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Spermatogonial stem cells (SSCs) fuel the production of male germ
cells but the mechanisms behind SSC self-renewal, proliferation,
and differentiation are still poorly understood. Using the Wnt
target gene Axin2 and genetic lineage-tracing experiments, we
found that undifferentiated spermatogonia, comprising SSCs and
transit amplifying progenitor cells, respond to Wnt/g-catenin sig-
nals. Genetic elimination of p-catenin indicates that Wnt/g-catenin
signaling promotes the proliferation of these cells. Signaling is
likely initiated by Wnt6, which is uniquely expressed by neighbor-
ing Sertoli cells, the only somatic cells in the seminiferous tubule
that support germ cells and act as a niche for SSCs. Therefore,
unlike other stem cell systems where Wnt/p-catenin signaling is
implicated in self-renewal, the Wnt pathway in the testis specifi-
cally contributes to the proliferation of SSCs and progenitor cells.

spermatogonia | stem cells | Wnt | testis

y continuously self-renewing, proliferating, and differentiat-

ing, spermatogonial stem cells (SSCs) produce millions of
sperm cells each day throughout the reproductive period in
mammals (1). Despite the importance of SSCs, the molecular
mechanisms of their regulation remain largely unknown. Although
infertility is a major reproductive health problem, the cause of
human male infertility is often obscure (2, 3). It is important,
therefore, to understand the underlying molecular mechanisms
that govern SSC behavior during homeostasis.

Spermatogenesis takes place in the seminiferous tubules. Sertoli
cells, the only somatic cell population within seminiferous tubules,
support all germ cells, including SSCs. Spermatogonia reside on
the basement membrane and, as the cells differentiate, they move
toward the lumen. Thus far, the exact identity of SSCs has been
uncertain; they are thought to be contained within a small pop-
ulation of cells known as “undifferentiated spermatogonia” (4).

Undifferentiated spermatogonia are subdivided into sper-
matogonial types Agingle (As; isolated single cells), Apairea (Apr
chains of two cells) and Agjignea (Aar; chains of 4, 8, or 16 cells)
based on their morphological characteristics. In an ordered
process, undifferentiated spermatogonia undergo maturation,
followed by meiosis, to give rise to spermatozoa. In the 1970s,
the so-called “Ag model” was proposed to explain the iden-
tity and behavior of SSCs based on *[H] thymidine incorporation
assays (5). This model postulates that stem cell function is re-
stricted to A, spermatogonia that can produce A, and A,
spermatogonia as progenitor cells (4). On the other hand, recent
studies have suggested the possibility of contributions of A, and
A, spermatogonia, as well as A, cells to the SSC pool, based on
live imaging and mathematical modeling (6, 7). In those studies,
the investigators observed the fragmentation of A, and A, cells
to provide A, spermatogonia, and proposed that GFRal™ sper-
matogonia form a single SSC pool that constantly interchanges
between A and syncytial states. These studies raised the pos-
sibility that SSCs behave dynamically and flexibly. Taken to-
gether, there is agreement that A,, A, and A, undifferentiated
spermatogonia contain SSCs; however, additional markers and
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lineage-tracing experiments are needed to clarify the relation-
ships between the different cell types.

The fates of tissue stem cells are usually regulated by a spe-
cialized microenvironment, referred to as a niche. In the testis,
Sertoli cells are considered a key somatic cell population that
functions as a niche by providing growth factors, such as GDNF,
which is a critical factor for the self-renewal and maintenance of
SSCs (8). Although considerable effort has been invested into
understanding the basic molecular mechanisms underlying SSC
regulation, there are still microenvironmental cell-cell interac-
tions that remain to be elucidated. For example, the mechanism
by which cell—cell signaling controls the rate of SSC proliferation
is not well understood.

Wnt signaling is a highly conserved cell-to-cell communication
mechanism, consisting of a canonical and noncanonical branch.
Canonical Wnt signaling is also referred to as the Wnt/p-catenin
pathway and is often implicated as a stem cell self-renewal
mechanism (9). During development, Wnt/B-catenin signaling is
required for the specification of primordial germ cells and the
proper development of the male fetal reproductive tract (10-12).
In contrast, limited information is available regarding the im-
portance of Wnt signaling in the postnatal testis. Previous in
vitro studies have suggested a possible contribution of the Wnt
pathway to SSC regulation; for example, Yeh et al. reported that
WntSa, a ligand for the noncanonical Wnt pathway, supports
SSC survival by suppressing apoptosis (13). These authors also
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showed that Wnt3a promotes proliferation of a subset of cultured
cells via Wnt/B-catenin pathway, and proposed that these Wnt-
responsive cells possess the character of progenitors rather than SSCs
(14). Another study reported that Wnt3a and Wnt10b proteins
can promote proliferation of a mouse SSC line, C18-4 (15).

In this study, we investigated the function of Wnt/p-catenin
signaling pathway in vivo, by taking advantage of genetic lineage
tracing using Axin2 as a marker of Wnt/p-catenin pathway-
responsive cells (16, 17). Our study revealed that undifferentiated
spermatogonia expressing Axin2 contain SSCs. Our data also
suggest that undifferentiated spermatogonia are supported by
Wnt6 ligand from Sertoli cells. Thus, under physiological condi-
tions, paracrine Wnt/B-catenin signaling controls the proliferation
of undifferentiated spermatogonia.

