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Thy-1" cells isolated from adult human testicular tissues
express human embryonic stem cell genes OCT3/4
and NANOG and may include spermatogonial stem cells
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Abstract

Purpose Spermatogonial stem cells (SSCs) are self-
renewing cells whose progeny are committed to differen-
tiate into spermatozoa; this is a life-long process in male
mammals. There are several methods for obtaining enri-
ched populations of mouse SSCs, and immunological
separation using surface antigens is a commonly used
technique. The study of human SSCs is much less
advanced.

Methods We used biopsied human testicular tissues
[obstructive azoospermia patients (n = 5) and patients who
underwent a testis biopsy as part of an evaluation for
infertility (n = 7)] to obtain Thy-1" cells. Thy-1—a gly-
cosyl phosphatidylinositol-anchored surface antigen—is a
marker uniquely expressed on SSCs that is used to isolate
SSC-enriched cell populations in mice. The Thy-17 cells
from human testicular tissues were cultured in a basic
system consisting of serum-free medium and mitotically
inactivated STO (SIM mouse embryo-derived thioguanine-
and ouabain-resistant) cell feeders with added growth
factors: glial cell line-derived neurotrophic factor (GDNF),
basic fibroblast growth factor (bFGF), and GDNF-family
receptor ol (GFRo-1).

Results The Thy-1" cells were maintained in vitro using
this system for 1 week. The Thy-17 cells expressed OCT3/
4 and alkaline phosphatase, like mouse SSCs. They also
expressed NANOG. Thy-17 cells injected into nude mice
did not cause tumor formation over a period of at least
6 months.
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Conclusions These results support the possibility that the
Thy-1" cell population included human SSCs, and that
Thy-1 may be a marker for human SSCs.
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Introduction

The rete testis is the network of testicular tubules in which
the entire process of spermatogenesis takes place, and
through which the spermatozoa leave the testis [1]. Sper-
matogonial stem cells (SSCs) are self-renewing cells
whose progeny are committed to differentiate into sper-
matozoa, a process that occurs throughout the life of male
mammals [2]. SSCs are rare in the adult mouse testis,
representing ~ 1 in 3,000-4,000 cells [3]. They can be
identified unequivocally in a functional assay using
transplantation, in which donor testis cells are injected into
the seminiferous tubules of infertile recipient males [4, 5].
Under these conditions, only SSCs can undergo sper-
matogenesis, and they in fact restore normal spermato-
genic function in these mice. Although mouse SSCs and
their microenvironment have been studied over the past
decade using this transplantation assay [6], the mecha-
nisms underlying the processes of SSC self-renewal and
differentiation remain elusive. One approach to this
problem is to cultivate SSCs in vitro under conditions that
allow self-renewal and induce differentiation. For this
purpose, a serum-free culture system for mouse SSCs was
developed and used to evaluate the environmental factors
required for their maintenance and replication [7]. One
study showed that glial cell line-derived neurotrophic
factor (GDNF)-induced cell signaling plays a central role
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in mouse SSC self-renewal [8]. Another reported the long-
term survival and proliferation of SSCs when they were
cultured in a proprietary medium [9].

The fate determination of stem cells is controlled to a
large extent by the surrounding microenvironment, par-
ticularly the stem cell niche [10]. Although little is known
about the components of the stem cell niche, the use
of feeder cells is, at least for now, essential for reconsti-
tuting it in vitro [11]. The use of STO (SIM mouse
embryo-derived thioguanine- and ouabain-resistant) feeder
cells has improved the in vitro maintenance of mouse SSCs
[12, 13].

There are several methods for obtaining enriched pop-
ulations of mouse SSCs; the use of immunological sepa-
ration by surface antigen expression is common [14, 15].
To obtain a highly enriched stem cell population using
this method, unique cell-surface markers for stem cells
must be identified. It is important to know which stem-cell
markers are expressed throughout development, not only
for their isolation, but also because these markers are
often associated with the biological properties of stem
cells.

Thy-1 is a glycosyl phosphatidylinositol-anchored sur-
face antigen that, in the mouse testis, is expressed solely on
SSCs [14]. Tt is also expressed on other stem cells,
including hematopoietic stem cells, mesenchymal stem
cells, and ES cells [16-18]. It is used to obtain mouse testis
cells enriched for SSCs [7].

