will be able to be clarified in future. Because even in a single co-

hort of Aal spermatogonia, gene expression patterns in individual

spermatogonia appeared to be different [108], Aal spermatogonia

may contain a few SSCs. If individual spermatogonia within an Aal

spermatogonia syncytium could be isolated, it would be possible

to examine whether a single cohort of Aal spermatogonia contain

SSCs by the transplantation assay. Functional activity of SSCs com-

bined with whole mount analysis, flow cytometry, and live imag-

ing is necessary to fully elucidate SSCs at molecular, cellular, and

population levels.

Spermatogonial stem cell culture

Mouse

The first long-term maintenance of murine SSCs in culture was

demonstrated in 1998 [109]. In this study, unfractionated tes-

ticular cells from neonatal and adult transgenic mice expressing

β-galactosidase were cultured for up to 4 months on STO (SIM

mouse embryo-derived thioguanine and ouabain resistant) feeder

cells, which have been routinely used for mouse ES cell cultures, in

a regular 10% fetal bovine serum (FBS)-supplemented medium. To

determine whether SSCs were maintained in culture, the stem cell

activity of cultured cells was examined by the transplantation as-

say [109]. In recipient testes transplanted cultured cells derived from

neonatal testis, donor-derived spermatogenic colonies were identi-

fied, demonstrating that SSCs could be maintained in culture at least

4 months [109]. However, no expansion of SSCs was observed,

and the number of surviving SSCs was very low. Therefore, the ef-

fect of several cytokines, including FGF2, leukemia inhibitory factor

(LIF), and KITL, on SSC survival was investigated. FGF2 and KITL

stimulate PGC proliferation [110, 111], while LIF is essential for

self-renewal of mouse ES cells [112, 113], but none of these fac-

tors supported an increase in SSC number [114]. Although a large

number of SSCs were lost after 1 week in culture, a beneficial ef-

fect of GDNF on SSC maintenance was demonstrated in this short-

term culture experiment [114]. Originally, GDNF was identified as

a neurotrophic factor [115], but a seminal study reported in 2000

demonstrated that GDNF is a critical regulator of fate determina-

tion of undifferentiated spermatogonia in mice [36]. In this study,

GDNF-overexpressing mice showed abnormal proliferation of sper-

matogonia, whereas hemizygous GDNF-knock-out mice gradually

lost spermatogonia, resulting in seminiferous tubules lined only by

Sertoli cells. In both cases, the males became infertile due to im-

paired spermatogenesis. This result indicated that GDNF controls

spermatogonial proliferation and differentiation in a dose-dependent

manner [36]. Subsequently, a positive effect of GDNF on SSC self-

renewal was demonstrated by overexpression of GDNF in Sertoli

cells by electroporation of a GDNF-expression vector [116]. As seen

in the GDNF-overexpressing transgenic mice, expansion of undiffer-

entiated spermatogonia occurred. In addition, the transplantation as-

say demonstrated an increase in SSC number in the transfected testes

[116]. However, GDNF supplementation did not result in prolifera-

tion of SSCs in the culture conditions employed; therefore, whether

GDNF was directly stimulating proliferation of SSCs or indirectly

regulate the SSC number in testes was not clear [114].

The first report of in vitro expansion of SSCs was in 2003

culturing gonocytes, precursor of SSCs, from newborn mice of

genetic background ICR or BDF1 (C57BL/6 x DBA/2). The gono-

cytes enriched by a differential plating were cultured on mouse em-

bryonic fibroblasts (MEFs) feeders in a serum-supplemented pro-

prietary StemPro-34 (Gibco)-based medium, which contained the

original StemPro-34 supplement plus 16 individual compounds and

FBS with a cytokine mixture of GDNF, FGF2, LIF, and epidermal

growth factor (EGF) [117]. Using the enriched culture media, quies-

cent gonocytes resumed proliferation and formed grape-like clusters.

They continuously proliferated and expressed several spermatogo-

nial markers such as ITGA6, ITGB1, and EPCAM. Although SSCs

in seminiferous tubules are believed to be subpopulation of As sper-

matogonia presenting as single cells, continuously proliferating sper-

matogonial cells in culture formed cellular aggregates, which did not

look like typical As spermatogonia that appear as individual, isolated

cells in the seminiferous tubule. However, the transplantation assay

unequivocally demonstrated that the aggregated cells possessed SSC

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/9
9
/1

/5
2
/4

9
5
6
7
6
0
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



62 Spermatogonial stem cells, 2018, Vol. 99, No. 1

Figure 6. Long-term in vitro proliferation of SSCs. A SSC-enriched population can be obtained by FACS, MACS, differential plating, or density-gradient centrifu-

gation. The SSC-enriched population is placed on appropriate feeder cells (STO feeders for mouse SSCs, C166 feeders for rabbit SSCs) in a serum-free defined

medium supplemented with self-renewal promoting factors (GDNF, FGF2, GFRA1, etc.). Microscopic images of germ-cell clump formation and continuous

proliferation are shown. Three images are 5 h, 2 days, and 5 months after in vitro culture of mouse THY1+ undifferentiated spermatogonia isolated from pup

testes by MACS. The clump-forming cells retain SSC competency equivalent to undifferentiated spermatogonia in the testis. Modified from [37].