Results

Axin2 Marks Undifferentiated Spermatogonia. Axin2 expression
reflects Wnt/B-catenin signaling activation and is a useful marker
for functional stem cells in a variety of tissues (17-21). In Axin2-
LacZ reporter mice, we observed LacZ signals in a subset of the
cells near the basement membrane, but not in postmeiotic germ
cells residing in the adluminal compartment of the seminiferous
epithelium (Fig. 1 4 and B). To identify Axin2* cells, we per-
formed immunostaining on LacZ-stained sections with markers
for undifferentiated spermatogonia, glial cell line-derived neu-
rotrophic factor family receptor-al (GFRal) and promyelocytic
leukemia zinc-finger (PLZF). GFRal primarily marks Ay and
Apr as a marker for SSC-enriched subpopulations of undiffer-
entiated spermatogonia (6, 22, 23), whereas PLZF marks A,
Apr, and A, cells as a pan-undifferentiated spermatogonia
marker (24, 25). LacZ signals were present together with GFRal
and PLZF immunoreactivity, indicating that undifferentiated
spermatogonia are Wnt-responsive cells (Fig. 1 C and D). Ste-
reological analysis indicated that 77.5% and 53.5% of GFRal
and PLZF™ cells, respectively, were LacZ* (Fig. 1E).

To label and follow the fate of Axin2* cells, we crossed
Axin2°ERT2 mice with the Rosa26™ ™€ reporter strain for inducible
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genetic lineage tracing (17, 26). In Axin2™ERT2+ Rosa26™ ™G+
mice, a subpopulation of Axin2" cells are stochastically labeled with
membrane GFP upon tamoxifen administration (Fig. 24). By
whole-mount imaging assays on pulse-labeled Axin2“"ERT2+;
Rosa26™"™5* mice [2-d traced from postnatal (P) day 56], we
confirmed the identities of the initially labeled cells. Labeled
GFP* cells were found across all subpopulations of undifferen-
tiated spermatogonia (i.e., As, Ap, and A, cells), with A4 and
A,1s spermatogonia having the highest labeling frequency (Fig.
2B). Immunofluorescence revealed that GFP* cells contain both
a GFRo1* and GFRal™~ populations (Fig. 2C). The results showed
that 12.8% of all GFP* cells are positive for GFRal1 (Fig. 2F), with
the highest percentage of GFRal* cells in the GFP* Ay sub-
population (Fig. 2G). On the other hand, 95.5% of labeled GFP*
cells were PLZF* undifferentiated spermatogonia, defining them as
A, Ay, and A populations (Fig. 2 D and H). The remaining 4.5%
of labeled GFP* cells were PLZF~ and mostly belonged to the
subpopulation of A, spermatogonia chains of more than 16 cells
(Fig. 2I). In contrast, GFP™ cells were negative for cKit, which
marks differentiating spermatogonia (Fig. 2E). Thus, the immu-
nostaining pattern of stage-specific germ cell markers indicates that
pulse-labeled Axin2* cells are contained within the undifferentiated
spermatogonia population. Meanwhile, we found a low labeling ef-
ficiency in the testis of Axin2“*FRT2*:R0sa26™ ™"+ mice (Fig. 2J):
only 0.6% of GFRal1" cells and 2.5% of PLZF" cells were marked
after single dose of tamoxifen injection. This result indicates that
there is a slight difference when labeling cell populations with
Axin2-LacZ and Axin2ERT?*:Rosa26™T™S/*; that is, Axin2-
LacZ marks a large fraction of GFRa1" cells whereas Axin2“FRT2+;
Rosa26™"™S* predominantly labels PLZF* cells.

Axin2* Cells Contain SSCs. To study the contribution of pulse-
labeled Wnt-responsive spermatogonia to spermatogenesis, we
executed a series of lineage-tracing experiments. We ad-
ministered tamoxifen to Axin2™ERT%*+ Rosa26™ ™G+ mice at P56
and analyzed the testis 2 d, 1 wk, 2 wk, 4 wk, 12 wk, or 6 mo
thereafter (Fig. 34). Images of tdTomato are included in Fig. 3B to
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Fig. 1.

Wnt/B-catenin responsive cells in the adult mouse testis are undifferentiated spermatogonia. Seminiferous tubules from 2-mo-old (P56) wild-type and

Axin2-LacZ mice. (A) Dark-field images of X-gal-stained whole-mount seminiferous tubules. (Scale bar, 50 pm.) (B) Histological X-gal-stained sections
counterstained with Nuclear Fast Red. Boxed areas are magnified in insets. (Magnification: 3.9x.) Arrowheads indicate Axin2-LacZ" cells. (Scale bars, 50 pm.)
(C) Immunostaining with anti-GFRa1 (brown) antibody on X-gal-stained tissue sections. Arrowheads indicate GFRal1* cells. (Scale bars, 20 pm.) (D) Immu-
nostaining with anti-PLZF (brown) antibody on X-gal-stained tissue sections. Arrowheads indicate PLZF* cells. The asterisk indicates a LacZ™ cell. (Scale bars,
20 um.) (E) Percentages of LacZ* cells within GFRa1 or PLZF* population calculated by a stereological method. n = 3 mice per group. Error bars represent SEM.
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Fig. 2. Axin2“¥RT2 marks undifferentiated spermatogonia upon pulse-labeling. (A) Schematic view of genetic cell labeling using Axin