In this study, we investigated whether magnetic micro-
beads conjugated with an anti-Thy-1 antibody could be
used to obtain Thy-17 cells from a cell suspension prepared
from human testis, and if so, whether these cells could be
cultured successfully in serum-free medium with STO
feeder layers. We obtained Thy-1" cells and sought to
identify them by examining their phenotypic characteris-
tics. We also studied the in vivo function of the Thy-17
cells by injecting them into nude mice.

Materials and methods
Human subjects

In accordance with the regulations set forth by the Human
Investigations Committee of Toho University School of
Medicine, informed consent was obtained from male
patients being treated for infertility who visited the
Reproduction Center of Toho Medical Center Omori
Hospital. Testicular tissues were obtained from obstructive
azoospermia patients (n = 5) and patients who underwent a
testis biopsy as part of an evaluation for infertility (n = 7).
We used a total of 12 testis samples in the experiments
described below.
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Adult human testis tissues

First, we confirmed the presence of mature sperm in the
testicular tissue biopsies. The tissues were used fresh or
were frozen in Quinn’s Advantage™ Sperm Freezing
Medium (SAGE In vitro Fertilization Inc., CooperSurgical
Inc., Trumbull, CT, USA). Cell suspensions from testis
tissues were prepared by enzymatic digestion [19]. In
several experiments, testis cells were fractionated using
Percoll (GE Healthcare UK Ltd.) to remove cellular debris
and large cells. The dissociated testis cell suspension, after
enzymatic digestion, was overlaid on 30% (v/v) Percoll
prepared in Dulbecco’s PBS containing 1% human serum
(Takara, Kyoto, Japan) and spun at 600xg for 7 min at
4°C. Cells from the interphase and Percoll phase were
discarded. Sedimented cells in the bottom fraction were
used.

Magnetic-activated cell sorting

Magnetic microbeads conjugated to an anti-Thy-1 antibody
(30-H12; Miltenyi Biotec, Gladbach, Germany) were used
for magnetic-activated cell sorting (MACS) to enrich for
Thy-1" cells from testis cell suspensions. The procedure
for obtaining Thy-1" cells was performed according to the
manufacture’s protocol with minor modifications. Disso-
ciated testis cells were suspended in Dulbecco’s PBS
supplemented with 1% human serum (Takara), 10 mM
HEPES (Sigma-Aldrich, St. Louis, MO, USA), 1 mM
pyruvate (Sigma), antibiotics (50 U/ml penicillin and
50 pg/ml streptomycin; Sigma), and 1 mg/ml glucose
(Sigma) (PBS-S). The dissociated cells were then frac-
tionated by Percoll centrifugation, as described above. We
counted the cells before and after Percoll treatment, and
used these values to calculate cell viability after Percoll
treatment (Table 1). The bottom fraction from the Percoll
centrifugation was incubated with Thy-1 microbeads for
20 min at 4°C. After being rinsed with PBS-S, the Thy-17
cells were selected by passing them through an MS sepa-
ration column (Miltenyi Biotec) that was placed in a
magnetic field. After the column was removed from the
magnetic field, the magnetically retained Thy-1" cells were
eluted.

Cell culture

The basic culture system consisted of serum-free medium
and mitotically inactivated STO (SIM mouse embryo-
derived thioguanine and ouabain-resistant) feeder cells,
which were purchased (Dainippon Sumitomo Pharma,
Osaka, Japan). STO cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 7%
FBS, 100 pM 2-mercaptoethanol (Sigma), 2 mM glutamine
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Table 1 Overview of the human testicular samples, including the patient’s initials, age, condition, cell count before and after Percoll treatment,
viability of cells after Percoll treatment, cell count of MACS separation cells