activity, and the recipient mice generated progeny with the donor

haplotype by micro insemination. The grape-like proliferating cells

generated ∼12 colonies per 105 cells transplanted [117], which is

similar to the stem cell activity of neonatal gonocytes purified by

FACS or MACS that generated 17–22 colonies per 105 cells trans-

planted [18]. The continuously proliferating cells were named GS

(germline stem) cells; however, formation of grape-like cluster did

not occur, when gonocytes from C57BL/6 or 129/Sv mice were cul-

tured in the same culture condition [117]. Interestingly, GS cells

developed from DBA/2 genetic background spontaneously trans-

formed to pluripotent stem cells, which were designated multipotent

GS (mGS) cells, with characteristics similar to ES cells, although the

appearance occurred only about once in 30 testes [118]. Because

spontaneous transformation of SSCs to pluripotent cells in normal

mouse testes is extremely rare, this unique characteristic of GS cells

suggests that they might not be identical to normal SSCs. In fact,

GS cells could proliferate in an anchorage independent manor, in-

dicating attaching to basement membrane is not absolutely required

for continuous proliferation [119]. These unique characteristics of

GS cells are likely acquired during the developmental process or

long-term cultivation. GS-like cell lines, which retain SSC activity

and spontaneously acquire pluripotency potential, have also been

established from adult testes using similar StemPro-34-based cul-

ture conditions [120–122]. Therefore, although SSCs are unipotent

stem cells in the testis, the transformation capability of GS cells into

pluripotent stem cells makes them a valuable tool to investigate and

understand pluripotent characteristics of the germline. Furthermore,

although an SSC population was never maintained in the testes of ho-

mozygous GDNF-knock-out mice [123], FGF2-dependent GS cells

could be established in the absence of GDNF [124]. It is important

to clarify the origin of FGF2-dependent GS cells and the presence of

similar FGF2-dependent spermatogonia in normal or GDNF-knock-

out mouse testes. Because FGF2 is a potent mitogen for PGCs, and

the FGF2-dependent GS cells express the KIT receptor-like PGCs, it

is quite valuable to investigate whether they can generate pluripotent

stem cells as seen in PGCs or GS cells cultured with GDNF.

Identification of essential extrinsic factors for self-renewal of

SSCs is crucial not only to establish long-term culture conditions

for SSCs but also to elucidate the competency of SSCs [93]. One

approach to accomplish this is cultivation of SSCs under a defined

culture system and subsequent transplantation to evaluate the SSC

activity of cultured SSCs following stimulation with various candi-

date factors. For this purpose, a culture system consisting of a sper-

matogonial population enriched for SSCs, a serum-free medium con-

taining minimum compounds, and a mitotically inactive STO feeder

cells, has been developed, which was originally described for hep-

atic stem/progenitor cells [125]. When THY1+ undifferentiated sper-

matogonia from pups were cultured on STO feeders in a serum-free

defined medium consisting of alpha MEM basal medium contain-

ing bovine serum albumin (BSA), insulin, transferrin, selenium, pu-

trescine, 2-mercaptoethanol, free fatty acids, HEPES, and antibiotics,

the immature germ cells formed morula-like, tightly packed clumps,

which continuously proliferated (Figure 6). The THY1+ undiffer-

entiated spermatogonia from DBA background mice continuously

proliferated in a GDNF-dependent manner and generated spermato-

genic colonies following transplantation, indicating they contained

SSCs [37]. Although the STO cells, like primary MEFs, produce LIF,

SCF, and EGF [126, 127], these factors did not show any beneficial

effect on SSC proliferation [18]. On the other hand, THY1+ un-

differentiated spermatogonia from non-DBA/2 mouse strains, such

as C57BL/6 or 129/Sv, did initially formed clumps, but ceased

proliferation and disappeared within a few weeks [37]. However,
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addition of a small amount of FGF2 (1 ng/mL) or soluble GFRA1

allowed slow but continuous proliferation of SSCs from non-DBA/2

mouse strains [37]. GFRA1 is a GDNF-binding subunit of the GDNF

receptor complex that consists of RET receptor tyrosine kinase and

GFRA1, a glycosil phosphatidylinositol-anchored molecule. Free

soluble GFRA1 and GDNF bind in the culture medium, and the

GDNF/GFRA1 complex directly and more intensely stimulates RET

activation [128]. Adding both factors, FGF2 and GFRA1, with

GDNF in the medium, allowed THY1+ undifferentiated spermato-

gonia from all mouse strains examined to proliferate indefinitely

in this defined culture condition [37]. The proliferating cells were

THY1+ ITGA6+ GFRA1+ CDH1+ EPCAM+, and their SSC activity

was 200–400 colonies per 105 cell transplanted, which is equivalent

to freshly isolated undifferentiated spermatogonia from postnatal

testes [18, 37, 93, 129], indicating that the clump-forming cells in

the serum-free condition are phenotypically and functionally identi-

cal to SSC-enriched undifferentiated spermatogonia, which represent

a heterogeneous mixture of SSCs (a smaller portion) and progeni-

tors (a greater portion). When the clump cells were transplanted into

infertile males, the recipients produced progeny carrying the donor

SSC haplotype. In this culture condition, the clump cells maintained

stem cell activity and doubled every 5.6 days for more than 6 months

[37].