CreERT2/+. mTmG/+
2 ;Rosa26

mice. Tamoxifen administration induces GFP expression in a subset of Axin2-expressing cells and their progeny. (B) Frequency of undifferentiated sper-
matogonia populations classified by cellular morphology 2 d after tamoxifen pulse. The x axis indicates the number of chained cells. A total of 347 pulse-
labeled cysts from four animals were counted. (C) Whole-mount images of GFP (green) and GFRa1 (red) immunostaining and DAPI (blue) staining of
Axin2eERT2*-Rosa26™ M+ seminiferous tubules traced for 2 d. (Left) GFRa" pulselabeled cells; (Right) GFRa~ pulse-labeled cells. (Scale bars, 50 um.) (D)
Whole-mount images of GFP (green) and PLZF (red) immunostaining and DAPI (blue) staining of Axin2<"*tRT#+:R0sa26™ ™+ seminiferous tubules traced for
2 d. Subpopulations of labeled undifferentiated spermatogonia were evaluated by the number of chained cells. (Scale bars, 50 um.) (E) Whole-mount images
of GFP (green) and cKit (red) immunostaining and DAPI (blue) staining of Axin2<"ERT2*:R0sa26™ ™"+ seminiferous tubules traced for 2 d. Asterisks denote
Leydig cells. (Scale bars, 50 um.) (F) Frequency of GFRa1* or GFRa1™ cells in total pulse-labeled cysts of undifferentiated spermatogonia from Axin2<reERT2/+;
Rosa26™ ™S+ mice. A total of 252 pulse-labeled cysts and 45.5 cm of seminiferous tubules from four animals were analyzed. (G) Frequency of GFRal1* or
GFRa1~ cells within each pulse-labeled spermatogonia clusters. (H) Frequency of PLZF* or PLZF~ cells in total pulse-labeled cysts of undifferentiated sper-
matogonia. A total of 195 pulse-labeled cysts and 37.9 cm of seminiferous tubules from four animals were analyzed. (/) Frequency of PLZF" or PLZF~ cells
within each pulse-labeled spermatogonia clusters. (J) Percentages of GFP-labeled cells within GFRa1* or PLZF* cells. n = 10,311 (GFRa1) and n = 42,034 (PLZF)

cells, four animals for each were analyzed.

outline seminiferous tubules, as basement membranes are well visible
by their strong fluorescence intensity among ubiquitous tdTomato
expression (26). In a cross-sectional view of a 2-d traced testis, we
observed labeled GFP* undifferentiated spermatogonia near the
basement membrane, as expected (Fig. 3B), whereas occasionally
somatic cell types, such as peritubular myoid cells, blood vessel, and
Sertoli cells were labeled. However, differentiated germ cell types,
such as differentiating spermatogonia, spermatocytes, spermatids,
and spermatozoa were not labeled. Within 2 wk of the initial la-
beling, the offspring of labeled germ cells were found as clusters
containing differentiating spermatogonia based on morphology (27)
(Fig. 3B). Upon tracing for 4 wk, we detected GFP* clones har-
boring all stages of spermatogenic cells (Fig. 3B). GFP* clones in-
creased in size over time and persisted for at least 6 mo (Fig. 3B), a
period well beyond the normal duration of spermatogenesis,
which spans 35-40 d from the earliest undifferentiated sper-
matogonia to mature spermatozoa in mice (28, 29).

Thus, this lineage-tracing experiment demonstrates that Axin2-
labeled cells and their progeny persist for numerous rounds of
spermatozoa turnover and we reasoned that the GFP" clones
would contain undifferentiated spermatogonia to sustain clonal
expansion. To this end, we immunostained 12-wk-traced
Axin2“ERTZ* R 05a26™ ™%+ mice with anti-GFRal antibody.
Multiple GFRal™ cells were found within GFP* clones after
long-term tracing (Fig. 3C), suggesting that labeled Axin2" cells
are capable of generating more undifferentiated spermatogonia.

Takase and Nusse

We concluded that the Wnt-responding population include SSCs
that meet the definition of stem cells: able to give rise to all of
the differentiating germ cell types and self-renewing over the
long term.

Despite these findings, the extent to which GFP* spermato-
gonia can self-renew as SSCs remained unclear, as did their
differentiation ability. To determine the number of GFP" cells
that remain as undifferentiated spermatogonia, GFP* undiffer-
entiated spermatogonia were counted according to the number
of chained cells at different time points after tamoxifen admin-
istration. The number of cysts per testis was calculated according
to a previously reported study (30). GFP™ A, Apr, and A, were
observed 2 d after tamoxifen injection with a peak in A, 4 and
A, spermatogonia, as expected from the results shown in Fig.
2B (Fig. 3D). Within 1 wk, longer chains of A, spermatogonia
were shifted to more differentiated spermatogonia, whereas
decreased numbers of GFP* undifferentiated spermatogonia
were detected after 2 wk (Fig. 3D). If SSCs were marked spe-
cifically, the total number of shorter chains of undifferentiated
spermatogonia, such as A, Ay, and presumably A,_4, should
not chan%e over time (31). Thus, our result suggests that
Axin2CERT2* R 0sa26™ ™%+ mostly marks progenitor-like cells
within undifferentiated spermatogonia, whereas a few SSCs are
also labeled.