Patient’s Age Condition Before Percoll After Percoll Viability after MACS separation

initial Percoll (%) cells
12 OA TH 47 Fresh 1.08 x 10’ 3.24 x 10° 30.0 8.00 x 10*
11 OA S.T 56 Fresh 6.73 x 10° 246 x 10° 36.6 2.80 x 10°
10 OA T.Z 46 Fresh 1.25 x 10’ 3.64 x 10° 29.0 1.80 x 10°
9 OA HM 47 Fresh 8.47 x 10° 2.95 x 10° 34.8 4.00 x 10*
8 OA T.S 46 Fresh 6.87 x 10° 3.56 x 10° 51.8 1,10 x 10°
7 EP TH 43 Cryo 1.93 x 10° 2.94 x 10° 15.2 5.00 x 10*
6 EP H.D 32 Cryo 8.00 x 10° 1.20 x 10° 15.0 1.00 x 10°
5 EP OH 39 Cryo 5.30 x 10° 8.00 x 10* 15.0 4.00 x 10*
4 EP K.S 46 Fresh 1.74 x 10’ 4.84 x 10° 27.8 1.92 x 10°
3 EP 0.5 29 Cryo 1.00 x 10° 1.10 x 10° 11.0 240 x 10*
2 EP 0. 33 Cryo 1.60 x 10° 8.00 x 10* 5.0 141 x 10*
1 EP K.Y 38 Fresh 7.30 x 10° 1.96 x 10° 26.0 1.20 x 10°

OA obstructive azoospermia, EP evaluation procedure

(Sigma), and antibiotics. For use as feeder cells, the STO
cells were treated with 10 pg/ml mitomycin C (Sigma) for
3—4 h. The STO feeder cells were then plated in 12-well
plates in 1.0 ml of the same medium plus 0.1% gelatin
(Sigma), at a density of 2 x 10’ cells per well. The plated
feeder cells were rinsed with Hank’s balanced salt solution
twice before being cultured with cells. The cells were plated
atup to 1 x 10° cells per well in serum-free medium. This
medium human SSCs consisted of minimum essential
medium-alpha (MEMo; Invitrogen, Carlsbad, CA, USA),
to which was added 0.2% human serum albumin (Sigma),
5 pg/ml insulin (Sigma), 10 pg/ml iron-saturated trans-
ferrin (Sigma), 7.6 peq/L free fatty acids [20], 3 x 107 M
Na,SeO; (Sigma), 10 mM HEPES (Sigma), 60 uM
putrescine (Sigma), 2 mM glutamine (Sigma), 50 units/ml
penicillin, and 50 pg/ml streptomycin (Sigma). The free
fatty acids contained palmitic acid (Sigma), palmitoleic
acid (Sigma), stearic acid (Sigma), oleic acid (Sigma),
linoleic acid (Sigma), and linolenic acid (Sigma) at
31.0:2.8:11.6:13.4:35.6:5.6, respectively, in the 100 meq/L
(ethanol) stock solution [20]. The growth factors used were
human GDNF, human GFRu1, and human bFGF (all from
R&D Systems, Minneapolis, MN, USA), at final concen-
trations of 20, 100, and 1 pg/ml, respectively. All cultures
were maintained at 37°C in a humidified 5% CO,/95% air
atmosphere. The medium (1.5 ml/well) was changed every
2 days.

Immunofluorescence microscopy and immunostaining

Cells were washed twice with phosphate-buffered saline,
fixed with 4% (w/v) paraformaldehyde for 20 min, per-
meabilized for 60 min with phosphate-buffered saline
containing 0.1% (v/v) Triton X-100, and then blocked for

3 h with phosphate-buffered saline containing 20% donkey
serum. For immunostaining, the fixed samples were incu-
bated with an anti-human OCT-3/4 polyclonal antibody
(R&D systems) and anti-human alkaline phosphatase
monoclonal antibody (R&D systems), as indicated, washed
three times with PBS containing 0.1% (v/v) Triton X-100,
and probed with the appropriate secondary antibodies [anti-
goat IgG antibody conjugated with Alexa 488 and anti-
mouse IgG antibody conjugated with Alexa 594, respec-
tively (Molecular Probes, Carlsbad, CA, USA)]. We used
samples #4-6 for these experiments.