The culture system can be improved by reducing the atmosphere

oxygen concentration. Compared with an air atmosphere (21% O2),

a 10% O2 atmosphere significantly enhanced self-renewing prolifer-

ation of SSCs in culture. Following 15-day culture under a 10% O2

atmosphere, the number of SSCs increased 1.5-fold [129]. In addi-

tion, a beneficial effect of a reduced O2 condition on cultured SSCs

has been confirmed in a long-term culture [130]. One of the most

dramatic effects of a low O2 condition appeared on proliferation

of SSCs from W infertile mouse testes, which contain very few un-

differentiated spermatogonia. A long-term culture of clump-forming

undifferentiated spermatogonia from Wv/Wv mice could be estab-

lished only in a 10% O2 atmosphere [129]. This improved culture

condition is important because the undifferentiated spermatogonia

number is extremely low in Wv/Wv testes, and it was impossible to

enrich them by regular antibody-based enrichment such as FACS or

MACS. However, even without an enrichment step, a 10% O2 con-

dition could support proliferation of Wv/Wv undifferentiated sper-

matogonia and establish a long-term culture. Furthermore, the func-

tional transplantation assay proved the Wv/Wv clump-forming gem

cells contain SSCs [129].

Rat

Two rat SSC culture systems have been developed by modification of

the mouse SSC culture conditions [131, 132]. One of these conditions

is essentially the same as the mouse SSC culture system consisting

of serum-free medium, STO feeders, and the same growth factors,

GDNF, FGF2, and GFRA1 [131]. Rat undifferentiated spermatogo-

nia were enriched by MACS with an antibody for rat EPCAM [133]

and cultured on STO feeder cells in a serum-free defined medium

with an increased concentration of several components (BSA, in-

sulin, transferrin, selenium, putrescine, 2-mercaptoethanol, and free

fatty acids) and reduced osmolality. Like mouse SSCs, rat undifferen-

tiated spermatogonia formed clumps and proliferated indefinitely in

a GDNF-dependent manner. FGF2 and GFRA1 were also support-

ive. The cultured cells generated spermatogenic colonies in the testes

of Busulfan-treated recipient rats following transplantation, and

offspring were successfully produced by mating with female rats.

These results clearly indicated that the clump-forming cells derived

from rat undifferentiated spermatogonia contain rat SSCs that are

able to self-renew and generate functionally normal spermatozoa

[131]. An important finding is that GDNF is the key growth factor

for the formation and proliferation of clump-forming cells, including

rat SSC, and FGF2 supports their continuous proliferation.

The second long-term culture condition for rat SSCs consists of

MEF feeder cells and a serum-free medium containing the propri-

etary B27 supplement minus vitamin A (Gibco), supplemented with

GDNF and FGF2 [132]. The culture medium was StemPro-34-based

GS cell medium, but serum was replaced with B27 supplement, a

serum-free supplement developed for supporting neural cell cultures

[134]. Although the original B27 supplement contains vitamin A,

B27 minus vitamin A was used for rat SSC culture because vitamin

A is a potent differentiation factor for spermatogonia. When the

B27 supplement minus vitamin A replaced serum in the StemPro-34-

based GS cell medium, rat spermatogonia enriched for SSCs by FACS

continuously proliferated [132]. Serum-supplemented GS medium

was initially used, but the number of rat germ cells progressively

decreased after each subculture due to overgrowth of fibroblasts

[132]. This is reminiscent of a dramatic decrease of SSC numbers

that occurred when mouse SSCs were cultured with a combination

of serum and testicular somatic cells [18]. Interestingly, a subsequent

study showed that a serum-free DMEM/F12 medium supplemented

with B27 minus vitamin A seemed better than the StemPro-34-based

medium for rat SSC culture [135]. Likewise, B27 supplementation

and removal of FBS in the GS medium improved the cell prolifera-

tion rate of mouse GS cells, although FBS appeared to be necessary

for initial derivation of mouse GS cell lines on primary MEF feeder

cells [136]. Rat pluripotent stem cell lines have not been developed

from cultured rat SSCs in the GS medium.

Rabbit

The in vitro culture techniques and the functional transplantation as-

say have revealed that the extrinsic factors for self-renewal of murine

and rat SSCs are identical; however, those for nonrodent SSCs are

not clear. The first long-term culture of nonrodent clump-forming

germ cells with SSC potential was for rabbit [137]. Mice and rats

diverged phylogenetically approximately 11 million years ago [138],

while rabbits diverged from rodents about 60–70 million years ago

[139]. Thus, cultivation of rabbit SSCs could provide a valuable

foundation for development of other nonrodent SSC cultures. When

rabbit germ cells were transplanted into mouse testes, putative rab-

bit SSCs colonized and proliferated for several months, although

no spermatogonial differentiation occurred [26]. This indicates that

exogenous factors to support long-term maintenance and prolifera-

tion of rabbit SSCs exist in mouse seminiferous tubules, and GDNF

and FGF2 are logical candidates for those factors. In the presence of

GDNF and FGF2, STO feeder cells could not support clump forma-

tion and proliferation of rabbit primitive spermatogonia; however,

C166 feeder cells, a yolk-sac-derived endothelial cell line, did sup-

port clump formation and proliferation of rabbit germ cells in the

serum-free medium used for rodent SSCs [137]. The proliferation of

rabbit germ cell clumps was dependent on GDNF, but FGF2 was

not required for continuous proliferation. The possibility of a role

for FGF2 on the initiation phase of cultivation cannot be ruled out.