The tamoxifen dose used for Axin2CERT?+ Rgsa26mTmG/+
mice during lineage-tracing experiments usually gave rise to
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Fig. 3. Wnt/p-catenin responsive spermatogonial stem cells contribute to normal spermatogenesis. (A) Experimental schedule used in B-D for lineage tracing
experiments. (B) Cross-sectional images of GFP (green) immunostaining, tdTomato (red) and DAPI (blue) of Axin2<"ERT2+:R0sa26™ ™S+ seminiferous tubules
traced for 2 d, 2 wk, 4 wk, or 6 mo from P56. Arrowhead indicates pulse-labeled spermatogonia. (Scale bars, 100 pm.) (C) Whole-mount immunostaining of
Axin2“eERT2+Rosa26™ ™M+ seminiferous tubules for GFP (green) and GFRa1 (magenta) 12 wk after pulse labeling. The outlines of seminiferous tubules are
indicated by dashed lines. Boxed areas (I and Il) are magnified, Right. Arrowheads indicate GFP-GFRa1 double-positive cells. [Scale bars, 100 um (Left) and
20 pm (Right).] (D) Estimated numbers of the labeled undifferentiated spermatogonia populations per testis classified by cellular morphology 2 d, 1 wk, or
2 wk after tamoxifen injection. Un, unclassified undifferentiated spermatogonia in which cell numbers were not determined. A total of 115 (2 d), 44 (1 wk),
and 26 (2 wk) cysts and 63.3 (2 d), 64.1 (1 wk), and 50.6 cm (2 wk) of seminiferous tubules from three animals for each time point were analyzed.

sporadic labeling of single cells in pulse-labeled testis (Fig. 2 C
and D). Furthermore, individual GFP* cell clones were sepa-
rated by large stretches of unlabeled epithelium after tracing,
suggesting that they were clonal off-spring cells of a single re-
combination event (Fig. 3C). To distinguish precisely between
labeled cells and their descendants from adjacent cells, we took
advantage of a multicolor lineage tracing method using “Rain-
bow (Rosa26™")” mice (32). Rosa26™" is a multicolor Cre-
dependent marker system that allows stochastic expression of one
of three fluorescent proteins (mCerulean, mOrange, or mCherry)

E1492 | www.pnas.org/cgi/doi/10.1073/pnas.1601461113

following Cre-mediated recombination (Fig. 44). We injected
Axin2ERT2+.R05a26™*+ mice with a single dose of tamoxifen
at P56. Axin2“™FRT?* R 0sa26™* mice were killed and analyzed
after 1 wk, 4 wk, 12 wk, and 6 mo (Fig. 4B). In confocal images of
cross-sections of Axin2™FRT?* Rosa26™* testis, colored sper-
matogonia were first identified 7 d postlabeling and were found
scattered throughout the basal layer of seminiferous tubules (Fig.
4C). At 4 wk, we observed single-color clones adjacent to each
other, reflecting a heterogeneous labeling pattern and the ex-
pansion of individual clones (Fig. 4C). At later time points, we
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Fig. 4. Multicolor lineage tracing reveals clonal expansion of labeled Axin2* cells. (A) Schematic view of genetic cell labeling experiments using
Axin2 eERT2+:R05226™ "+ mice. Tamoxifen administration randomly induces expression of one of three fluorescent proteins, mCerulean, mOrange, or
mCherry, in a subset of Axin2-expressing cells and their progeny. (B) Experimental schedule used in C for multicolor lineage tracing study. (C) Cross-sectional
images of Axin2C"eERT2/+-R 55226™W+ seminiferous tubules traced for 1 wk, 4 wk, 12 wk, or 6 mo from P56. Boxed area is magnified in Inset. (Magnification:
2.5%.) The outlines of seminiferous tubules are indicated by dashed lines. (Scale bars, 80 pm.) (D) Newborn offspring from intercrosses of wild-type female
and 6-wk-traced Axin2<ER72+:R05a26™""* male. (Left) Bright field; (Right) fluorescence images taken with filter sets for GFP, mCerulean, mOrange, and

mcCherry and subsequently overlayed. (Scale bars, 1 cm.)

found a continuing expansion of average clone size until the cross-
sections of seminiferous tubules became either fully labeled with
one color or fully unlabeled (Fig. 4C). These results are consistent
with a neutral competition model in which tissue stem cells are
routinely lost and replaced in a stochastic manner, as previously
demonstrated by the use of specific Cre lines of GFRal, Ngn3,
and Bmil in the testis (6, 31, 33, 34).

Next, we sought to prove that the Wnt-responsive SSC pop-
ulation actually produces functional, mature spermatozoa.
Axin2CERT2+: R0sa26™™*+ males that received a single high dose
of tamoxifen (10-mg/20-g body weight) were traced for 6-12 wk
and then mated with wild-type females. We obtained pups of all
three colors within a single litter (Fig. 4D). Hence, this result
further demonstrates the presence of long-lived Wnt-responsive
SSCs in the mouse testis, which give rise to mature spermatozoa
with normal reproductive potential.

