fractions when sorted cells were collected from recipients that
had received donor cells within 4 weeks (Figure 4F and G). The
number of colonies generated was 3.45+0.64 (n=23) and
1.07£0.19 (n=25)/10" injected cells for Kit™ and Kit* cells,
respectively. Although the difference was statistically significant,
SSCs expressing Kit were found in 5 of 6 experiments. In contrast,
GFRol™ cells were significantly enriched for SSCs, and results
from three experiments showed that the numbers of colonies were
0.3%0.1 and 11.5+2.0/10"* injected cells (n = 15) for GFRa1 ~ and
GFRol™ cells, respectively (Figure 4F and G).

When sorted cells were collected from primary recipients
between 3 and 4 months after transplantation, results from two
experiments showed that the difference in SSC activity became
more pronounced and the average numbers of colonies were
0.37+0.08 (n=28) and 0.03+0.03 (n= 10)/10* injected cells for
Kit™ and Kit" cells, respectively. In contrast, SSCs were con-
sistently positive for GFRal, and 2.5*1.0 colonies/ 10" injected
cells (n=10) were generated only from GFRa1™ cells. Immuno-
histological staining of the recipient testes showed normal
spermatogenesis from both Kit~ and Kit" cells. No significant
differences in SYCP3 (meiotic cell marker) or PNA (acrosome
marker) expression patterns were observed (Figure 4H). These
results show that SSCs also change Kit expression levels during
regeneration in vivo.

Discussion

Although both phenotypic and functional analyses suggested
that most GS cells are progenitors without SSC activity, single-cell
cloning experiments in our previous study showed that a
significant proportion of GS cells maintain a potential to function
as SSCs [16]. The current study was initiated to resolve the
discrepancy between these findings, and we provide evidence that
SSCs change their phenotype according to their microenviron-
ment. Our conclusion was supported by our two transplantation
experiments. First, in GS cell culture, Kit" cells proliferated as
actively as Kit™ cells and frequency of SSCs was comparable
between the two populations. Second, immediately after trans-
plantation, we found weaker but distinct SSC activity in the Kit"
donor cell population. These findings contrast with previous
observations that SSCs do not express Kit. They also suggest that
SSCs in vitro probably do not follow traditional scheme of SSC
self-renewal [1,2].

One of the important factors that contributed to phenotypic
changes was laminin. Several lines of evidence have suggested that
laminin plays critical roles in SSC biology. First, SSCs express
both 06- and PBl-integrin strongly and preferentially attach to
laminin compared with other extracellular matrix substrates in
vitro [12]. Second, B1-integrin-deficient SSCs that failed to attach
to laminin could not settle in the germline niche [6]. Third, SSCs
from mice, rats and hamsters all proliferate on laminin for several
months without losing germline potential, suggesting that the
ability to bind to laminin is beneficial and conserved among
species [15,24,25]. Therefore, we speculated that integrin-laminin
interactions in vitro might partly mimic stem cell-niche interac-
tions in vivo, and assumed that culturing on laminin would create
a more hospitable environment for SSCs. Given these results, we
did not expect that GS cells on laminin would strongly upregulate
Kit, a marker of differentiating spermatogonia.

Another factor that influenced SSC phenotype was plating
density. Cell density or shape has been shown to influence many
biological processes, including the lineage-specific marker expres-
sion or differentiation of stem cells. For example, changes in
mechanical tension mediated by RhoA-ROCK signaling pathway
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regulated the fate commitment of mesenchymal stem cells
(MSC)[19]. Dominant-negative RhoA committed MSCs to
become adipocytes, whereas constitutive-active RhoA caused
osteogenesis. Low plating density also enhanced their proliferation.
In contrast, GS cells proliferated more slowly at low density, but
cytochalasin D or transfection with dominant-negative RhoA
reduced Kit expression, suggesting the involvement of actin
cytoskeleton in Kit expression. This finding suggests the
importance of cell structure and mechanics in the modulation of
SSC phenotype and heterogeneity.

Our retransplantation experiments showed that SSCs also
change their phenotype in vivo. Retransplantation is a unique
model to study SSC regeneration, because it allows SSCs to
increase their number in vivo [26]. In normal testes, SSCs are kept
under constant pressure to differentiate to produce sperm. SSCs
undergo only two types of cell division, and they produce either
two stem cells or two progenitor cells [1,2]. However, the
concentration of GDNF in the SI? or W testis is upregulated by
a deficiency of endogenous germ cells [27], and this probably
promoted transplanted SSCs to preferentially undergo symmetric
self-renewal divisions to fill empty niches. Indeed, undifferentiated
spermatogonia in SIY mice take up BrdU more rapidly than those
in WT mice [27]. However, as SSCs gradually repopulate to
establish normal cycles of spermatogenesis with time, the
probability of self-renewing division progressively decreases by
downregulation of GDNF and they no longer exhibit an activated
phenotype. On the other hand, in other models used to study SSC
regeneration, such as experimental cryptorchidism or vitamin A
deficiency [5,10], the number of SSCs remains constant, and this
may explain why these treatments could not induce Kit in
undifferentiated spermatogonia. Based on these observations, we
suggest that, when SSCs are relieved from steady state kinetics,
such as after germ cell transplantation or in vitro culture, they may
be exempted from required differentiation and are induced to
express Kit (Figure 5).

Changes in self-renewal mode

ssCin GS cell or SSC after SSC after
normal testis transplantation transplantation
(short-term) (long-term)
Kit (-) Kit (-) ~ (++4) Kit(-)

SSC number -+

S ('J.J..o |

Kﬁﬂ Kit (+)

| |

e -
/ — / _

SSC number 4 $SC number ¢

Differentiation (spermatogenesis)

Figure 5. Expression of Kit on SSCs during active proliferation.
SSCs in normal testes do not express Kit and maintain a constant
number (non-activated state). However, when SSCs increase their
number during culture or soon after transplantation, they upregulate
Kit (activated state). Kit is downregulated in SSCs when germ cell
colonies resume normal spermatogenesis.
doi:10.1371/journal.pone.0007909.g005
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In some respects, our observation is reminiscent of the Clermont
model of spermatogonial renewal, which proposes that A;-A,
spermatogonia, all of which express Kit, form a loop by recruiting
a part of Ay into A; [28,29]. The loop proposed by this model is
limited within A;—A; spermatogonia, and SSCs are thought to
divide only when there is a problem in Ay to A, transition. This
model opposes the single stem cell (A) model, in which A
spermatogonia differentiate unidirectionally. Although the exper-
imental evidence favors the A; model, studies in Drosophila
initially showed that differentiated spermatogonia can dedifferen-
tiate to form stem cells [30], and similar observations were also
reported in mice. By taking advantage of lineage tracing, one study
showed that undifferentiated spermatogonia that had already
committed to differentiation reverted to SSCs [31]. Another study
also showed that Kit" differentiating spermatogonia in the “side
population”, defined by the higher efflux of DNA-binding dye
Hoeschst 33342, have SSC activity [32]. It will be interesting to
study whether Kit" cells also developed from progenitor cells in
GS cell culture.

Since the development of germ cell transplantation technique,
SSC phenotype was thought to be fixed, and SSCs have been
isolated in deterministic manner, However, our analyses now show
that phenotype of SSCs can change according to their microen-
vironment. Thus, caution is necessary when analyzing SSCs
without functional assay. Because effects of enzymatic digestion on
surface antigens cannot be excluded, different experimental
approaches are required to test our hypothesis that activated
and non-activated SSCs show distinct phenotypes. Identifying
SSC-specific markers and factors that influence the mechanism of
fate commitment in vitro will have important implications in
studies of stem cells in other self-renewing tissues.

Materials and Methods

Ethics Statement

We followed the Fundamental Guidelines for Proper Conduct
of Animal Experiment and Related Activities in Academic
Research Institutions under the jurisdiction of the Ministry of
Education, Culture, Sports, Science and Technology, and all of
the protocols for animal handling and treatment were reviewed
and approved by the Animal Care and Use Committee of Kyoto
University.

Cell Culture

GS cells used in the present study were derived from a transgenic
mouse line C57BL/6 Tgl4(act-EGFP)OsbY01 that was back-
crossed to DBA/2 background. The method for GS cell culture
using StemPro-34 SFM (Invitrogen, Carlsbad, CA) was described
previously [13]. For laminin culture, GS cells were transferred
on dishes that had been coated with 20 pg/ml laminin (BD
Biosciences, Franklin Lakes, NJ) for 2 h at room temperature [15].
For transfection, cDNAs encoding mouse Kit-G559 (a gift from Dr.
T. Tsujimura, Hyogo College of Medicine), and dominant-negative
RhoA-N19 (a gift from Dr. D. M. Pirone, University of
Pennsylvania) was cloned into pCAG-IRES2-neo, whereas cDNA
mouse Sl (a gift from Dr. Y. Matsui, Tohoku University) was cloned
into a GSII-EF-IRES2-puro lentivirus vector. Virus particles were
produced by transient transfection of 293T packaging cells, as
previously described [25]. Transfected cells were selected by
40-120 pg/ml G418 (Invitrogen) or 110 ng/ml puromycin (Sigma,
St. Louis, MO)[16,33]. ISCKO03 was added at 1 or 5 uM (EMD
Chemicals, San Diego, CA). F-36P cells (a gift from Dr. L
Matsumura, Osaka University) were maintained in RPMI supple-
mented with 10% fetal bovine serum (FBS). Increases in cell number
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were measured 5 days after initiation, whereas F-36P cells were
cultured for 3 days.