The rabbit clump-forming cells expressed several undifferentiated

spermatogonial markers identified for rodents, including promyelo-

cytic leukaemia zinc finger (PLZF), POU5F1, GFRA1, RET, THY1,

CD9, and ITGA6 in addition to evolutionally conserved germ
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cell-specific protein DEAD-box polypeptide 4 (DDX4, also known

as VASA) [137]. To demonstrate that the clump-forming germ cells

on C166 feeder cells were rabbit SSCs, functional characterization

was necessary. Because an assay to evaluate rabbit SSC activity that

includes both self-renewal and differentiation capability to produce

functional sperm has not been established, the clump-forming germ

cells on C166 feeder cells were transplanted into immunocompro-

mised mouse testes, which is the most reliable method to evaluate

SSC potential for nonrodent SSCs [26–30, 82, 83]. After genetic la-

beling of the clump cells to avoid any misinterpretation, they were

transplanted into mouse testes. Although no donor-derived sper-

matogenesis occurred, the rabbit clump-forming germ cells colonized

and proliferated in the recipient testes for at least 6 months. Further-

more, they retained their undifferentiated spermatogonial phenotype

during this period. Therefore, it is very likely that the transplanted

clump-forming cells cultured on C166 feeders contained rabbit SSCs.

However, to unequivocally prove that they are rabbit SSCs, a trans-

plantation assay using rabbit testes is required, because demonstra-

tion of biological competency in vivo is the gold standard for iden-

tification of stem cells in any type of tissue.

In the transplantation experiments using immunocompromised

recipient mice for nonrodent SSCs, at least two issues must be care-

fully addressed. First, donor-derived cells must be unequivocally

identified in recipient testes and should be distinguished from re-

cipient cells. Although donor-cell specific antibodies can be used

for whole-mount analyses [26–29], a possibility of cross-reaction

by antibodies always persists. In particular, when the specificity of

the antibody is not high or colonized cell number is low, the judg-

ment will be difficult. Therefore, genetic labeling of donor cells by

introducing a reporter gene is preferable to avoid any misinterpreta-

tion. In the rabbit study, the clump-forming germ cells were labeled

with the β-galactosidase or GFP gene using lentivirus vectors before

transplantation [137]. By X-gal staining, β-galactosidase-expressing

donor rabbit cells could be readily identified as blue cells on the

basement membrane in recipient mice. The second critical issue is

characterization of colonized cells, because some types of somatic

cells also can colonize the testis [26, 27, 53]. If the colonies have

developed from transplanted SSCs, such colonies should consist of

primitive spermatogonia or self-renewing SSCs. By flow cytometry,

GFP-expressing rabbit donor cells in the recipient testes were iden-

tified and shown to retain the undifferentiated spermatogonial phe-

notype for 6 months [137].

Development of long-term cultivation techniques for SSCs de-

rived from nonrodent species except rabbit have not been successful.

Thus, the approach of this rabbit experiment, including development

of a culture condition and assessment of transplanted cultured germ

cells for a long-period, serves as a model of initial assessment for

SSC activity of cultured germ cells from other nonrodent species,

including domestic animal and human SSCs.

Domestic animals

The long-term culture of SSCs or undifferentiated spermatogonia

from domestic animals, other than rabbits, is still in its infancy

[140]. When freshly isolated testicular cells from domestic animals,

including dogs, pigs, cattle, and horses, were transplanted into

immunocompromised mouse testes, colonies of undifferentiated

spermatogonia likely derived from putative SSCs were identified.

Cryopreserved testis cells also resulted in colonization following

transplantation. However, after short-term culture of the testis cells,

the colonizing cells appeared to be primarily fibroblasts, and donor

spermatogonia could not be unequivocally identified [26, 27].

Although xenogeneic transplantation experiments using fresh germ

cells suggest that mouse and other domestic animals share the sur-

vival and mitogenic factors for putative SSCs, research to evaluate

culture conditions for each domestic animal species is required [18,

37, 114, 129, 131, 132, 141]. Culture conditions that have been

evaluated include enrichment methods for spermatogonia, modifica-

tion in composition of medium (basal medium, serum, supplements

for serum-free medium, etc.), various types of feeder cells (MEFs,

same species-derived primary cells, established cell lines, etc.), ap-

propriate growth factor combinations (GDNF, FGF2, LIF, EGF,

etc.), and different physical conditions (temperature, oxygen con-

centration, etc.). Using this approach, a canine short-term culture

that allowed lentiviral gene transfer into canine SSCs was developed

[75]. The genetically modified SSCs were transplanted into canine

recipients, which were previously irradiated to destroy endogenous

spermatogenesis, and the donor cells produced genetically modified

spermatozoa for 4 months. In addition, a culture condition that al-

lows survival of bovine undifferentiated spermatogonia for 2 months

has been reported [142]. However, colonization of neither murine

nor bovine recipient testes following transplantation was reported

for these cells; therefore, it is unclear whether the cultured cells con-

tained functional bovine SSCs or undifferentiated spermatogonia.

Currently, no long-term culture system capable of supporting prolif-

eration and maintenance of SSCs that can reconstitute donor-derived

spermatogenesis in recipient immunocompromised mouse testes or

the same species recipient testes has been reported for domestic an-

imals [140, 143]. Because long-term culture systems are crucial to

investigate the biology of domestic animal SSCs and to use these

cells in practical applications, such as germline modification, further

studies are critical.