Wnt/B-Catenin Signaling Is Required for Proliferation of Undifferentiated
Spermatogonia in Vivo. To test a functional requirement for Wnt/
B-catenin signaling in Axin2* undifferentiated spermatogonia,
we undertook a loss-of-function approach by conditionally de-
leting the p-catenin gene in Axin2-expressing cells upon tamoxifen

Takase and Nusse

injection (35). f-Catenin is an essential component of canonical
Whnt/B-catenin signaling, acting as an intracellular signal trans-
ducer (9). Control Axin2"ERT2*8 catenin®***"*+ mice and
mutant Axin2ERT?+:8_catenin®># 14l mice received three
doses of tamoxifen administration (3-mg/20-g body weight) at
P56-P60 and were analyzed 5 wk after the treatment (Fig. 54).
Under these conditions, no significant loss of body weight was
observed in f-catenin mutant mice (Fig. S14). p-Catenin ex-
pression in the testes of mutant mice was reduced compared with
that in the controls as shown by immunostaining, confirming the
deletion of p-catenin in the mutant testis (Fig. S1B). Testis
weights of p-catenin mutant mice were significantly reduced
compared with those of littermate controls, with an average re-
duction of 25% (Fig. 5 B and C). Histological analysis indicated
that the p-catenin mutant testes show a loss of germ-cell phe-
notype (Fig. 5D). Specifically, the seminiferous tubules of
B-catenin mutants were reduced in diameter and lacked the
normal organization of the seminiferous epithelium. Within a
single section of the testis, we observed seminiferous tubules with
very severe to relatively mild phenotypes (Fig. S1 D and E),
presumably because of the mosaic deletion of p-catenin within
the Axin2* population.
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***Statistical difference of P < 0.001. (D) H&E staining of testes from control and p-catenin mutant mice. (Scale bars, 100 pm.) (E) Cross-sectional images of
PLZF (red) immunostaining and DAPI (blue) staining of control and p-catenin mutant testis. The outlines of seminiferous tubules are indicated by dashed lines.
(Scale bars, 100 pm.) (F) Cross-sectional images cKit (green) immunostaining and DAPI (blue) staining of control and p-catenin mutant seminiferous tubules at
stage VII-VIIL. (Scale bars, 50 pm.) (G-J) The number of GFRa1* (G), PLZF* (H), cKit™ (/), or Sox9* (J) cells per seminiferous tubule in sections from control (Cont)
and p-catenin mutant (B-cat) mice. More than 150 tubules from three independent tiled confocal images of an entire testis cross section were counted (n = 3).
Error bars represent SEM. *Statistical difference of P < 0.05. NS, not significant. (K) The percentage of Ki67* cells in total PLZF* cells of control (Cont) and
p-catenin mutant (B-cat) testis. More than 150 tubules from six independent tiled confocal images of an entire testis cross-section were counted (n = 3). Error

bars represent SEM. **Statistical difference of P < 0.01.

To determine the nature of the germ cells depleted in p-cat-
enin mutant testes, we performed immunostaining with markers
for undifferentiated spermatogonia. The numbers of GFRal*
undifferentiated spermatogonia in f-catenin mutant testes and in
control testes were similar, suggesting that the maintenance of
SSCs was not affected in this experiment (Fig. 5G). However, the
number of PLZF* undifferentiated spermatogonia per seminif-
erous tubule cross section was significantly lower in mutants (Fig.
5 E and H). Moreover, double-immunostaining using PLZF and
a proliferation marker, Ki67, indicated that PLZF* undifferen-
tiated spermatogonia were less proliferative in p-catenin mutant
testis tissue compared with the control (Fig. 5K). Similarly, there
were fewer cKit" differentiating spermatogonial cells and the
remaining cells were disorganized in the B-catenin mutants (Fig.
5 F and I and Fig. S1D). On the other hand, the number of Sox9™*
Sertoli cell was not affected by p-catenin deletion (Fig. 5J). Be-
cause we rarely observed activated caspase 3* apoptotic germ
cells in p-catenin mutants or controls (Fig. S1C), these data in-
dicate that the testicular atrophy of the f-catenin mutant mice
was caused by suppression of proliferation in undifferentiated
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spermatogonia, resulting in subsequent loss of differentiating
spermatogonia and other germ-cell types.

Sertoli Cells Secrete Wnt6 as a Paracrine Signal for Undifferentiated
Spermatogonia. For a more complete understanding of how Wnt
signaling regulates the proliferation of undifferentiated sper-
matogonia, we wanted to identify the cells that produce Wnt
ligands by RNA in situ hybridization for the 19 Wnt ligands (Fig.
S2). From this survey, we found Wnt6 to be specifically expressed
in the Sertoli cells, particularly in the basal compartment where
undifferentiated spermatogonia reside (Fig. 64). We confirmed
this by double-labeling RNA in situ hybridization using Sox9 as a
marker for Sertoli cells in the testis (Fig. 68B). Wnt ligands are
secreted glycoproteins that predominantly work over short ranges
to control cell behavior locally (9). In addition, the seminiferous
epithelium is divided into basal and adluminal compartments by
continuous tight junctions (blood—testis barrier) of Sertoli cells,
and forms one of the tightest blood-tissue barriers in the mam-
malian body, restricting passage of molecules between two com-
partments (4). Therefore, from this analysis of expression sites, we
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o