Animals and Transplantation

W and SIY mice were purchased from Japan SLC (Hamamatsu,
Shizuoka, Japan). For transplantation of cultured cells, cells were
incubated with 0.25% trypsin/1 mM EDTA to obtain single-cell
suspensions. For serial transplantation, testis cells from primary
recipients were dissociated at indicated time points with a two-step
digestion method using type IV collagenase and trypsin (both from
Sigma), as described [4]. Donor cells were introduced into
seminiferous tubules of W or S19 mice via efferent duct (46
weeks old). Approximately 4 ul of the donor cell suspension could
be injected. To avoid rejection of donor cells, recipient animals
were treated with anti-CD4 antibody (GK1.5, gift from Dr. T.
Honjo, Kyoto University), as described previously [34].

Cell Staining and Selection

Dissociated cells were suspended (5x10° cells/ml) in 1 ml of
phosphate buffered saline containing 1% FBS (PBS/FBS). Cells
were then incubated with primary antibodies for 20 min on ice,
washed twice with PBS/FCS, and used for cell separation.
Primary antibodies used in this study were antirat GFRoal
(81401; R&D systems, Minneapolis, MN), R-phycoerythrin (PE)
or allophycocyanin (APC)-conjugated rat anti-mouse Kit (2B8; BD
Biosciences), APC-conjugated anti-rat a6-integrin (GoH3; BioLe-
gend, San Diego, CA), anti-mouse E-cadherin (ECCD2; Takara
Biomedicals, Shiga, Japan) and biotinylated anti-mouse I-
integrin (Ha2/5, BD Biosciences). For MACS, cells were further
incubated for 20 min with Dynabeads M-450 sheep anti-rat IgG
(Invitrogen) with agitation, and target cells were separated
according to the manufacturer’s protocol. For flow cytometric
analysis and sorting, APC-conjugated streptavidin, and ant-mouse
or -rat IgG (all from BD Biosciences) were used as secondary
reagents. After the final wash, 1 pg/ml of propidium iodide was
added to samples to eliminate dead cells. Stained cells were
analyzed by FACSCalibur or sorted by FACSAria II (both from
BD Biosciences).

Analyses of Recipient Testes

The number of colonies was counted under a stereomicroscope
equipped with UV light. We defined a donor cell cluster as a
colony when it occupied the entire basal surface of the tubule and
was longer than 0.1 mm. For immunohistological staining, the
recipient testes were fixed in 4% paraformaldehyde and then
frozen in Tissue-Tek OCT compound (Sakura Finetechnical,
Tokyo, Japan) for cryosectioning. The slides were analyzed under
confocal laser scanning microscopy. Meiosis was detected by
immunofluorescence using anti-synaptonemal complex protein 3
(SYCP3) antibodies, which was prepared in our laboratory using a
synthetic oligopepetide [35]. The anti-SYCP3 antibody was
detected by Alexa 488-conjugated anti-rabbit immunoglobulin G
antibodies (Molecular Probes, Eugene). Rhodamine-conjugated
Peanut agglutinin (PNA) was used to detect acrosomes (Vector,
Burlingame, CA). For preparation of paraffin slides, testis samples
were fixed in 10% neutral-buffered formalin and processed for
paraffin sectioning. Sections were stained with hematoxylin and
eosin,

Western Blot Analysis

Samples were separated by SDS/PAGE, transferred to Hybond-
P membranes (Amersham Biosciences, Buckinghamshire, UK), and
incubated with anti-phospho-Akt (Ser 473) or anti-phospho-c-kit
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(Tyr 719) antibody. After washing, peroxidase-conjugated anti-
rabbit IgG was used as the secondary antibody (all from Cell
Signaling, Danvers, MA).

Real-Time PCR
Total RNA was isolated using Trizol reagent (Invitrogen). First-

strand ¢cDNA was synthesized using SuperscriptTM 1T (RNase H™
reverse transcriptase, Invitrogen). For quantification, StepOne-
Plus™ Real-Time PCR system and Power SYBR Green PGR
Master Mix were used according to the manufacturer’s protocol
(Applied Biosystems, Warrington, UK). Transcript levels were
normalized to those of Hprtl. PCR conditions were 95°C for
10 min, followed by 40 cycles at 95°C for 15 s, and 60°C for
1 min. Experiments were performed on each subpopulation
purified from three independent sorting experiments. Each PCR
was run at least in triplicate using specific primers (Table S1).
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Statistical Analysis

Results are presented as mean*=SEM. Data were analyzed by
Student’s #tests. Significant difference in the ISCKO3 effect was
determined by Tukey’s HSD multiple comparisons test.
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Found at: doi:10.1371/journal.pone.0007909.s001 (0.04 MB
DOC)
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Objective. Multipotent germline stem (mGS) cells derived from neonatal mouse testis, similar
to embryonic stem (ES) cells, differentiate into various types of somatic cells in vitro and
produce teratomas after inoculation into mice. In the present work, we examined mGS cells
for hematopoietic progenitor potential in vitro and in vivo.

Materials and Methods. mGS cells were differentiated on OP9 stromal cells and induced into
FIk1™ cells. FIk1" cells were sorted and replated on OP9 stromal cells with various cytokines
and emerging hematopoietic cells were analyzed for lineage marker expression by fluorescein-
activated cell sorting, progenitor activity by colony assay, and stem cell transplantation assay.

Results. mGS cells, like ES cells, produce hematopoietic progenitors, including both primitive
and definitive erythromyeloid, megakaryocyte, and B- and T-cell lineages via FIk1" progeni-
tors. When transplanted into the bone marrow (BM) of nonobese diabetic/severe combined
immunodeficient (NOD/SCID) yc¢™" mice directly, mGS-derived green fluorescent protein
(GFP)-positive cells were detected 4 months later in the BM and spleen. GFP* donor cells
were also identified in the Hoechst33342 side population, a feature of hematopoietic stem cells.
However, these mGS-derived hematopoietic cells did not proliferate in vivo, even after exposure
to hematopoietic stressors, such as 5-fluorouracil (5FU) injection or serial transplantation.
Conclusion. mGS cells produced multipotent hematopoietic progenitor cells with myeloid and
lymphoid lineage potential in vitro and localized in the BM after intra-BM injection but, like
ES cells, failed to expand or show stem cell repopulating ability in vivo. © 2009 ISEH -
Society for Hematology and Stem Cells. Published by Elsevier Inc.

Hematopoietic stem cells (HSCs) are defined as blood cells
displaying the potential for self-renewal and multilineage
differentiation. HSC transplantation has been widely used
for treating hematological malignancies and inherited
disorders. Peripheral blood and cord blood stem cells, as
well as bone marrow cells, have been intensively studied
and shown to be effective for clinical use. Recently, embry-
onic stem (ES) cells have been proposed as an alternative
candidate source of HSCs. Many approaches have been at-
tempted to obtain HSCs from ES cells, but this is chal-
lenging unless using enforced expression of genes, such
as Hoxb4 [1] or Cdx4 [2] in ES cells. Even if a robust
method for HSC derivation from ES cells were discovered,

Offprint requests to: Momoko Yoshimoto, M.D., Ph.D., Wells Center for
Pediatric Research, Indiana University School of Medicine, Indianapolis,
IN 46202, USA; E-mail: myoshimo@iupui.edu

one would still need to address donor—host differences in
histocompatibility antigens to permit ES-derived HSC
engraftment in patients.

Multipotent germline stem (mGS) cells have been estab-
lished from neonatal mouse testis and have been proven to
have similar potential to ES cells, including germline trans-
mission [3]. If mGS cells could be isolated from human
testis and were utilized to produce HSC, then the problem
of major histocompatibility complex (MHC) incompati-
bility would be solved because it might be possible to
establish the patient’s own mGS cells. In that sense, mGS
cells may have a big advantage over ES cells in human
application for cell therapies.

The methods for inducing hematopoietic cells from ES
cells have been well-developed [4]. Flk1 is a candidate
marker for mesoderm [5] and hemangioblast [6,7] cells,
and Flkl progeny have been proven to differentiate into
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all hematopoietic cell lineages [8]. Using the OP9 stromal
cell line as a feeder layer, hematopoietic cells are effec-
tively induced from ES cells [9], and FLK1"-derived defin-
itive hematopoietic cells are obtained [10].

In a previous report [3], mGS cells have been shown to
differentiate into CD45" hematopoietic cells, including
Gr-1"Macl™ myeloid cells and Ter119" erythroid cells,
but the potential for mGS cells to differentiate into hemato-
poietic stem/progenitor has not been reported. We have
observed multipotent hematopoietic progenitor cells with
myeloid and lymphoid potential emerging from mGS
FLK1% cells using the OP9 feeder cell system and describe
the localization of mGS-derived hematopoietic cells in the
bone marrow (BM) cavity when directly injected into the
BM of immunodeficient mice. However, the mGS-derived
hematopoietic cells present in the host, like differentiated
wild-type ES-derived hematopoietic cells, do not prolif-
erate or display multilineage repopulating ability in vivo.