Human

In vitro expansion of human SSCs is of great clinical value, and a

number of studies on culture of human germ cells have been reported

[144–150], but conclusive demonstration of the existence of human

SSCs is challenging. Most culture conditions that have been used are

modified from the GS cell culture system. In these conditions, two

types of cell aggregates appeared after cultivation of human testis

cell suspensions. One type had a round shape, while the second

type had flattened morphology consisting of tightly attached cells,

which appeared similar to ES cells [144]. The round aggregates ex-

pressed several spermatogonial markers, including PLZF, GFRA1,

ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), and G protein-

coupled receptor 125 (GPR125); therefore, they were considered to

be primitive spermatogonia [144, 151]. Following transplantation

to immunocompromised mouse testes only single donor cells were

identified [144, 151]. Because cellular identity of these colonized

cells in the recipients was not examined, further characterization to

determine whether they are human primitive spermatogonia will be

required.

The absence of a functional assay system to identify unequivo-

cally human SSCs has resulted in considerable controversy regard-

ing interpretation of human SSC culture experiments [84, 152–154].

Although the cellular identity of human SSCs in the cultures was de-

termined based on expression of SSC markers previously identified

in rodent SSCs, recent studies have clearly demonstrated that sev-

eral putative markers used for identifying human SSCs are expressed

in nongerm cells of primary and cultured human testis cells [152,

153]. In particular, it has been shown that PLZF, GFRA1, UCHL1,

GPR125, and ITGA6, which were used to identify human SSCs

in previous studies, are expressed in many testicular somatic cells.
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Therefore, in either culture experiments or transplantation experi-

ments, detection of several putative human spermatogonial markers,

such as PLZF, GFRA1, UCHL1, GPR125, and ITGA6, is not reliable

to identify human spermatogonia. A possible approach to avoid the

problem would be the identification of reliable human SSC-specific

markers. Determining molecular signatures by various omics stud-

ies of human undifferentiated spermatogonia would be helpful for

identification, which would facilitate detection and characterization

of cultured human SSCs and colonized donor cells in recipient testes

[155–158].

Several reports indicated that ES-like cells appeared by culturing

human testicular cells under GS cell culture conditions [144, 159] or

ES cell culture conditions [160, 161]. Although the ES-like colonies

are believed to be derived from SSCs or primitive germ cells, gene

expression analysis suggested that their origin is mesenchymal cells

[162, 163], indicating that the ES-like colonies formed in the culture

conditions may not be SSC-derived cells. In conclusion, while several

reports proposed that human SSCs or SSC-derived pluripotent cells

could be continuously cultured over months, these published reports

remain controversial regarding the functionality of the stem cells;

therefore, further rigorous evaluation is required. Development of

a definitive functional assay to evaluate the competency of human

SSCs will be essential to acceptance of any published techniques.

Regulation of self-renewal and fate determination

In vivo and in vitro studies have established GDNF as the primary

extrinsic factor stimulating self-renewal of mouse SSCs in a dose-

dependent manner. A high concentration of GDNF promotes prolif-

eration of undifferentiated spermatogonia, and a low concentration

of GDNF induces spermatogonial differentiation [36, 37, 116, 136].

Not surprisingly, expression of the GDNF receptor, which consists

of GFRA1 and RET, on SSCs is also critical for their fate determi-

nation. In particular, GFRA1 is high in As spermatogonia, which

contain SSCs, but the expression decreases in Apr and Aal spermato-

gonia [164]. Although knock-out mice homozygous for Gdnf, Gfra1,

or Ret are neonatal lethal, the effect on spermatogenesis of deficien-

cies of any of these genes on spermatogenesis can be investigated by

analyzing testes grafted into mature mice. When normal neonatal

testes are grafted to the back/flank of castrated male nude mice, the

grafted testes initiate spermatogenesis and eventually generate func-

tional spermatozoa [165, 166]. When neonatal testes of homozygous

Gdnf, Gfra1, or Ret knock-out mice were grafted into recipient mice,

no spermatogonial proliferation occurred, but spermatogonial dif-

ferentiation was initiated. Therefore, the grafted testes eventually

showed a Sertoli cell-only phenotype because spermatogonia did not

proliferate [123]. Collectively, these results clearly indicated that

the GDNF-RET signaling pathway plays the central role for regula-

tion of fate determination, self-renewal or differentiation, of murine

SSCs, although other exogenous factors have a role.

To understand the molecular mechanism of self-renewal in mouse

SSCs, elucidation of GDNF-RET signal transduction is essential, and

identification of the target effector molecules is crucial. Using the

serum-free culture system for mouse SSCs, several GDNF-responsive

genes including B cell CLL/lymphoma 6B (Bcl6b), LIM homeobox

1 (Lhx1), ets variant 5 (Etv5), Pou3f1 (Oct-6), and Brachyury were

identified by transcriptome analysis, and knock-down of each gene

led to a reduction of stem cell activity [167–169]. Culturing SSCs

with specific kinase inhibitors revealed that Src family kinases and

Akt are critical for the effect [170]. Other in vitro experiments with

SSCs also showed that proliferation of SSCs is dependent on the

two signaling pathways [171, 172]. Among the GDNF-responsive

genes, Etv5 is a key factor because Etv5 upregulates Ret, Bcl6b,

Brachyury, chemokine (C-X-C motif) receptor 4 (Cxcr4), a receptor

for CXCL12, and microRNA-21 (miR-21), which prevents apop-

tosis of SSCs [169, 173, 174] (Figure 7). Although Etv5 is ex-

pressed in spermatogonia and Sertoli cells [175], the endogenous

expression in spermatogonia is indispensable for SSC competence

[173]. Since development of SSC cultivation methods, the number

of GDNF-responsive molecules supporting SSC self-renewal has

increased dramatically, and they now include microRNAs, long

noncording RNAs, and phosphorylated proteins [174, 176, 177].