B Sox9/ Wnt6

Fig. 6. Wnt6 is a niche signal for undifferentiated spermatogonia produced
by Sertoli cells. (A) In situ hybridization of Wnt6 (red) on testis sections from
adult wild-type mice (P56). (Scale bar, 50 pm.) (B) Double-labeling RNA in situ
hybridization for expression of Sox9 (red, a Sertoli cell marker) and Wnt6
(turquoise). Dashed lines indicate the estimated outlines of Sertoli cells. Solid
line indicates the approximate location of the basal layer of seminiferous
tubule. (Scale bar, 10 um.) (C and D) In situ hybridization of Dkk4 (red, C) or
Rspo4 (red, D) on testis sections. AC, adluminal compartment; BC, basal
compartment. Solid line indicates the approximate location of the basal
layer of seminiferous tubule. (Scale bars, 10 pm.)

considered Wnt6 to be the family member most likely to act on
undifferentiated spermatogonia. However, the Wnt ligand ex-
pression pattern alone does not adequately explain how un-
differentiated spermatogonia can be activated selectively, because
Sertoli cells are large cells than span both the basal and adluminal
compartments and, therefore, could conceivably secrete Wnt li-
gands in both the compartments. We also determined the ex-
pression patterns of Wnt inhibitors and activators by RNA in situ
hybridization, because these contribute to the precise regulation of
Want/B-catenin signaling (36). We found that one Wnt inhibitor,
Dkk4, was highly expressed in the adluminal compartment, but
not in the basal compartment (Fig. 6C). In addition, the expres-
sion of Rspo4, an activator of Wnt/B-catenin signaling, was lo-
calized to the basal compartment (Fig. 6D). These data support
the notion that Wnt6 stimulates canonical Wnt/p-catenin signaling
in undifferentiated spermatogonia, aided by the basal compart-
ment-specific Rspo4 expression, whereas Dkk4 blocks activation
of Wnt/B-catenin signaling in the adluminal compartment where
meiotic spermatocytes, spermatids, and spermatozoa reside.

Intriguingly, other Wnts were expressed in the seminiferous
tubules, in highly specific expression patterns (Fig. S2). For ex-
ample, we detected the expression of Wnt3 in round spermatids
and elongating spermatids, Wnt3a in round spermatids, Wnt5a
in Leydig cells and peritubular myoid cells, Wnt7a in pachytene
spermatocytes and round spermatids, and Wnt8b in round sper-
matids. These gene-expression patterns are compatible with pre-
viously published transcriptional profiling data (37-39).

Discussion

This study demonstrates that Wnt/B-catenin signaling is a key
regulator of the proliferation of undifferentiated spermatogonia.
In this scenario, undifferentiated spermatogonia, including SSCs,
receive Wnt6 secreted by Sertoli cells, leading to activation of
‘Whnt/p-catenin signaling and subsequent expression of Wnt target
genes, such as Axin2 (Fig. 7). Although in vitro experiments have
indicated that Wnt3a and Wnt5a support SSC activity (13-15),
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we found that in vivo Sertoli cells, known to act as a niche for
undifferentiated spermatogonia, specifically produce Wnt6 and
none of the other Wnts (Fig. 6B). Our findings contribute to the
molecular understanding of spermatogonia regulation by its
niche, which may provide us with new insight about the etiology
of male infertility.

As in previous tracing experiments including stem cell line-
ages, we used the Wnt target gene Axin2 as a marker for Wnt-
responding cells (21, 40, 41). Although the activation of Wnt/
B-catenin signaling in round spermatids has been reported using
the BAT-gal and the TCF/Lef-LacZ mouse reporter lines (13,
42), Wnt reporter activity in undifferentiated spermatogonia has
not been described previously. Our data clearly indicate that
GFRal" and PLZF* undifferentiated spermatogonia are Wnt-
responsive as judged by Axin2-LacZ expression (Fig. 1 C and D).
The discordance between Wnt-responsive populations observed
in previous studies and in ours may be caused by differences
between mouse lines, as seen in other tissues as well (43), and
also raises the possibility that Wnt/p-catenin signaling plays a
role at multiple stages during spermatogenesis.

It has been proposed that undifferentiated spermatogonia
constitute a heterogeneous population consisting of two groups
with different gene expression and stem cell potentials: an SSC-
enriched GFRal*/Nanos2* population and a progenitor-like
Ngn3*/Nanos3* population (7, 44, 45). The GFRal* population
is comprised of mainly Ay and A, cells, whereas the Ngn3™*
population consists mainly of A, cells. Axin2 expression does not
discriminate between these possible subpopulations; the whole-
mount immunostaining analysis of pulse-labeled Axin2CreERT2/+
Rosa26™T™G/* testis revealed that the majority of Axin2* cells
are PLZF" undifferentiated spermatogonia (Fig. 2 D and H),
which likely includes both GFRal™ (Fig. 2 C and F) and Ngn3™*
subpopulations. However, it should be pointed out that the
labeling efficiency of GFRal™ cells is only 0.6%, which is
lower than the labeling efficiency of PLZF™" cells (2.5%) (Fig.
2J). In contrast, the Axin2-LacZ signal is observed in 77.5% of

Spermatocy
Whnt inhibition

Dkk4 expression
_ Tight _( ________ E)________)_
Wnt activation
(Rspo4 expression)

Undifferentiated Spermatogonia

Fig. 7. Diagram summarizing cell-cell interactions between undifferenti-
ated spermatogonia and Sertoli cells via Wnt/p-catenin signaling. Sertoli cells
(green) provide a Wnt6 signal to activate Wnt/f-catenin signaling in un-
differentiated spermatogonia (aqua). The latter cells express Wnt target
genes, including Axin2, and subsequently proliferate. The tight junctions
(brown) of Sertoli cells separate the basal compartment and the distribution
of the Rspo4 protein from the Dkk4-enriched adluminal compartment.
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GFRal™, higher than the percentage of LacZ* cells in the PLZF*
populations (53.5%) (Fig. 1E). This slight difference between la-
beled populations may be a result of the differences in the time
required for the detectable expression of the reporter genes.