Materials and methods

Cell culture

mGS cells were established from mouse neonatal testis of DBA/2
mice or a green fluorescent protein (GFP)—expressing transgenic
mouse (C57BL6 x DBA/2 Fl background), as described previ-

1401

ously [3]. The CCE ES cell line was kindly provided by Dr. S.
Nishikawa (RIKEN, Kobe, Japan). The ES cell line D3 was trans-
fected with GFP gene driven by the ubiquitous CAG promoter.
These CCE and D3 cell lines are derived from the 129 mouse
strain. GFP" mGS and D3 were used for the transplantation assay.
The mGS or ES lines were maintained as described previously [3].

Differentiation to hematopoietic progenitor cells was induced
as described [8,11]. Briefly, 10* of undifferentiated mGS and ES
cells were seeded onto T-25 flask with confluent OP9 stromal cells
(a gift from Dr. Kodama) in o—minimum essential medium supple-
mented with 10% fetal bovine serum and 5 x 10™M 2-mercap-
toenthanol. After 4 days, cultured cells were harvested with cell
dissociation buffer (Gibco, Grand Island, NY, USA) and Flk1*
cells were collected using a FACSVantage flow cytometer (Becton
Dickinson, Mountain View, CA, USA). The 5-10 x 10* Flk1*
cells per well in six-well plate with confluent OP9 stromal cells
were cocultured again with added cytokines, such as 100 ng/mL
mouse stem cell factor (SCF), 10 ng/mL human thrombopoietin
(TPO), 10 ng/mL mouse Flt-3 ligand (FL), 4 u/mL human eryth-
ropoietin (EPO), and 100 u/mL mouse interleukin (IL)-7. Mouse
SCF, human TPO, and human EPO were kindly provided from
Kirin Brewery (Tokyo, Japan). Mouse FL and IL-7 were
purchased from R&D Systems (Minneapolis, MN, USA). For T-
cell induction, Flk1™ cells were cocultured with OP9-DL1 [12]
stromal cells (kindly provided by Dr. Zuniga-Pflucker, University
of Toronto) with 50 ng/mL IL-7.
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Figure 1. Surface markers of mGS and ES cells. Surface markers of undifferentiated mGS cells (A, lower panel) are similar to those of ES cells (A, upper panel).
mGS cells were induced on OP9 stromal cells for 4 days and were confirmed to express FIk1 (B).
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Hematopoietic colony-forming cell assay

In order to analyze emergence of immature hematopoietic progen-
itor cells from mGS cells, on each day after induction of Flk1"
cells on OPY, cells were harvested and plated in methylcellulose
for colony-forming assay using a modification of the technique
described previously [13,14]. All cultures were performed in
triplicate and the number of colony-forming cells was scored at
day 8 to 10. For megakaryocyte colonies, the cells were plated
in Megacult (Stem Cell Technologies, Vancouver, Canada)
according to manufacturer’s instruction.

Antibodies and staining

The following primary antibodies were used: rat anti-mouse
E-cadherin (ECCD2, from Calbiochem. San Diego, CA, USA),
fluorescein isothiocyanate (FITC)-conjugated hamster anti-rat
B1 integrin (Ha2/5), rat anti-mouse CD31 (MEC 13.3), allophyco-
cyanin (APC)-conjugated rat anti-mouse c-kit (2B8), phycoery-
thrin (PE)-conjugated rat anti-Flk1 (AVAS12), PE-conjugated rat
anti-mouse Ter119 (TER-119), APC-conjugated rat anti-mouse
CD45 (30-F11), biotin-conjugated rat anti-mouse Gr-1 (RB6-
8CS5), biotin-conjugated rat anti-mouse Mac-1 (M1/70), purified
rat CD41 antibody (MWReg30), and rabbit anti-embryonic
hemoglobin antibody [15] (a gift from Dr. Takakura, Osaka Univer-
sity). PE-conjugated or alkaline phosphatase—conjugated anti-rat
IgG, APC-conjugated streptavidin, or FITC—conjugated anti-rabbit
immunoglobulin G were used as secondary antibodies. All anti-
bodies except ECCD2 were purchased from Pharmingen (San
Diego, CA, USA). For detection of side population (SP) cells, BM
cells were stained with Hoechst 33324, as described previously
[16-18]. Stained cells were analyzed using FACSCalibur or LSRII
(Becton Dickinson).

M. Yoshimoto et al./ Experimental Hematology 2009,37:1400-1410

Immunohistochemistry

Femurs of recipient mice were fixed with 4% paraformaldehyde,
embedded in the optimal cutting temperature compound and
frozen sections of 7-um thickness were mounted on silan-coated
glass slides and were stained with rabbit anti-GFP antibody (BD
Bioscience Clontech, Palo Alto, CA, USA), as described previ-
ously [19]. Cytospin preparations and culture dishes were also
stained with various antibodies, as described previously [20,21].

Mice and transplantation
Nonobese diabetic/severe combined immunodeficient (NOD/
SCID) yc™" mice were kindly provided from the Central Institute
of Experimental Animals (Kawasaki, Japan) and kept under
specific pathogen-free conditions in accordance with the guide-
lines of the facility. Cultured mGS-derived hematopoietic cells
and OP9 cells were collected and injected into the femoral BM
of NOD/SCIDyc™" mice that were irradiated with 2.4 Gy before
transplantation. The 2 x 10° BM mononuclear cells were injected
as a positive control. After transplantation, mice were prophylac-
tically provided sterile water with neomycin sulfate (Gibco BRL).
For serial transplantation, BM cells were collected from trans-
planted NOD/SCIDyc™" mice 4 months after primary transplan-
tation and stained with anti-CD45.1" (recipient) and CD45.2%
(donor) antibodies. CD45.2™ donor cells were sorted on FACS-
Vantage (Becton Dickinson) and injected into the BM of 2.4-Gy
irradiated NOD/SCIDyc™" mice. Peripheral blood (PB) and BM
were analyzed 3 to 4 months after secondary transplantation.

RNA extraction and reverse transcriptase

polymerase chain reaction (RT-PCR) analysis

Total RNA was prepared using Trisol (Gibco BRL). Complemen-
tary DNA (cDNA) synthesis was performed using Superscript II

Figure 2. Primitive and definitive erythroid cells are differentiated from mGS—derived Flk1* cells. mGS-derived FIk1™ cells were cultured on OP9 cells and
small round cells and cobblestone-forming areas were found [(A) day 3, (D) day 9). May-Giemsa staining of a cytospin preparation [(B); day 3, (E); day 9)].
Immunostaining of El antigen and Ter119 (C,F). (C) El antigen; green. (F) E1 antigen; green Ter119; red. Nuclear staining with Hoechst 33324; blue.

Magnification (A,D): x100; (B,C,E,F): x200.
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and oligo (dT);o.1g primers (Invitrogen, Carlsbad, CA, USA)
following manufacturer’s instructions. The same cDNA sample
was used for PCR amplification with different primer sets, using
standard protocols using AmpliTaq Gold (Applied Biosystems,
Foster City, CA, USA). The primer sequences were as follows:
BH1 forward: AGTCCCCATGGAGTCAAAGA, reverse: CTC
AAG GAG ACC TTT GCT CA, B major forward: CTG ACA
GAT GCT CTC TTG GG, reverse: CAC AAA CCC CAG AAA
CAG ACA, GAPDH forward: TCC CAC TCT TCC ACC TTC,
reverse: CTG TAG CCG TAT TCA TTG TC. For PCR to detect
GFP, the primer sequence were as follows: GFP forward: CTG
GTC GAG CTG GAC GGC GAC G, reverse: CAC GAA CTC
CAG CAG GAC CAT G. Cycling parameters included: denatur-
ation at 94°C for 30 seconds; annealing at various temperatures
for 30 seconds; elongation at 72°C for 40 seconds. The number
of cycle varied between 25 and 35 cycles.

Results

mGS cells can differentiate into FlkI™*

cells on OP9 stromal cells

It has been reported that mGS cells are very similar to ES
cells in their differentiation ability into multiple cell line-

A

1403

ages in vitro and in vivo [3]. Undifferentiated mGS and
ES cells express ECCD-2, Bl-integrin, CD31 and c-kit,
but are negative for Flk-1 expression (Fig. 1A). In order
to examine the differentiation potential of these cells, we
cocultured mGS or ES cells with OP9 stromal cells and as-
sayed for emergence of Flk1™ cells 4 days after induction
because Flk1 is thought to be a representative marker for
mesodermal cells [5]. The percentage of Flk1™ cells
derived from mGS cells (50%) was very similar to ES cells
(48%) (Fig. 1B).