Identifying important pathways, target genes and elucidating the

functional interaction between these molecules will be an exciting

focus of future studies.

In addition, gene expression analyses of newly isolated, undiffer-

entiated spermatogonia, as well as cultured germ cells enriched for

SSCs and lineage-tracing experiments have identified several genes,

such as Bmi1, Pax7, and Id4, which are expressed in long-term self-

renewing As spermatogonia in testes [98, 104, 178, 179]. Several

lines of evidence show that Id4 is a critical factor for SSC mainte-

nance. For example, ID4 is expressed in As, but not Apr and Aal, and

the spermatogonial transplantation of Id4+ spermatogonia demon-

strated that the Id4bright population possessed higher SSC activity

than the Id4dim population. Because Id4 expression is regulated by

GDNF, identification of the Id4 downstream pathway in SSCs will be

critical. Using knock-out mice in loss of function analyses has also

revealed several additional factors, such as Plzf, TATA-box bind-

ing protein associated factor 4b (Taf4b), Nanos2, forkhead box O1

(Foxo1), and RB transcriptional corepressor 1 (Rb1) that are essen-

tial for SSC self-renewal or maintenance in testes [102, 180–183].

Because expressions of several of these factors, including Plzf, Taf4b,

and Foxo1, are not upregulated by GDNF [184], SSC self-renewal

and fate decision are likely regulated by both GDNF-responsive fac-

tors and non-GDNF responsive factors (Figure 7).

In addition to GDNF, FGF2 is an important factor for SSC self-

renewal, since SSCs from C57Bl/6 mice or 129/Sv mouse strains

required FGF2 for self-renewal in culture [37, 93]. Furthermore, in

humans, gain-of-function mutations in FGFR2 lead to Apert syn-

drome, in which growth advantaged SSCs increase in number in

aged males and result in the mutant phenotype [38, 185, 186], indi-

cating that FGFs are positive regulators of SSC proliferation. Inter-

estingly, studies using GS cells showed that Bcl6b, Lhx1, Etv5 were

also upregulated by MEK (MAP2K1) activation following FGF2

stimulus [187], indicating that FGF2, in addition to GDNF, plays

an important role in GDNF-responsive gene expression. However,

in the serum-free culture system, the target molecules of FGF2 in

SSCs have little overlap with genes regulated by GDNF, indicating

that FGF2 plays a distinct role on SSC self-renewal [48]. Because

FGF2 alone cannot support SSC self-renewal, the role of FGF2 on

SSC self-renewal must be defined in the context of a GDNF stim-

ulus. Further detailed elucidation of the self-renewal mechanism of

mouse SSCs is central to understanding the fate determination pro-

cess and would serve as a foundation for establishing the universal

self-renewal mechanism in other mammals.

Germline modification and gene therapy using

spermatogonial stem cells

In the adult body, germ cells are the only cells that can transmit

genetic information to subsequent generations. In mammals, female

germ cells do not increase in number following birth; however, in

the male, germ cells continue to divide and represent a renewable

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/9
9
/1

/5
2
/4

9
5
6
7
6
0
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



66 Spermatogonial stem cells, 2018, Vol. 99, No. 1

Figure 7. Molecular mechanisms of mouse SSC self-renewal. After GDNF binds to a ligand binding receptor GFRA1, the complex activates RET receptor tyrosine

kinase following activation of Akt and Src-family kinases. The GDNF stimuli induces expression of many genes in SSCs, including transcription factor-encoding

genes, Etv5, Bcl6b, Lhx1, Brachyury, Ret, Cxcr4, Pou3f1, and Id4. These transcriptional factors are involved in SSC self-renewal. Plzf, Taf4b, and Foxo1 also play

important roles on SSC self-renewal, but their expression is not regulated by GDNF. FGF2 is the second critical factor for SSC self-renewal, which induces Etv5

expression through MEK activation. Etv5 appears to be a key molecule, because this transcription factor upregulates other GDNF-inducing genes. MicroRNA-21

(miR-21) expression is regulated by Etv5 and inhibits apoptosis in SSCs. GDNF and FGF2 are produced from Sertoli cells in the testis. Modified from [156].

source of the genetic code, which will be modified through meiosis

during spermatogenesis and produce a large array of recombined

genotypes in spermatozoa. Access to this renewable source is repre-

sented by SSCs; therefore, an enormously valuable application of the

techniques described above is for germline modification [188]. The

first transgenic animals using SSCs were created by transduction of

mouse SSCs using a retrovirus vector containing the β-galactosidase

gene [189]. Subsequent development of long-term culture systems

has allowed a variety of techniques to be used for genetic modifi-

cation of SSCs, resulting in generation of not only knock-out mice

by homologous recombination [190], but also transchromosomic

mice [191] and gene-edited mice using the TALEN or, in particular,

the CRISPR/Cas9 system [192, 193]. In rats, similar to the mouse

system, the first SSC-based transgenic rats were generated using a

lentiviral vector [194, 195]. Subsequently, gene editing of rat SSCs

by the CRISPR/Cas9 system has also been developed [196].