We demonstrate that Axin2* undifferentiated spermatogonia
contribute to spermatogenesis over the long term in the intact or-
gan. In vivo genetic lineage tracing experiments using Axin2*ERT2
revealed that Axin2" undifferentiated spermatogonia meet the
criteria of bona fide SSCs, as they self-renew and differentiate
(Fig. 3 B and C). In several other organs, neutral competition/
probabilistic stem cell fate models have been proposed in which
adult stem cells are maintained as a pool with a flexible and
dynamic character (31). In our study, multicolor lineage tracing
revealed a pattern of decreasing clone number and increasing
clone size over time (Fig. 4C). These data are consistent with
previous studies that showing that SSCs follow a neutral com-
petition model (6, 31, 33, 34), although additional, detailed
analyses are needed to validate this model further.

This work highlights a particular role of Wnt/p-catenin sig-
naling in the control of Axin2* undifferentiated spermatogonia
in regulating the proliferation of PLZF" spermatogonia (Fig.
5K). This population contains both GFRal* SSC-enriched sub-
populations and progenitor-like subpopulations. Wnt/p-catenin
signaling does not influence the maintenance of GFRal™ sper-
matogonia (Fig. 5G). Combined with the data from lineage-
tracing analysis (Fig. 3D), these results raise the possibility that
Whnt/B-catenin signaling is required for the generation of pro-
genitor cells that are committed to differentiation from undif-
ferentiated spermatogonia, whereas the maintenance of the stem
cell pool via self-renewal is regulated by other mechanisms, such
as GDNF (8) and Nanos2 (46). This finding agrees with in vitro
experiments that indicate that Wnt/p-catenin signaling does not
act primarily on SSCs but instead on progenitors (14). Although
the majority of Axin2" cells are progenitors, it is not surprising
that a portion of them are SSCs (Fig. 3B), in the light of a
previous report that Ngn3* progenitors partly retain stem-like
behavior (7). Interestingly, although Wnt/B-catenin signaling is
known as a self-renewal signal for many adult tissue stem cells
(9), in the context of adult testis homeostasis, Wnt promotes
proliferation in SSCs/progenitor cells and may not have a critical
role in maintaining SSC self-renewal.

A cautionary note, as with other p-catenin mutant experi-
ments, is that p-catenin also plays a role in cadherin-mediated
adherens junctions, complicating the interpretation of the ge-
netic data (47) as well because E-cadherin expression is re-
stricted to undifferentiated spermatogonia (48). We also note
that mice mutant for p-catenin using other Cre drivers have
phenotypes inconsistent with each other. In other studies, germ
cell-specific f-catenin CKO mediated by Stra8-iCre, which is
expressed in differentiating spermatogonia at the onset of differ-
entiation, did not cause a detectable phenotype (49). In addition,
spermatid-specific p-catenin CKO mediated by Prm1-Cre has been
shown to cause impaired fertility as a result of reduced sperm
counts (50). Another group reported disrupted spermatogenesis in
both loss- and gain-of-Wnt signaling function experiments using
AhCre (37). However, it is difficult to compare these phenotypes
to those observed by us because of differences in target cell types
or leaky Cre activity before induction. We suggest, therefore, that
our approach is, to our knowledge, the first to highlight the func-
tion of Wnt/p-catenin signaling in undifferentiated spermatogonia.

Materials and Methods

Animals. Axin2"°ERT2 mjce were previously described (17). Axin2-lacZ mice

were a gift from W. Birchmeier, Max Delbruck Center for Molecular Medi-
cine, Berlin (51). Rosa26™" mice were a gift from I. L. Weissman, Stanford
University School of Medicine, Stanford, CA (32). Rosa26™™™€ mice (26),
B-catenin®®*2¢f! (35) mice, and Vasa-Cre mice (52) were obtained from The
Jackson Laboratory. p-Catenin®®*2%-4¢! mice, in which the p-catenin gene has
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been deleted ubiquitously, were generated by crossing p-catenin®®Z%f mice

with Vasa-Cre mice. All experiments were approved by the Stanford University
Animal Care and Use Committee and performed according to NIH guidelines.

X-Gal Staining. After the tunica albuginea was removed, the testes from 2-mo-
old (P56) Axin2-lacZ mice were fixed for 10 min at room temperature in 4%
(wt/vol) paraformaldehyde in PBS. Samples were washed in detergent rinse
(PBS with 2 mM MgCl,, 0.01% sodium deoxycholate, and 0.02% Nonidet
P-40) and stained in staining solution (PBS with 2 mM MgCl,, 0.01% sodium
deoxycholate, 0.02% Nonidet P-40, 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, and 1 mg/mL X-gal) in the dark at room tempera-
ture overnight. Testes were then washed and postfixed overnight at 4 °C in
4% (wt/vol) paraformaldehyde. Paraffin-embedded X-gal-stained samples
were sectioned and counterstained with nuclear fast red (Vector Laboratory)
or immunostained with goat anti-GFRa1 (1:100; R&D Systems) or rabbit anti-
PLZF antibody (1:100; Santa Cruz Biotechnology) using the Vectastain ABC
system and NovaRED substrate kit (Vector Laboratory) according to the
manufacturer’s instructions.