Primitive and definitive erythropoiesis

can be derived in vitro in mGS culture

In order to examine red blood cell emergence from mGS-
derived Flk1™ cells, Flk1™ cells were sorted and cocultured
on OP9 stromal cells with added EPO. Three days later,
small round hematopoietic cells were found (Fig. 2A).
The cytospin preparation of these cells and May-Giemsa
staining revealed the round, nucleated cell morphology of
primitive erythrocytes (Fig. 2B). Immunostaining with an
antiembryonic hemoglobin antibody confirmed that these
cells were primitive erythrocytes (Fig. 2C). After 9 days
of coculture, cobblestone-forming areas were observed in
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Figure 3. Erythropoiesis from mGS Flk1* cells shows two different waves. FIk1™ cells were cultured on OP9 with erythropoietin (EPO) and with or without
ACK45. The nonadherent cells in the culture were collected every other day, counted the number (C), examined the surface markers (B) and hemoglobin gene
expression (A). Sequential RT-PCR analysis shows expression of B HI hemoglobin mRNA, followed by B-major hemoglobin mRNA expression (A). E12.5
fetal liver (lane 1), E8.0 embryo (lane 2), mGS- Flk1% cells on OP9 for 4 days (lane 3), for 6 days (lane 4), for 8 days (lane 5), for 10 days (lane 6), for 12
days (lane 7). Flk1™ cells were cultured on OP9 cells with EPO and with (white circle) or without ACK45 (black square) (C). Most cells in the culture were
Ter119™ erythrocyte (B). Definitive erythropoiesis was blocked by ACK45 (C). GAPDH = glyceraldehydes phosphate dehydrogenase.
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the cultures (Fig. 2D). Morphologic analysis of nonadher-
ent cells revealed enucleated red blood cells (Fig. 2E). Im-
munostaining confirmed the cells to be definitive
erythrocytes that express Terl19, but not embryonic
hemoglobin molecules (Fig. 2F). Next, mGS Flk1% cells
were cocultured on OP9 cells in the presence of EPO or
EPO and Ack45 (a blocking antibody of the c-kit signaling
pathway). In this culture system, most of the emerging
blood cells were Ter119 erythroid cells (Fig. 3B), but
the growth factor requirements of the cultured cells in
each condition showed different patterns: an initial
c-kit-independent period (days 4-8; Fig. 3C) and a second
c-kit-dependent period during which erythropoiesis was
blocked by the presence of the Ack45 antibody (days 8-
14, Fig. 3C). Erythrocytes in the initial wave expressed
BH1 hemoglobin mRNA, while only B-major hemoglobin
mRNA was expressed in the second wave of erythropoiesis
(Fig. 3A). These results indicated that cells in the initial
wave represented primitive erythrocytes, while definitive
erythrocytes comprised the second wave [22]. Thus,
mGS cells can give rise to primitive and definitive erythro-
poiesis in vitro in the same manner as differentiated ES
cells.

>
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FlkI™ cells derived from mGS cell can differentiate into
multiple lineages including B and T cells

When mGS-derived Flk1* cells were cocultured on OP9
cells with added SCF, granulocyte colony-stimulating
factor (G-CSF), IL-3, and EPO, Flk1™ cells can also differ-
entiate into Mac1tGrl1™ cells and Ter119™ cells (7.3% and
20.9%, respectively) similar to ES cells (7.6% and 24.3%,
respectively) (Fig. 4A). Furthermore, mGS-derived Flk1™*
cells also gave rise to CD19" B cells and CD4TCD8" T
cells when cultured on OP9 cells or OP9-DL1 cells with
added IL7 (Fig. 4C and D).

FIkI™ cells derived from mGS cell

can differentiate into multipotent progenitors

To determine whether mGS cells can give rise to clono-
genic hematopoietic progenitors, FIk1™ cells derived from
mGS cells were cocultured on OP9 cells and all the cells
after 4 to 10 days culture were plated in methylcellulose
with added growth factors. Burst-forming unit-erythroid
(BFU-E), colony-forming unit granulocyte-macrophage
(CFU-GM), and CFU-Mix were observed (Fig. 5Aa-d).
Interestingly, the number of CFU-mix was decreased after
8 days’ coculture (Fig. 5Ba), and CFU-GM was the main
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Figure 4. Myelolymphoid potential of mGS cells. Mac1*Gr1*, Ter119%, CD19", and CD4*CD8™ cells were differentiated from mGS-derived Flk-1" cells
within OP9 culture (A,B,C) or OP9-DLI culture (D). For Mac1Gr1™, Ter1197 cells, cells were collected from 8-10 days culture (A,B). The numbers of
myeloid and erythroid cells differentiated from mGS and ES cells were similar (B). For CD19" (C), and CD4*CD8™ cells (D), cells were collected from 14—
21 days culture. These FACS data are representative among three independent experiments.
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population detectable after 10 day’s culture of mGS cells on
OP9 cells. To examine whether production of these clono-
genic progenitors from Flk1™ cells was influenced by cyto-
kines, Flk1% cells were cocultured on OP9 cells with only
EPO or with SCF, TPO, and FL. The numbers of all kind
of colonies were increased when cocultured with SCF,
TPO, and FL (Fig. 5Bb). Thus, mGS-derived Flk1™ cells
generate multipotent hematopoietic progenitors, and this
effect was promoted by addition of multiple cytokines,
similar to differentiated ES cells.

Megakaryopoiesis through Flkl™

cells derived from mGS cells

We also evaluated megakaryocyte production from mGS-
derived FIk1™ cells. Eight days after FIk1™ cells were co-
cultured on OP9 cells in the presence of TPO and SCF,
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large round cells with proplatelets were observed
(Fig. 5Ca). These cells expressed the cell surface protein
CD41, a well-recognized marker of the platelet lineage
(Fig. 5Cb). Cytospin preparations of culture fluid from
these culture dishes showed large multinucleated cells
that were CD41-positive (Fig. 5Cc and Cd). These cells
contained both CFU-megakaryocyte and CFU-mega-mix
confirmed by specific megakaryocyte progenitor cultures
(Fig. 5Ce and Cf). CFU-megakaryocyte progenitors were
maintained during culturing between day 8 and day 12 of
mGS-derived Flk1" cells in the presence of TPO and
SCF (Fig. 5D). Differentiated ES cells also showed similar
trends of megakaryocyte colony production (data not
shown). Thus, Flk1™ cells derived from mGS cells were
shown to produce megakaryocytes as well as megakaryo-
cyte progenitor cells.
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Figure 5. Colony-forming ability and megakaryocyte potential of mGS Flk1"-derived cells. mGS-derived Flk-17 cells produce hematopoietic progenitor
cells that can form various kinds of colonies [(Aa) mixed colony, (Ab) granulocyte-macrophage (GM) colony, (Ac) burst-forming unit erythroid (BFU-
E), (Ad) mast cell colony]. Mixed colonies were predominant when mGS-derived Flk1™ cells were cultured on OP9 cells for 4 to 6 days (Ba). Blue bar:
mixed colony, yellow bar: GM colony, red bar: Erythroid colony. The number of all kinds of colonies was increased when mGS Flk1™ cells were cultured
on OP9 with thrombopoietin (TPO) and interleukin (IL)-6 (Bb). Blue bar: with erythropoietin (EPO), red bar: with TPO and IL6. Megakaryocyte or pro-
platelet mGS-derived Flk1™ cells were observed within OP9 culture for 8-12 days. Proplatelet like cells (arrow Ca), Immunostaining of cultured cells
with CD41 antibody secondary detected by alkaline phosphatase—conjugated antibody (Cb blue). Immunostaining of a cytospin preparation with CD41 anti-
body secondary detected by peroxidase conjugated antibody (Ce, Cd brown). After transferring cultured cells into Megacult conditions, megakaryocyte colo-
nies (Cf) include mega-mix colonies (Ce) were found. These cells expressed acethylcholinestrase as evidenced by brown staining. The CFU-Mega was
maintained during culturing day 8 to 12 in the presence of TPO and stem cell factor (D). Yellow bar: Megakaryo-colony, red bar: Mega-Mix colony. Magni-

fication: (Ca, Cb) x100; (Cc, Cd) x200; (Ce, Cf) x100.
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Flkl-derived hematopoietic cells can engraft in the BM

of NODISCIDyc™" mice by intra-BM injection

Finally, day-6 cocultured mGS-derived FIk1* cells and
OP9 cells were recovered and injected directly into the
BM of NOD/SCIDyc™" mice (n = 4). As a positive
control, 2 x 10° BM mononuclear cells were injected
into the BM of NOD/SCIDyc™" mice. Every 4 weeks after
transplantation, PB was analyzed for evidence of donor-cell
engraftment. While the BM cells engrafted, mGS-derived
cells were barely detected (<0.1%, Fig. 6A). After 7
weeks, fluorescein-activated cell sorting (FACS) analysis
revealed donor mGS-derived GFP™ cells in the BM, but
at low chimerism of <0.1% (data not shown). PCR anal-
ysis confirmed the presence of GFP-DNA in the BM and
the spleen (Fig. 6C). Four months after transplantation,
a very small number of donor CD45"GFP™ cells were
detected in the BM and the spleen by FACS analysis and
confirmed by PCR (Fig. 6A, C, and D). Furthermore,
when BM cells of transplanted mice were stained with
Hoechst33324, GFP™ cells were detected in the SP region
(Fig. 6E and F). Immunostaining of the femur revealed
that GFP" cells were attached to the endosteal region,
where HSCs are considered to reside (Fig. 6B). Three of
four transplanted mice were confirmed to display this