A number of genetic mutations causing genetic disorders in hu-

man have been identified, and germline gene editing may be con-

sidered for therapy to correct these genetic defects. Although recent

reports of gene editing in human preimplantation embryos using

CRISPR/Cas9 are controversial [197], once a stable culture system

for human SSCs has been developed, the ethics of research designed

to generate spermatozoa from gene-edited human SSCs will require

serious discussion. Using eggs, gene-editing studies have revealed

that off-target effects and mosaicisms are two major problems, but

cultured SSCs can avoid these concerns because off-target SSC clones

can be identified, and the proper targeted SSCs selected to produce

corrected spermatozoa (Figure 8).

Clinical applications and future directions

Transplantation of SSCs from immature males before puberty can

produce functional spermatozoa, and SSCs can be cryopreserved for

over 14 years [24, 25]. Thus, one of potential clinical applications

using human SSCs is in prepubertal boys undergoing chemother-

apy or radiation treatment for cancer [198, 199] (Figure 9). Germ

cells including SSCs are very sensitive to chemotherapeutic agents

and radiation, and about 80% of childhood cancers can now be

cured. Currently, it is estimated that approximately 1 in 5000 males

of reproductive age are infertile or severely subfertile as a result of

treatment for childhood cancer [200]. While adults can cryopreserve

semen before cancer therapies for future use in artificial insemina-

tion or in vitro fertilization, prepubertal boys cannot use this option,

because functional spermatozoa have not developed. Instead, cryop-

reservation of a testicular biopsy obtained before cancer treatment

begins containing SSCs is an option for prepubertal boys. After can-

cer treatment, autologous spermatogonial transplantation by testic-

ular cells recovered from the cryopreserved tissues can be used to

establish spermatogenesis [201]. Once efficient culture methods to

allow in vitro expansion of human SSCs have been developed, the
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Figure 8. Outline of germline gene therapy by SSCs. (A) SSCs are isolated from the testis of a mouse with a genetic error. (B) SSCs are expanded in culture. (C)

The genetic error is corrected by a gene edition technique (ZFN, TALEN, or CRISPR/Cas9) and the corrected SSC clones are selected (yellow). (D) Genetic and

epigenetic analysis of each SSC clone is carried out to confirm there is no error in the genome sequences and proper epigenetic modifications. (E) Corrected

SSC clones are expanded in culture. (F) Following transplantation into infertile recipient testes, spermatozoa from the corrected SSCs are produced. (G) Progeny

with the corrected gene are generated by mating to a wild-type female or micro insemination into a wild-type oocyte.

Figure 9. Clinical application of SSCs and spermatogonial transplantation. In a prepubertal patient with cancer, a testis biopsy containing SSCs can be taken

before cancer treatment with chemotherapy or irradiation. The biopsy containing SSCs or SSCs after in vitro expansion could be cryopreserved. After successful

cancer treatment, the SSCs would be autologously transplanted to the patient’s testes to restore fertility. For a patient carrying a genetic defect, the defective

gene could be corrected in SSCs during culture (see Figure 8). The SSCs with the corrected gene could be transplanted into the testes of the patient. Modified

from [198, 199].
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Figure 10. Proposed protocol for reprogramming of somatic cells to become germline stem cells, SSCs. (A) Three-dimensional diagram of skin. The hair bulge

contains stem cells for all the skin appendages. (B) Image of mouse skin culture. When skin is cultured, primarily bulge cells continuously proliferate. By

introducing various reprogramming factors, for example, transcription factors, epigenetic modifiers, soluble factors (including growth factors) and micro RNAs,

hair bulb cells can be converted to SSCs. (C) Image of SSCs in culture as they would appear following reprogramming. The original cells taken from the skin

of the mouse have a GFP-reporter system (e.g., a Ddx4-Cre gene and a floxed-stop Gfp gene) that is not active in skin cells but is expressed in germline cells

including SSCs; thus, reprogrammed cells will fluoresce if they are SSCs in culture, as will all cells derived from the fluorescent SSC. To prove the bulge cells

have been reprogrammed to SSCs, the cells will be transplanted into the testis of a recipient mouse. Any cells in culture that have become SSCs will produce a

colony of spermatogenesis in the recipient male, which will be fluorescent. (D) Testis with fluorescent colonies of spermatogenesis in the seminiferous tubules.

Mating to a wild-type female will produce fluorescent pups from these spermatozoa. (E) Fluorescent pups of the type that would be produced from spermatozoa

that were reprogrammed from somatic cells with a GFP marker. Modified from [37].

number of SSCs can be greatly increased before cryopreservation

or transplantation, which improves recovery of spermatogenesis in

recipient testes (Figure 9).