Stereological Analysis. To assess the percentage of Axin2-LacZ* cells in GFRa1*
and PLZF* undifferentiated spermatogonia, the testis sections of 2-mo-old
Axin2-LacZ mice were analyzed using Stereo Investigator (MicroBrightField).
GFRa1* and PLZF™* cells from 200 and 100 images, respectively, were counted
per mouse (n = 3) at a magnification of 400x. Fields were selected using a
systematic uniform random sampling scheme.

Labeling and Lineage-Tracing Studies. Two-month-old (P56) mice received a
single intraperitoneal injection of a 20-mg/mL stock solution of tamoxifen
in corn 0il/1% (vol/vol) ethanol, totaling 4-mg/20-g body weight, unless
otherwise indicated. Control mice were injected with the filtered corn oil/
ethanol vehicle only (data not shown). Mice were killed at various time points
by carbon dioxide asphyxiation and cervical dislocation.

Immunostaining and Histology. The testes were fixed overnight in 4% (wt/vol)
paraformaldehyde at 4 °C after the tunica albuginea was removed, immersed
in sucrose gradients (10%, 20%, and 30% wt/vol) in PBS sequentially at 4 °C,
then tissues were embedded in optimal cutting temperature compound (OCT).
Frozen samples were sectioned at 8 pm using Cryolane (Leica Microsystems).
Cryosections were incubated in blocking buffer [5% (vol/vol) Normal Donkey
Serum, 0.02% Tween-20 in PBS] at room temperature and stained with pri-
mary and secondary antibodies, then mounted in Prolong Gold with DAPI
mounting medium (Life Technologies). The primary antibodies used were
chicken anti-GFP (1:1,000; Abcam), rabbit anti-PLZF (1:100; Santa Cruz), goat
anti-GFRa1 (1:100; R&D Systems), goat anti-SCFR/cKit antibody (1:100; R&D
Systems), rabbit anti-Sox9 (1:100; Millipore), and rat anti-Ki67 (1:200; eBio-
science). For whole-mount immunostaining of seminiferous tubules, testes
were fixed overnight in 4% (wt/vol) paraformaldehyde at 4 °C, then semi-
niferous tubules were untangled and separated from interstitial tissues using
forceps. The seminiferous tubules were subjected to a regular immunostaining
protocol, as described above. For H&E staining, the testes were fixed overnight
in Bouin’s solution (Sigma) at room temperature, dehydrated in a series of
increasing alcohol concentrations, and embedded in paraffin. Paraffin sections
(5 pm) were stained with Mayer’s Hematoxylin, blued in a tap water, stained in
Eosin solution, further dehydrated up to 100% ethanol, cleared in Orange
Terpene, and then mounted with EcoMount (BioCare Medical).

RNA in Situ Hybridization. All in situ hybridization experiments were carried
out with an RNAscope (53) on 2-mo-old (P56) wild-type mice. Testes were
fixed in 10% (vol/vol) neutral buffered formalin at room temperature for
24 h, dehydrated, and embedded in paraffin. Tissue sections cut at 5-um
thickness were processed for RNA in situ detection using the RNAscope 2.0
High Definition-RED Kit or RNAscope 2-plex Detection Kit according to the
manufacturer’s instructions (ACDBio). Sequences of the probes used in the study
are as follows: Wnt6 (NM_009526.3, 780-2026), Sox9 (NM_011448.4, 2157-3789),
Dkk4 (NM_145592.2, 22-1140), and Rspo4 (NM_001040689.1, 1180-2202).

Microscopy and Imaging. Whole-mount images of X-gal stained seminiferous
tubules were collected using the Zeiss Axioplan 2 imaging system. Bright-field
images and immunofluorescence images of sectioned Axin2<"ERT2+:Rosa26™ M+
samples were collected using the Zeiss Axio Imager Z2 (Carl Zeiss). Fluorescent
images of sectioned Axin2<ERT2+:Rosa26™"* were obtained using the Leica SP8
Confocal Microscope (Leica Microsystems). Whole-mount immunofluorescence
images and immunofluorescence images of sectioned p-catenin CKO samples
used for cell counting were obtained using the Zeiss Cell Observer Spinning
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Disk Confocal Microscope. Tiling and image stitching were performed as
appropriate using the Leica LAS AF system or Zeiss ZEN 2012 blue edition soft-
ware. Pictures of newborn mice were taken using the Panasonic Lumix DMC-
FX35 digital camera (Panasonic), with Zeiss fluorescence filter cubes (Filter set
38 HE, mGFP; Filter set 47, mCerulean; Filter set 43, mOrange; and Filter set 71,
mCherry). Gross images of the testes were taken using the Leica M80.

Conditional Knockout of -Catenin. Control Axin2<reERT2+:8.catenin?ex26-fi+
and mutant Axin2<ERT2+:8.catenin®e2 5/l animals were injected with
three doses of tamoxifen corresponding to 3-mg/25-g body weight at 2 mo
of age (P56) every other day. Testes were harvested and processed for his-
tology and immunostaining after 5 wk of chase.
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