M. Yoshimoto et al./ Experimental Hematology 2009,37:1400-1410

type of “stem cell-like” engraftment (0.03% = 0.03%).
Thus, mGS-derived hematopoietic cells are found in the
BM 4 months after transplantation. It is of note that no tera-
toma formation was observed in any of the transplanted
animals.

mGS-derived hematopoietic cells did not

show stem cell potential by serial transplantation

Because HSCs are enriched in the SP fraction and normally
reside in the endosteal region of the BM [23-25], we spec-
ulated that hematopoietic progeny of mGS-derived Flk1*
cells engrafted in the BM and remained in the stem cell
fraction. In order to prove that these GFP™ cells in the
BM were HSCs, we hypothesized that hematopoietic stress
may induce further expansion of the donor HSCs and thus,
SFU injection and serial transplantation were performed.
SFU was injected intraperitoneally at a standard dose of
100 ug/g into transplanted mice that received mGS-derived
hematopoietic cells and the PB was analyzed with CD45.1
and CD45.2 antibodies every week after SFU injection.
When the blood cell count recovered, we expected donor-
derived cells would increase in number in PB, however,
no donor mGS-derived cells were observed (data not
shown). For secondary transplantation analysis, we
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Figure 6. Transplanted hematopoietic cells from GFP™ mGS cells can be detected in bone marrow (BM) 4 months after transplantation and displays stem
cell phenotype. After transplantation, peripheral blood (PB) was analyzed every 4 weeks (A). BM cells from recipient mice 4 months after transplantation
were analyzed by LSR II (D, E, F). GFP*CD45" cells were detected (D). When the BM cells of the recipient mice were stained with Hoechst 33324, GFP*
cells were detected in the SP region (E, F). In the section of recipient BM, GFP™ cells were found attached to the endosteal region (B, arrow). RT-PCR shows
donor-derived DNA in the BM and spleen at 7 weeks and 4 months after transplantation (C).
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collected BM cells of primary recipient mice. Interestingly,
more donor cells were detected in the lineage-negative pop-
ulation of the recipient BM cells (Fig. 7A) than in the whole
BM (Fig. 7B). There were only 0.001% donor cells that dis-
played myelolymphoid lineage markers (Fig. 7B and C).
Then we sorted CD45.2" mGS-derived cells from the
BM of primary recipient mice (Fig. 7A) and injected 10*
mGS-derived donor cells into the BM of irradiated
secondary recipient NOD/SCIDyc™" mice. However,
none of the host mice displayed donor-derived cells in the
PB or BM after 4 months of the secondary transplantation.
Thus, mGS-derived multipotent hematopoietic cells en-
grafted in the BM, but could not show stem cell potential
by expanding and repopulating all the hematopoietic line-
ages posttransplantation for > 16 weeks.

mGS-derived hematopoietic cells did not

express CXCR4 or CDX4, but expressed HOXB4

Because mGS-derived hematopoietic cells did not engraft
in the BM efficiently, we examined these cells for evidence
of expression of a well-known and important homing
receptor, CXCR4 (Fig. 8C). Indeed, very few mGS-derived
CD45™ cells expressed CXCR4. Also, c-kit expression was
only 3% and the c-kit*Sca-1" population represented only
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0.09% of the culture elements. Because CDX4 and HOXB4
overexpression have enabled ES cells to engraft in vivo [2],
the expression level of these genes was examined in mGS-
derived cells using both RT-PCR and quantitative PCR.
mGS-derived cells, as well as fetal liver and BM stem/
progenitor cells, did not express mRNA for CDX4
(Fig. 8A). However, using the embryonic aorta-gonado-
mesonephros (AGM) tissue as a reference (positive control
tissue), the relative expression of HOXB4 in mGS-derived
cells (0.76) was higher than embryonic day 16.5 fetal liver
cells (0.02), BM lin~ cells (0.09), BM Sca-1"c-kit*lin~
cells (0.43), and CCE-derived cells (0.15) (Fig. 8B). From
these results, it appears that the lack of CXCR4 expression
of mGS-derived cells may be a primary reason that the
transplanted cells could not expand in the recipient BM
compartment.

Discussion

We report that multipotent hematopoietic progenitor cells
are derived from mGS cells. mGS cells differentiate into
Flk1% cells similar to differentiated ES cells. From mGS-
derived FIk1* cells, erythroid, myeloid, lymphoid, and
megakaryocyte hematopoietic progenitors were induced
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Figure 7. Analysis of primary recipient mice transplanted with mGS—derived hematopoietic cells. There are small percentages of mGS-derived cells in
lineage negative fraction in the recipient bone marrow (BM) cells (A). When analyzing total recipient BM cells, mGS-derived cell can be detectable in
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efficiently in vitro in coculture with OP9 stromal cells.
Furthermore, mGS-derived hematopoietic cells engrafted
in the BM of NOD/SCIDyc™" mice, although their
chimeric rate was very low. We have also transplanted
hematopoietic cells differentiated from mGS-derived
Flk1™ cells into lethally irradiated mice via tail vein, but
found no significant number of donor cells in the PB or
BM after transplantation (more than 30 transplanted mice,
data not shown). mGS-derived cells were found in the
recipient BM only when directly transplanted into the
femoral BM of NOD/SCIDyc™" mice.

There may be several reasons why the mGS-derived Flk1*
progeny only engraft upon direct injection into the marrow. It
is known that emergence of hematopoiesis from ES cells in
vitro mirrors the emergence of hematopoiesis in the murine
embryos [26]. Considering this observation, hematopoietic
cells derived from mGS and ES cells should have similar
characteristics to hematopoietic cells in embryos during
early—mid gestation. Yolk sac cells and para-aortic splanch-
nopleura cells as early as E9.0 engraft in sublethally condi-
tioned neonatal mice, but not in adult BM [27,28]. These
facts lead us to speculate that mGS-derived hematopoietic
cells may be too immature to express homing receptors and
thus failed to find the HSC niche in the adult BM when circu-
lating. Indeed, very few mGS-derived cells expressed
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CXCRA4, c-kit, or Sca-1 (Fig. 8C). Furthermore, the mGS-
derived Flk1* progeny may fail to express high levels of
human leukocyte antigen (HLA) and thus are trapped by
host natural killer (NK) cells. However, NOD/SCIDyc™"
mice have no NK cell activity [29,30] and are thus suitable
for transplantation with embryonic HSCs that have just
emerged from the aorta-gonado-mesonephros region at
E10.5 [31]. Finally, we may have observed low chimerism
due to the limited number of cells infused (1 x 105). Trans-
planting a larger number of cells might improve the chime-
rism. This limited proliferative ability of transplanted cells
is similar to the behavior of human ES-derived cells trans-
planted in NOD/SCID mice [32].

It is interesting that donor mGS—derived hematopoietic
cells that engrafted remained at the endosteal region, re-
ported to be a niche for HSC, and that they were resident
in the SP fraction 4 months after transplantation. However,
these mGS-derived hematopoietic cells could not prolif-
erate even after SFU injection; a hematopoietic stress that
normally recruits quiescent HSC into cycle and replenish-
ment of the 5FU-depleted progenitor cell pool. In the
secondary transplantation studies, as many as 30,000 to
40,000 cells were sorted from the BM of the primary recip-
ients and injected into secondary recipient BM, and no
donor cells were observed. While the most quiescent
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Figure 8. mGS—derived cells express HOXB4, but not CDX4 or CXCR4. RT-PCR for CDX4 and HOXB4 among various hematopoitic cells (A). KSL = c-
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dormant HSCs may divide every 145 days, even dormant
HSC can proliferate after SFU injection [33]. Therefore,
it is unlikely that our mGS-derived multipotent cells repre-
sent dormant HSCs.

We have also shown that mGS-derived Flk-17 cells
could produce B- and T-lymphoid cells, as well as erythro-
myeloid cells, using OP9 and OP9-DL1 stromal cell line
cocultures. These results were very similar to ES cell differ-
entiation studies reported previously [12,22]. Thus, mGS
cells have at least the same hematopoietic potential as ES
cells in vitro and in vivo.

Wild-type ES cells fail to reconstitute mouse BM without
prior genetic modification [1,2]. Considering that only
CDX4- and HOX B4-expressing ES cells can engraft and
proliferate in vivo, it might be possible that ES or mGS-
derived hematopoietic cells originally lack the proliferation
potential required for in vivo expansion following engraft-
ment. Actually, our mGS-derived cells, as well as fetal liver
and BM stem/progenitor cells, did not express CDX4 tran-
scripts. On the other hand, mGS-derived cells did express
HOXB4. Because mGS-derived cells could not expand in
vivo in spite of higher HOXB4 expression than fetal liver
and BM progenitors, lack of CXCR4 expression may be
a primary reason for the low level of donor cell chimerism
rather than lack of CDX4 expression, although the question
of whether upregulating CDX4 expression may enhance re-
populating ability of the transplanted mGS cells needs further
study. Nevertheless, this is the first report that transplanted
hematopoietic cells derived from ES-like cells (mGS or ES
cells) may reside in a long-lived multipotent hematopoietic
cell fraction in vivo.