For this therapeutic approach, potential contamination by malig-

nant cells in donor cell suspensions must be avoided, and purification

of human SSCs before transplantation is a feasible solution. Identi-

fication of the unique surface phenotype of human SSCs will allow

both enrichment of human SSCs and elimination of cancer cells be-

fore transplantation [155]. THY1 and EPCAM have been identified

as useful cell surface markers to enrich putative SSCs in human. In

addition, human SSCs do not express MHC-I, CD45, and CD49e

(integrin α5), while leukemic cells strongly express these cell surface

molecules. By staining donor cell suspensions with fluorochrome-

conjugated antibodies against these cell surface molecules, contami-

nation of tumorigenic cells in donor cell suspension could be avoided

by FACS [202]. In addition, culture techniques for selective human

SSC expansion, would facilitate removal of any potential cancer cells

prior to transplantation.

There has been increasing interest in reprogramming a somatic

cell, particularly a somatic stem cell, into a germline cell, represented

by either a one-cell egg or an SSC. The ability to convert a somatic

cell of any type to a germ cell would be a revolutionary advance.

Reprogramming a somatic cell to an SSC, in some ways, appears

the most direct or simplest, since it does not initially involve meio-

sis. In many reprogramming experiments, an adult somatic cell is

converted into an iPS cell, and then differentiates into an oocyte or

SSC (or SSC-like cell) via epiblast-like cells and PGC-like cells [22,

203, 204]. However, these experiments contain numerous steps, are

difficult, and have a low efficiency. The specificity and power of

the spermatogonial transplantation system allows one to transplant

many cells, and if there are a few SSCs present, they are the only

cells that will continuously proliferate and differentiate in the semi-

niferous tubules of the recipient testis and generate spermatozoa.

Instead of generating iPS cells, another approach would be a

direct reprogramming of adult somatic cells into SSCs. For exam-

ple, skin hair follicle cells can be used for an initial cell population,

because the bulge of the follicle contains stem cells, which can be

isolated and grown in vitro. A potential sequence for converting hair

bulge cells to functional germ cells is diagrammed in Figure 10. The

bulge cells can be isolated by dissecting the hair follicles and estab-

lishing a culture. A variety of techniques or systems can be used to

convert or reprogram the cultured bulge cells to SSCs. Following
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reprogramming events, some cells will be converted to SSCs, and

when these cells are cultured and transplanted to a recipient testis,

the seminiferous tubules will determine which if any of these cells

have been reprogrammed. The power of this system is that tens of

thousands of the somatic cells can be exposed to reprogramming

factors or environments, and if only a few are reprogrammed, the

seminiferous tubule of the recipient mouse will select them and pro-

duce a colony of spermatogenesis. As many as one million cells can

be transplanted into a single testis, and the colonizing efficiency of an

SSC is approximately 1 in 10 following transplantation (see above).

Since 10 to 20 recipient testes can be injected in a single day, the

spermatogonial transplantation system provides a highly efficient

system from which to select a very few functional SSCs from many

potentially reprogrammed cells. Changes along the reprogramming

pathway can be analyzed following establishment of the process.

Understanding the reprograming process from a somatic cell of any

type into an SSC would be an enormous advance that would allow

not only a window into the biological differences between somatic

cells and germline cells, but also provide a powerful approach to

elucidate germ cell development. Studies to reprogram somatic cells

into SSCs are an enormously important future direction and would

provide a major advance to the germ cell field.
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Schlatt S, Grindberg RV, Schöler HR. Single-cell gene expression analysis

reveals diversity among human spermatogonia. Mol Hum Reprod 2017;

23:79–90.

158. von Kopylow K, Schulze W, Salzbrunn A, Spiess AN. Isolation and gene

expression analysis of single potential human spermatogonial stem cells.

Mol Hum Reprod 2016; 22:229–239.

159. Mizrak SC, Chikhovskaya JV, Sadri-Ardekani H, van Daalen S, Korver

CM, Hovingh SE, Roepers-Gajadien HL, Raya A, Fluiter K, de Reijke

TM, de la Rosette JJ, Knegt AC et al. Embryonic stem cell-like cells

derived from adult human testis. Hum Reprod 2010; 25:158–167.

160. Kossack N, Meneses J, Shefi S, Nguyen HN, Chavez S, Nicholas C,

Gromoll J, Turek PJ, Reijo-Pera RA. Isolation and characterization of

pluripotent human spermatogonial stem cell-derived cells. Stem Cells

2009; 27:138–149.

161. Golestaneh N, Kokkinaki M, Pant D, Jiang J, DeStefano D, Fernandez-

Bueno C, Rone JD, Haddad BR, Gallicano GI, Dym M. Pluripotent stem

cells derived from adult human testes. Stem Cells Dev 2009; 18:1115–

1125.

162. Chikhovskaya JV, van Daalen SK, Korver CM, Repping S, van Pelt AM.

Mesenchymal origin of multipotent human testis-derived stem cells in

human testicular cell cultures. Mol Hum Reprod 2014; 20:155–167.

163. Chikhovskaya JV, Jonker MJ, Meissner A, Breit TM, Repping S, van

Pelt AM. Human testis-derived embryonic stem cell-like cells are not

pluripotent, but possess potential of mesenchymal progenitors. Hum Re-

prod 2012; 27:210–221.

164. Nakagawa T, Sharma M, Nabeshima YI, Braun RE, Yoshida S. Func-

tional hierarchy and reversibility within the murine spermatogenic stem

cell compartment. Science. 2010 328:62–67;.

165. Honaramooz A, Snedaker A, Boiani M, Schöler H, Dobrinski I, Schlatt
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