Reverse-transcription (RT)-PCR

RT-PCR was carried out with total RNA from cells cul-
tured for 7 days. Total RNA was prepared using the
PureLink ™Micro-to-Midi Total RNA Purification System
(Invitrogen). RT-PCR was performed using the Super-
Script™III One-Step RT-PCR System with Platinum® Taq
DNA Polymerase (Invitrogen) for human SSC markers,
using the following conditions: 55°C for 30 min for reverse
transcription; 94°C for 2 min to inactivate the reverse
transcriptase and activate the polymerase; 40 cycles of
94°C for 15 s, 55°C for 30 s, 68°C for 1 min; and 68°C for
5 min, for the final extension. The primers were as follows:
for Thy-1, 5'-AGA AGG TGA CCA GCC TAA CGG-3'
(forward) and 5'-TCT GAG CAC TGT GAC GTT CTG
(reverse), product was 324 bp; OCT3/4, 5'-GAA GGT
ATT CAG CCA AAC GAC-3 (forward) and 5'-GTT ACA
GAA CCA CAC TCG GA-3' (reverse), product was
315 bp; NANOG, 5'-TGC AAA TGT CTT CTG CTG AGA
T-3' (forward) and 5-GTT CAG GAT GTT GGA GAG
TTC-3' (reverse), product was 285 bp; and GAPDH,
5'-GTC CAT GCC ATC ACT GCC A-3' (forward) and
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5'-TTA CTC CTT GGA GGC CAT G-3’ (reverse), product
was 513 bp [21]. We used samples #1-3 and #10-12 for
these experiments.

In vivo assay

The cells were harvested by trypsin treatment, collected
into tubes, spun, and the pellets were suspended in DMEM.
Then, 1 x 10° cells were injected into nude mice (BALB/
C, 6-weeks old, CLEA, Tokyo, Japan). We used samples
#7-9 for this experiment.

Results

Thy-1 antibody-conjugated magnetic microbeads
could be used to isolate Thy-17 cells from human
testicular tissues

Testicular tissues were obtained from obstructive azoo-
spermia patients and patients who underwent a testis
biopsy as part of an evaluation for infertility. A total of 12
samples from human testes were obtained (Table 1). The
patients’ initials, age, condition, cell numbers before and/
after Percoll treatment, cell viability after Percoll, and
numbers of MACS separation cells are shown in Table 1.
We found that fresh tissues showed higher viability than
the cryopreserved ones (Table 1). There was no clear dif-
ference in cell viability between the samples obtained from
obstructive azoospermia tissues and those obtained as part
of an infertility evaluation (Table 1).

We investigated whether anti-Thy-1 antibody-conju-
gated magnetic microbeads could be used to isolate Thy-1"
cells from human testicular tissues by MACS. After human
testis cell suspensions were separated with Percoll, the
bottom fractions were further separated using anti-mouse
Thy-1 antibody-conjugated magnetic microbeads, because
there is no commercial source for anti-human Thy-1 anti-
body-conjugated magnetic microbeads. After the MACS
separation and 1 week of culture, we confirmed the pres-
ence of Thy-1 by RT-PCR analysis (Fig. 1). This result
indicated that the anti-mouse Thy-1-conjugated micro-
beads could be used to isolate a population of Thy-1-
expressing cells from human testis cells.

Thy-17 cells could be cultured with serum-free
hormonally defined medium and STO feeders
for 1 week but did not proliferate

We next sought to identify in vitro conditions for main-
taining and/or expanding the Thy-1" cells ex vivo. A major
objective of our work is to develop a defined culture system
to facilitate the study of human SSCs and to identify
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external factors for their in vitro maintenance. In a previous
study, a combination of serum-free hormonally defined
medium and STO feeders was found to be sufficient to
support mouse SSCs [7]. Therefore, we used a basic culture
system consisting of a stem cell-enriched population,
serum-free defined culture medium, and mitotically inac-
tivated STO feeders, similar to the system used for mouse
SSCs. We found that the human Thy-17 cells could live on
STO cells in a medium containing MEMa and no serum
for 1 week (Fig.2). The Thy-1% cells formed clumps
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Fig. 1 Isolation of Thy-1" cells by anti-Thy-1-antibody-conjugated
microbeads. RT-PCR analyses of Thy-1 and GAPDH

Thy-1+ cells Day7

Fig. 2 Culture of Thy-17 cells in serum-free medium supplemented
with GDNF, soluble GFRa1, and bFGF. Thy-17 cells stayed alive and
formed clumps during 1 week in culture. Bars 30 pm
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macroscopically and did not proliferate during this time
(Fig. 2). After 1 week, The Thy-1" cells floated in the
medium (data not shown). These results showed that the
Thy-l+ cells could be maintained with serum-free medium,
growth factors, and STO feeders for 1 week. However, the
Thy-1" cells did not proliferate under the same conditions
that allow mouse SSC proliferation.