Recently, multipotent germline stem cells have been
established from adult mouse testis [34]. Multipotent adult
germline stem cells display similar characteristics to ES
cells, including contributions to various organs (even germ-
line transmission) when injected into an early blastocyst.
The multipotent adult GS cells possess an advantage over
ES or embryonic germ cells because they can be stably es-
tablished from the postnatal mouse. Establishing multipo-
tent adult GS cells from human subjects should be
feasible both technically and ethically. Indeed, pluripotent
stem cells from adult human testis have been generated
[35,36]. Additionally, induced pluripotent stem cells have
been established from mouse and human somatic cells
and upon differentiation induced pluripotent stem cell
progeny appear to have the same potential as ES-derived
cells [37-39]. Which cell source will ultimately prove
most efficacious for human therapy remains fertile ground
for future translational research.
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Genetic Influences in Mouse Spermatogonial Stem Cell Self-Renewal
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Abstract. Spermatogonial stem cells (SSCs) are slowly dividing cells that undergo self-renewal division to support
spermatogenesis. Although the effects of genetic background in stem cell self-renewal have been well studied in
hematopoietic stem cells, little is known about its effect on stem cells in other self-renewing tissues, including $5Cs. To
examine whether genetic factors are involved in regulation of SSC self-renewal, we first studied spermatogenesis in
different inbred mouse strains (C57BL/6, DBA /2, AKR, BALB/C and C3H) after chemical damage caused by busulfan.
Spermatogenesis in the DBA/2 and AKR strains was relatively resistant to busulfan treatment, whereas
spermatogenesis was diminished in C57BL/6 mice and nearly ablated in C3H and BALB/C mice. Serial germ cell
transplantation experiments provided functional evidence that SSCs with the DBA/2 background expanded more
rapidly than those with the B6 background. Finally, we also employed the Germline Stem (GS) cell culture technique to
examine the self-renewal activity in vitro. Although genetic manipulation of GS cells has been limited to those from the
DBA /2 background, we produced transgenic offspring of the C3H background by electroporation of GS cells with a
plasmid vector. Our results underscore the importance of genetic factors in SSC self-renewal. Furthermore, application
of genetic modification techniques to GS cells with non-DBA/2 backgrounds extends the potential of a SSC-based
approach in male germline modification.
Key words: Germ cell transplantation, Germline stem cell, Spermatogonial stem cell

(J- Reprod. Dev. 56: 145-153, 2010)

tem cclls arc a unique population of cells with self-renewal  (GDNF), a self-renewal factor for SSCs [9], induced proliferation
activity. A single stem cell can proliferate to make two stem  of SSCs in vitro. The cultured cells, which we designated Germ-
cells (self-renewal division), one stem cell and one differcntiating  line Stem (GS) cells, continued to expand for more than 2 years
cell (asymmetric division) or two differentiating cells (differentiat-  without losing fertility [10). They have an ability to convert into
ing division) [1]. The mode of stem cell replication is altered by pluripotent stem cclls [11] and are amenable for gene targeting
environmental lactors. For example, stem cells have the potential  [12]. In the coitrse of these studies, we found that GS cells are eas-
to regenerate an entire organ following damage by chemicals or  ily derived from the DBA/2 (designated as DBA), C57BL/6 x
radiation treatment. In such cases, it is thought that the number of  DBA/2F1 (B6D2F1) or ICR genetic backgrounds, but not from the
stem cells is initially increased by self-renewing division, followed  B6 or 129 backgrounds. Although germ cells from the latter strains
by gradual production of differcntiated cells by asymmetric divi-  could form colonies, somatic cells overwhelmed the culture, and
sion. Spermatogonial stem cells (SSCs) are the only type of stem  these colonies disappeared within several weeks [8]. Although a
cells that have germline potential [1, 2]. Like stem cells in other  culture technique for SSCs in B6 mice was later developed, it was
self-renewing tissues, SSCs can regencrale spermatogenesis afler  reported that they still grew poorly compared with thase from DBA
chemical treatment [3-5] or after germ cell transplantation [6].  mice [13]. These in vifro studies suggest the involvement of
$SCs migrate into empty niches to reinitiate spermatogenesis fol-  genetic differences in SSC proliferation.
lowing their microinjection into seminiferous tubules. During the The importance of genctic factors in stem cell self-renewal was
first several weeks, SSCs expand on the basal membrane to form  originally suggested based on data from hematopoictic stem cells
patches or networks of spermatogonia, and these cclls eventually  (HSCs). A series of classic studies established that HSCs from dif-
produce differentiated sperm several months after transplantation  ferent genetic backgrounds show remarkable differences in cell
{7]. However, the mechanisms by which SSCs regulate self-  cycle or repopulation kinetics [14-16]. The effect of the genetic
renewal and differentiation remain uncertain. background has most intensively been investigated in the DBA and
In 2003, we reported & culture method to expand SSCsin vitro  B6 backgrounds. For example, HSCs from the DBA background
{8). The addition of glial cell line-derived neurotrophic factor  proliferate faster than those from the 129 or B6 backgrounds.
Morcover, AKR and DBA mice have significantly more HSCs than
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Ascepted: October 19, 2009 other sltams [15). Consideﬁn:lg ('he many si.milaxiti.cs bctwcev? sper-
Published online in J-STAGE: November 19, 2009 matogenesis and hematopoiesis [17), it.is possible that similar
©2010 by the Society for Reproduction and Development genetio differences play important roles in the kinetics of SSC self-
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In this study, we addressed this hypothesis by examining the
effects of the genetic background on SSC regeneration &1 vive. The
speed of spermatogenesis regeneralion was analyzed by adminis-
tering busulfan, a chemical that eradicates SSCs in several animal
species [3-5]; siguificant strain differences in the regenerating
potential of spermatogenesis werc observed. Using serial germ cell
transplantation techniques, we also found that SSCs with the DBA
background proliferate faster than those with the B6 background.
These results underscore the importance of genetic factors in
understanding the regulation of SSC self-renewal and further indi-
cate similarities between hematopoiesis and spermatogenesis.

Materials and Methods

Animals

AKR, BALB, C3H, DBA and B6 wild-type mice and WBB6F1-
W/WY (W) mice were purchased from Japan SLC (Hamamatsu,
Shizuoka, Japan). Busulfan solution was prepared as previously
described [18]. In brief, busulfan (Sigma, St. Louis, MO, USA)
was dissolved in dimethyl sulfoxide and mixed with an equal vol-
ume of sterile distilled water before intraporitoneal injection into
the animals. All busulfan treatments were conducted when the ani-
mals were 8 weeks old. For transplantation experiments, we used
the transgenic mouse line C57BL/6 Tgl4(act-EGFP)YOsbYO01 (des-
ignated as Green) provided by Dr. M Okabe (Osaka University,
Japan)[19). To introduce the transgene into the DBA background,
the transgenic mice were backcrossed for seven generations to the

DBA background. The spermatogonia and spermatocytes of these .

mice oxpress the enhanced green fluorescent protein (EGFP) [19].
The Institutional Animal Care and Use Committee of Kyoto Uni-
versity approved all of the animal cxperimentation protocols.

Culture conditions )

For the derivation of GS cells, testis cells from the AKR and
C3H mouse strains wore initiated as described previously using
StemPro-34 SFM (Invitrogen, Carisbad, CA, USA) [8). In brief,
testis cells were plated on a gelatin-coated plate, and after vigorous
pipetting, floating cells were transforred to another plate to initiate
culture. The growth factors used were 20 ng/ml mouse epidermal
growth factor (EGF) (BD Biosciences, Franklin Lakes, NJ, USA),
10 ng/ml human FGF2 (BD Biosciences) and 15 ng/ml recombi-
nant rat GDNF (R&D Systems, Minneapolis, MN, USA). After
three or four passages on laminin-coated dishes (BD Biosciences),
the cells were transferred to mitomycin C-treated mouse embryonic
fibroblast cells. For transfection, GS cells from C3H mice were
electroporated with pCAG-EGFP2-neo, which carried a neo-resis-
tance gene; stably transfected cells were established via G418
treatment by mixing with non-transfected cells, as described provi-
ously [20).

Germ cell transplantation

For the quantification of germ cell colonies, approximately 4 4l
of cell suspension (4 x 10° cells per testis) were injected into W
mice (4-6 weeks old). For serial transplantation, testis cells from
primary recipients were dissociated by two-step cnzymatic diges-
tion using collagenase and trypsin [7]. Comparison between the
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single cell suspensions prepared from intact testes of W and wild-
type mice showed that 93.5 1 0.4% (mean  SEM, n=6) of the cells
wero germ cells. All recovered cells were microinjected into two to
four secondary recipient testes (1.9-9.3 x 10° cells per testis). For
production of transgenic animals using EGFP-transfected GS cells
from the C3H background, approximately 2 /4 of cell suspension (6
x 104 cells per testis) were microinjected into immature W pups (5-
10 days old); pup recipients allow enhanced donor cell colonization
[21]. The cells were introduced into the scminiferous tubules of a
W testis through the efferent duct. The recipient animals were
administered with an anti-CD4 antibody (GK1.5) intraperitoneally
on days 0, 2 and 4 after transplantation to induco tolerance to the
allogeneic donor cells [22].

Analysis of the recipient testes

For-histological analysis of the testes, testis samples were col-
lected at 35 and 70 days after busulfan treatment. The samples
were fixed in 10% neutral-buffered formalin and processed for par-
affin sectioning. Two sections were made from cach testis at 12-
#m intervals. Each slide was viewed at 400 x magnification to
confirm the level of spermatogenesis in the testis, and images of the
sections under an inverted microscope equipped with a CCD cam-
era (DP70, Olympus, Tokyo, Japan) were collected using
Photoshop sofiware (Adobe, San Jose, CA, USA). The total num-
bers of tubules and tubules demonstrating spermatogenesis
(defined as tubules with multiple layers of germ cells in the entire
circumference) were counted for one section from each testis. All
sections were stained with hematoxylin and cosin.

For quantification of germ cell colonies, recipient testes were
recovered 2 months after tmnsplantation. The testes were then
exposed to UV light, and the fluorescence of the donor cells was
observed under a stereomicroscope. The donor cell clusters were
defined as colonies when they occupiéd the entire basal surface of
the tubule and were at least 0.1 mm in Jength.

Flow cytomelry

Dissociated testis cells were suspended (1 x 106 cells/100 ) in
phosphate-buffercd saline containing 1% fetal calf serum (PBS/
FCS). Cells were then incubated with rat anti-mouse EpCAM
{clone G8.8; BD Biosciences) for 20 min on ice, washed twice with
PBS/FCS and incubated with allophycocyanin-conjugated anti-rat
IaG (BD Bioscicnces). Propidium iodide (1 z8/ml) was added to
each sample just before analysis to distinguish live and dead cells.
The cells were analyzed by FACSCalibur (BD Biosciences), as
described previously [17].

Polymierase Chain Reaction (PCR)

Genomic DNA (25 ng) was isolated from the tail by phenol/
chloroform extraction followed by ethanol precipitation. The pres-
ence of the transgene was determined by PCR of the genomic DNA
using EGFP-spocific primers (5°-ACGGCAAGCTGACCCT-
GAAG-3'and 5'-GGGTGCTCAGGTAGTGGTTG-3").

Microinsemination X
Spermatozoa were collected mechanically from tubule segments
that showed EGFP fluorescence. Microinsemination was per-
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formed as described proviously using spermatozoa {23). These
cells were microinjected into BED2F| aocytes. Embryos that
reached the four-cell stage after 24 h in culture were transferred to
the uteri of ICR recipient females.

Statistical analysis

Theo results were analyzed using the Student’s f-test for indepen-
dent samples with equal variance. Analysis of spermatogenic
regencration or flow cytometry after busulfan treatment was per-
formed with ANOVA followed by Tukey’s HSD. The colonization
efficiency of the primary recipicnt testis in the secondary recipients
was analyzed using the Chi-squared test,

Results

Regeneration of spermatogenesis after busulfan treatment

In our previous study, we showed regeneration of spermatogen-
esis and an increase in SSC number in B6 mice after busulfan
treatment. Regeneration of spermatogenesis depended on the dose
of busulfan; little regeneration accurred after the administration of
45 mg/kg busulfan, whereas recovery was more pronounced after
treatment with 15 mg/kg busulfan [18]. In the first set of experi-
ments, we administered 1S mg/kg busulfan to B6, DBA, AKR,
BALB/C (designated as BALB) and C3H inbred mouse strains at 8
weeks of age and compared their spermatogenic regeneration.
These mice contain comparable numbers of EpCAM-positive cells
according to flow cytometry (Table 1), EpCAM is a marker for
spermatogonia, including SSCs [24). Administration of busulfan
did not significantly change the proportion of spermatogonia in any
of the strains at 2 days after tredtment (Table 1), indicating that the
immediate busulfan toxicity is not significantly different among
these strains. It also suggested that there were comparable numbers
of SSCs in all the strains before the start of regencration.

To analyze the levels of regeneration, the testes of the animals
were recovered by 35 and 70 days after busulfan treatment. A
period of 70 days corresponds to two cyoles of mouse spermatoge-
nesis and provides sufficient time for regeneration from the SSCs
that survived the treatment [1, 2. Each testis was weighed, and
regencration was measured by counting the numbers of seminifer
ous tubules with spermatogenesis in histological sections. In
agreement with previous studies, busulfan administration caused a
significant docrease in testis woight in all tested strains (Fig. 1A).
The most pronounced decrease was observed in C3H mice, where
the average weight of the testis at 35 days was 34% of the untreated
control weight. In contrast, the decrease was relatively modest in
mico with the B6 background, and the testis weight was 59% of the
control weight. Ths number of tubules with spermatogenesis was
also reduced in all strains (Fig. 1B). [n particular, severe effects
were observed in BALB and C3H mice: only 4.6 and 8.0% of the
tota] tubules from these mico, respectively, showed spermatogene-
sis. The differcnce between these two strains was not statistically
significant (Table 2). In contrast, the same treatment had a mild
effect in DBA ard AKR mice, in which > 60% of the tubules dem-
onstrated spermatogenesis. Although the average weight of the
testes was comparable between the B6 and AKR mice, spermatoge-
nosis was lower in the B6 strain, with only 32% of the tubules

Table 1, Percentage of EpCAM-expressing cells in different strains

Strain® Wild-type mice? Busulfan-treated mice?
(2dsys afterbusulfan)

B6 1591 1.6 1422 46

DBA 152227 176+ 1.8

AKR 126122 1341220

BALB 173223 180123

C3H 150126 1542 21

Values aro means + SEM. Results from four separate experiments. Testis
cells were dissociated by collagenase and trypsin and stained with anti-
EpCAM antibody (See Materials and methods for details). * No signifi-
cant difference was found among the different strains by ANOVA fol-
lowed by Tukey’s HSD. ® No significant difference was found between
the wild-type and busulfan-treated mice by sest.

Table 2. Comparison of spermatogenesis lovels after busulfan treatment

Comparison Significance at 35 days Significance at 70 days
between strains ~ after busulfan treatment  after busulfan treatment
B6vs. DBA P<0.01 Nonsignificant
B6vs. AKR P<0.01 Nonsignificant

B6 vs. BALB P<0.01 P<0.05
B6vs.C3H P<0.01 P<0.01

DBA vs. AKR P<0.01 Nonsignificant
DBA vs. BALB P<0.01 P<.01

DBA vs, C3H P<0,01 P<0.01

AKR vs, BALB P<0.01 P<0.01
AKRvs, C3H P<0.01 P<0.01

BALB vs, C3H Nonsignificant Nonsignificant

The difference among the strains was determined by ANOVA followed by
Tukey's HSD. The numbers of testes analyzed were 12, 12, 12, 14 and 12
for B6, DBA, AKR, BALB and C3H, respectively.

showing evidence of spermatogencsis. The most differentiated cell
type at this stage was predominantly round spermatids, but some
clongated spermatids could be observed.

At 70 days after busulfan administration, the testis weight and
spermatogenesis increased in all tested strains, suggesting regener-
ation of spermatogenesis from SSCs. The testis weight at 70 days
did not necessarily correlate with the testis weight at 35 days. In
the B6 mice, for example, the mean weight of the testes at 70 days
was 2.6-fold than at 35 days. In contrast, the testis weights were <
2-fold heavier at 70 days than at 35.days in the other strains. Inter-
cstingly, testes from DBA mice were significantly larger.than those
from B6 mice at 35 days, but were smaller than those from B6 mice
8t 70 days. However, regencration with respect to spermatogenic
recovery was most dramatic in the C3H and BALB mice, as
assessed by histological analyses (Fig. 2). Although both of these
strains showed < 10% spermatogenic tubules at 35 days, the levels
of spermatogenesis had increased by factors of 12.6 and 7.1,
rospectively, by 70 days. While the increases in testis weight in the
DBA and AKR mice,were modest compared with that in the B6
mice, higher levels of spermatogencsis were observed by histology
in the DBA and AKR mice, and many tubules showed spermatozoa
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at thia stage (Fig. 2, inset). The difference between DBA and AKR
and between B6 and BALB was not statistically significant (Table
2). Thus, regeneration of spermatogenesis occurred in all tested
inbred strains but was accompanied by wide variations in testis
weight and tubule count.

Increase in SSC number during serial transplantation

The results in the preceding section suggested variability in SSC
self-renewal activity; however, the actual changes in the number of
SSCs could not be quantified because SSCs are defined only func-
tionally by their ability to self-renew. Therefore, germ cell
transplantation was uscd to measure the SSC number [6). In the
second set of experiments, we compared SSC activity between
DBA and B6 mice because SSCsin DBA mice proliferated actively
in vifro, whereas those in B6 mice did not. We wanted to examine
whether they have different levels of self-renewal activity i vivo,
We introduced the EGFP transgene into the DBA background by
backerossing the Green mouse and used the progeny as donor mice
[19]). The Green mice ubiquitously express the EGFP transgene,
which allowed us to evaluate the number of SSCs during serial
transplantation experiments. Testis cells were collected from adult
Green mice with the B6 and DBA backgrounds, and single-cell
suspensions were microinjected into the seminiferous tubules of
congenitally infortile W recipient mice. W mice lack all stages of

+ R A AN N .- "',‘ ? M
BALB~ i SR g > differentiating germ cells, and administration of anti-CD4 antibod-

Fig. 2

ies allowed colonization of allogeneic donor SSCs at the same level
as immunodeficient nude mice in germ cell transplantation studies
{8, 25}.