Thy-17 cells expressed the embryonic stem
cell genes OCT3/4 and NANOG

We next investigated whether the human Thy-17 cells
expressed SSC markers. It is well established that ES cells
and primordial germ cells (PGCs) express high levels of
alkaline phosphatase and OCT3/4, one of the POU tran-
scription factors [22, 23]. After being induced to differen-
tiate, these cells express lower levels of both of these
molecules, eventually ceasing to express them at all. In
addition, the expression of OCT3/4 is critical for the self-
renewal and pluripotency of ES cells [23, 24]. In a previous
study, mouse SSCs were shown to express alkaline phos-
phatase and OCT3/4 [8]. We investigated the expression of
these molecules by the Thy-17 cells, and found that both
were expressed (Fig. 3a—). We also confirmed the expres-
sion of OCT3/4 by RT-PCR analysis using the total RNA
from Thy-17 cell cultures (Fig. 3d). These results suggested
that, based on OCT3/4 expression, the human Thy-17 cells
had the same potential for self-renewal as the mouse SSCs.
Finally, in two previous studies, NANOG was found to be
essential for the maintenance of pluripotency in ES cells [25,
26]. Mouse SSCs have been reported not to express NA-
NOG [27]. Surprisingly, NANOG was expressed by the
human Thy-17 cells (Fig. 3e). These results indicated that
the Thy-1" cells expressed embryonic stem cell genes and
had different characteristics from mouse SSCs.

No tumor formation was observed after the injection
of Thy-1" cells into nude mice

We investigated whether the Thy-17 cells had pluripotency
in vivo, by transplanting Thy-17" cells (1 x 10> cells) into
the dorsal flanks of three nude mice. In this experiment, we
used three independent samples for the injections. We
observed no tumor formation macroscopically in any of
Thy-1" cell-treated mice, even 6 months after the injection
(Fig. 4).

Discussion
The most important goals of this study were the identifi-

cation and expansion of human SSCs from the adult testis
in vitro. We used the same methods that are used to isolate

OCT3/4

Alkaline phosphatase
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— NANOG
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Fig. 3 Phenotypic characteristics of cultured Thy-1" cells. a Immu-
nostaining of OCT3/4 on Thy-1" cells. OCT3/4 immunoreactivity is
shown in green (Alexa 488). b Immunostaining of alkaline phospha-
tase on Thy-17 cells. Alkaline phosphatase immunoreactivity is
shown in red (Alexa 594). ¢ Morphology of Thy-17 cells clumps. Bar
indicates 50 pm. d RT-PCR analysis for the expression of OCT3/4
and GAPDH in Thy-1" cells. e RT-PCR analysis of the expression of
NANOG and GAPDH in Thy-17 cells

mouse SSCs [14]. We were unable to isolate cells recog-
nized as human SSCs using the methods for isolating
mouse SSCs. However, we successfully isolated Thy-1"
cells from human testicular tissues. We could culture these
cells in serum-free medium with STO feeders for 1 week.
We found that the Thy-17 cells expressed embryonic stem
cell genes (OCT3/4 and NANOG) and alkaline phospha-
tase. The Thy-11 cells did not form teratomas in nude
mice. These results indicated that the Thy-17 cells poten-
tially included human SSCs.
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Thy-1+ cells (6 months)

Fig. 4 Nude mice treated with Thy-17 cells that had been cultured
for 1 week in vitro. Nude mice treated with Thy-1* cells after
6 months