At 2 months after transplantation, the recipiont testes were
recovered, and the number of germ cell colonies was counted. Itis
thought that a single colony represents colonization originating
from a single SSC {7, 26, 27]. The number of colonies per 10°
transplanted celis ranged from 1.2 to 5.5, with an average of 2.3 +
0.7 for DBA donor cells. On the other hand, the number of colo-

- nies per 10* transplanted cells ranged from 0.8 to 1.8, with an
average of 1.1 £ 0.2 (mean + SEM, n=28) for B6 donor cells (mean
1+ SEM, n=21). The DBA mice appeared to have more SSCs, but

Fig. 1.

Fig.2.

Fig.3.

Pig. 4.

Fig. 8.

Regeneration of spermatogenesis after busulfan treatment. (A, B) Changes in tho testis weight (A) and lovels of spermatogenesis (B) during
regeneration of spermatogenesis. Noto the extensive regeneration of spermatogenesis in the BALB and C3H testes. In contrast, the changes in the
DBA and AKR mice were relatively modest,

Histological changes in testes that received busulfan injection. The number of tabules with spermatogencsis was observed 35 and 70 days after
treatment. Although many tubules were filled with mature germ cells in the AKR and DBA mice, the germ cells in the B6 mice were relatively
immature, and there were many cmpty tubules in the BALB and C3H mice after 35 days. At 70 days, tubules with spermatozoa were found in al)
strains; however, many empty tubules remained in the BALB and C3H mice. Higher magnifications (inset) Stain: H & E. Bar=500 san.

Setial germ cell transplantation of primary recipicnt testis cells, Macroscopic appearance of recipicnt testes at 2 months after transplantation.
Green tubules represent colonization of EGFP-marked donor cclls. Germ cell colonics from B6 donor cells were found in the primary recipient
testis (top left), but they disappeared in the secondary recipient testis (top right). In contrast, DBA donor cells in the primary recipient (bottom
feft) still produced germ cell colonies in the secondary recipient testis (bottom right). Bar=1 mm.

Derivation of GS cells from different genetic backgrounds. Note the grape-like mosphology of the GS cell colonies from all strains. The GS cells
from tho AKR (top right) and C3H (bottom 1eft) mice were remarkably similar to those fram the DBA mice (top left). After transfection with the
PCAG-EGFP2-neo gene, the GS cells from the C3H mice showed gleen fluorescence under UV light (bottom right). Note that all of the cells
expressed the EGFP transgene. Tg, transgene, Bar=100 zan.

Production of transgenic offspring from EGFP-transfected GS cells of C3H mice. (A) Appearance of the recipicnt testis that was used for
microinsemination, Note the green fluorosconce fram the transgene. (B) Newbom offapring after microinsemination. (C) Expression of the
EGFP transgens in the offupring. While the offspring with the EGFP transgene showed atrong fluorescence (arrow), the contro] liltermate without
the transgeno did not fluorescs under UV light (arrowhead). (D) PCR analysis of tho transgene. Seven of the twelve offspring contsined the EGFP
gene. Barsl mm (A).
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Table 3. Serial transplantation of testis cells from primary recipients into secondary recipients

Type of Number of primary Number of colls recovered Number of Number of colonics / Number of secondary
original recipient testes used for from the primary successful 10* donor cells* colonics
donorcells  serial transplantation recipient testes (x 10%)* transplants® (%6) /primarycolony*
DBA 24 6.8+0.6[26-11.8] 18(75.0) 0.56.% 0.17 [0-3.4] 0.86 + 0.20 {0-2.6)
B6 19 44+ 0.6({1.0-10.7] 7(36.9) 0.06+ 0.02 [0-1.7] 0.350.13 {0-2.0]

Values arc means + SEM,; the range is shown in brackets. *The difference betweén the two groups was statistically significant (P<0.03, analysis by ¢~
test). ©The difference between the two groups was statistically significant (P<0,05, analysis by Chi-squared test).

the difference was not statistically significant (P=0.33). Assuming
that 1) all regenerating SSCs in the DBA and B6 mice colonize at
the same efficiency in W mice (e.g., 10%) [7], 2) there was 100%
harvesting efficiency during enzymatic digestion of the donor cells,
3) the colony number is linearly related to'the number of injected
cells and 4) W mice were immunologically tolerant to donor celis
by anti-CD4 treatment, the total number of SSCs per testis (cell
recovery x colony number) was 451 for the DBA cells and 384 for
the B6 cells. Although the values were higher for the DBA back-
ground, the difference was not statistically significant. These
results indicate that the SSC frequency and total number of SSCs
are not different between these strains.

To evaluate the degree of sclf-renewal, we transplanted the pri-
mary testis cells into secondary recipients. In this experiment, all
cells from the primary testis were recovered by enzymatic digestion
using collagenase and trypsin. Significantly more cells were recov-
ered from the testes that had received DBA cells than from those
that had received B6 cells. The average recoveries of the cells from

the primary recipient testes were 6.8 £ 0.6 x 10° and 4.4 £0.6 x 10%

cells (means £ SEM, n=25 for DBA, n=19 for B6), respectively,
suggesting that DBA cells proliferated more in the testis. The sin-
gle-cell suspension from each testis was then microinjected into the
seminiferous tubules of two to four secondary recipient testes. The
secondary recipient testes were analyzed 2 months afler transplan-
tation, and the number of colonies was determined under UV light.

Serial transplantation of the recipient testes revealed that 18 of
24 primary testes (75%) that had received DBA donor cells pro-
duced germ ccll colonies in the secondary recipients (Fig. 3). In
conlrast, only seven of 19 primary testcs (37%) that had reccived
B6 donor cells produced secondary colonies, suggesting that fower
SSCs were present in the B6 testis cell suspension. The average
numbers of secondary colonies per primary colony were 0.86 &
020 (mean + SEM, n<24) and 0.35 £0.13 (mean £ SEM, n=19) for
the DBA and B6 donor cells, respéotively; the difference between
the two groups was statistically significant. Assuming that 10% of
the transplanted SSCs can colonize the recipient testis (7], this
result indicates that one DBA or B6 SSC seeded in a2 W.mouse
underwent self-renewal divisions and produced 8.6 or 3.5 SSCs,
respectively, in-a germ cell colony gencrated in the primary recipi-
ent testes over a 2-month period (Table 3), These results confirm
previous findings indicating that SSCs can increase in number dur-
ing serial transplantation [18, 28}. Furthermore, these results
indicate that SSCs from DBA mice proliferate to a greater extent
than those from B6 mice in vivo.
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Derivation and genetic manipulation of GS cells derived from
C3H strains

We and others have previously reported that GS cells could be
readily established from DBA or ICR mice, but that GS cells
obtained from the B6 and 129 backgrounds grow poorly [8, 13, 29].
In the final set of experiments, we attempted to evaluate the genetic
cffect by comparing SSC proliferation in vitro using SSCs from
AKR and C3H mice because these mouse strains showed signifi-
cantly different responses to busulfan treatment. Testis cells from
0- to 2-day-old newborn mice were collected, and somatic cells
were removed by ovemight incubation on gelatin-coated plates.
Germ cells from both of these strains could proliferate to form typ-
ical GS cell colonies, and the appearances of the GS cell colonies
from each strain were indistinguishable from those of the DBA
mice (Fig. 4).

To analyze whether the cultured cells contained SSCs, it was
necessary to introduce a donor cell marker for germ cefl transplan-
tation. GS cells from C3H mice were regularly passaged ata 1:2 or
1:3 mtio every 5-6 days; they grow more slowly than GS cells from
DBA mice (doubling time, 4.3 vs. 2.7 days) [30]. The cells were
electroporated with the pCAG-EGFP2-neo transgene ai 108 days
after initiation of culturc, and the transfected cells were selected by
culture in the presence of G418. The sensitivity of the cells to
G418 was not significantly different from that of DBA GS cells,
and the cells could not grow clonally; kence, non-transfected cells
had to be mixed with the cells during G418 drug selection. Stably
transfected cells were established 67 days after transfection. The
transfected cells showed EGFP fluorescence under UV light and
produced typical germ cell colonies after transplantation into W
mice (Fig. 5A).

To confirm whether the germ cells were fertile, we used micro-
inscmination, a technique commonly used to treat infertility in
animals and humans [23, 31]. Seminiferous tubules with green flu-
orescence were dissected using fine microforceps, and
spermatogenic cells. were recovered. Spermatozoa were microin-
jected into B6D2F1 oocytes. Of the 126 embryos constructed, 63
(50%) developed to the two-cell stage within 24 hin culture. ANl of
these embryos were transferred into the oviducts of pscudopregnant
females, Of these, 27 (42.9%5) implanted in the uterus, and a total
of 13 (20.6%) pups were bon (Fig. 5B). The presence of the trans-
gene in the offspring was confirmed by fluorescence under UV
light (Fig. 5C). PCR analyses of 12 weaned animals also showed
that seven of the offspring (4 males and 3 females) contained the
EGFP transgene in tail DNA (Fig. 5D). These results show that GS