We found that human Thy-1" cells could be isolated
with microbeads conjugated with anti-mouse Thy-1 anti-
bodies. Presumably, microbeads conjugated with anti-
human Thy-1 antibodies would be effective for obtaining
highly enriched human Thy-1* cell populations from
human testicular tissues. Next, we determined whether the
human Thy-1" cells could be cultured in a serum-free
defined medium. We used a serum-free medium because
one had already been developed for culturing mouse SSCs
[7]. This culture system avoids the use of contaminating
somatic cells from the testis and of serum, both of which
might contribute unknown factors that could induce
apoptosis or differentiation of stem cells [7]. Our serum-
free culture system allowed us to culture Thy-17 cells for
at least 1 week. We used STO cells as feeder cells and a
defined set of growth factors (GDNF, bFGF, and soluble
GFRol). STO feeders can support the growth of several
types of stem cells [28-30]. Because the Thy-17" cells did
not proliferate in this system, we could not prove whether
GDNEF, soluble GFR«1, and bFGF were required and acted
synergistically to support the Thy-17 cells. We also cannot
rule out the possibility that other factors were produced by
the feeder cells and acted on the Thy-1" cells. The
development of a better culture system may extend the
longevity of the Thy-17" cells.

We also found, by immunostaining, that the Thy-1*
cells expressed the known SSC markers alkaline phos-
phatase and OCT3/4 [7]. Because the level of OCT3/4
influences the decision for self-renewal or differentiation in
ES cells, it may also regulate the fate determination of
human SSCs. This supports the idea that the Thy-17 cell
population included human SSCs. Although the use of the
mouse cells permits in vivo transplantation to assess the
multipotency of such cells [4, 5], clearly, we cannot per-
form the equivalent experiment in humans, for ethical
reasons.

In addition, we performed RT-PCR to confirm the
identity of the Thy-17 cells. We confirmed that these cells
expressed OCT3/4, and investigated the expression level of
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NANOG, which is another core transcription factor
involved in maintaining pluripotency [31, 32]. In particu-
lar, NANOG’s expression is more closely associated with
pluripotent stem cells than is that of OCT3/4 [33]. Sur-
prisingly, like ES cells and most mouse multipotent
germline stem cells, the human Thy-1" cells expressed
NANOG, although mouse SSCs do not express it [27]. A
previous study indicated that SSCs from the mouse testis
contain multipotent germ stem cells [34]. Therefore, the
population of human Thy-1" cells may have included ES-
like pluripotent stem cells, or human SSCs may express
NANOG, unlike the mouse SSCs. If the latter is the case
and human SSCs are pluripotent, the interaction in vivo
between Sertoli cells and SSCs in the testis may inhibit the
multilineage differentiation of the SSCs, and direct their
differentiation into spermatogenesis.

We also investigated whether the Thy-1" cells were
pluripotent by injecting them into nude mice. We found
that the Thy-17 cells did not make tumors in nude mice, for
at least 6 months after the injection. It was reported that
SSCs do not generate tumors when transplanted into nude
mice, whereas ES cells produce highly invasive teratocar-
cinomas when injected into these mice [8]. We concluded
that the human Thy-17" cells did not have the potential for
pluripotency.

In conclusion, the Thy-l+ cells we isolated from human
testis may have contained human SSCs. However, we
could not identify human SSCs using the methods that have
been established for mouse SSC isolation. Thus, we found
that human SSCs and mouse SSCs have different charac-
teristics. It is reported that 1024 spermatocytes and thus
4096 haploid spermatids can be generated from each Agjgic
spermatogonium entering differentiation in mice and rats
[35]. In humans, only four spermatocytes, leading to the
production of 16 spermatids, are derived from each initial
division of a germline progenitor [35]. Thus, the premeiotic
steps of spermatogenesis differ in different species of
mammals [35]. The types, numbers, and degree of effi-
ciency of spermatogonial stem cell systems vary widely in
different species of mammals. Even though the in vitro
culture of mouse SSCs has been achieved by several
groups, the isolation and culture of human SSCs has been
difficult because of these differences. In this study, we
confirmed that Thy-1* cells from the testes have the
potential to include human SSCs, although more research is
needed to confirm this possibility. The establishment of
methods for the isolation and culture of human SSCs is
important to gain a better understanding of these cells and
to develop treatments for male infertility.
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