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Foxo1 is required in mouse spermatogonial
stem cells for their maintenance and
the initiation of spermatogenesis

Meredith J. Goertz, Zhuoru Wu, Teresa D. Gallardo, F. Kent Hamra, and Diego H. Castrillon

Department of Pathology, University of Texas Southwestern Medical Center, Dallas, Texas, USA.

Spermatogonial stem cells (SSCs) capable of self-renewal and differentiation are the foundation for sper-
matogenesis. Although several factors important for these processes have been identified, the fundamental
mechanisms regulating SSC self-renewal and differentiation remain unknown. Here, we investigated a role
for the Foxo transcription factors in mouse spermatogenesis and found that Foxo1 specifically marks mouse
gonocytes and a subset of spermatogonia with stem cell potential. Genetic analyses showed that Foxo1l was
required for both SSC homeostasis and the initiation of spermatogenesis. Combined deficiency of Foxol,
Foxo3, and Foxo4 resulted in a severe impairment of SSC self-renewal and a complete block of differentiation,
indicating that Foxo3 and Foxo4, although dispensable for male fertility, contribute to SSC function. By con-
ditional inactivation of 3-phosphoinositide-dependent protein kinase 1 (Pdk1) and phosphatase and tensin
homolog (Pten) in the male germ line, we found that PI3K signaling regulates Foxo1 stability and subcellular
localization, revealing that the Foxos are pivotal effectors of PI3K-Akt signaling in SSCs. We also identified a
network of Foxo gene targets — most notably Ret — that rationalized the maintenance of SSCs by the Foxos.
These studies demonstrate that Foxol expression in the spermatogenic lineage is intimately associated with
the stem cell state and revealed what we believe to be novel Foxo-dependent mechanisms underlying SSC self-
renewal and differentiation, with implications for common diseases, including male infertility and testicular

cancer, due to abnormalities in SSC function.

Introduction

Spermatogenesis is a dynamic process driven by specialized stem
cells — spermatogonia — that in mammals reside on the basement
membrane of seminiferous tubules and maintain a single special-
ized lineage with many cellular intermediates. In addition to a
capacity for self-maintenance, A; spermatogonia progress through
transit-amplifying intermediates (Apy, Aa, A1_4) into B spermatogo-
nia, which differentiate into spermatocytes that proceed through
meiosis to generate round spermatids. An elaborate program of
cytoskeletal rearrangement and chromatin condensation (1),
known as spermiogenesis, then produces elongated spermatozoa.
The concentric geometric arrangement of these cellular intermedi-
ates, as spermatogenesis proceeds from the periphery toward the
lumen, combined with the ability to identify diverse cell types by
simple histologic methods makes the testis an ideal model system
for studies of adult stem cell maintenance and differentiation (2).
Furthermore, spermatogenesis is not required for life, greatly facil-
itating the generation of mutants and analysis of phenotypes.

At birth, the testis contains small numbers of specialized and
quiescent germ cells termed gonocytes. Postnatally, gonocytes
initiate a wave of mitosis and mature to produce an expanded
pool of spermatogonial stem cells (SSCs). In the adult, single (As)
spermatogonia initiate mitotic divisions with incomplete cytoki-
nesis to produce chains of 2-16 spermatogonia (A, and Aa). The
spermatogonia (A, Apr, Aal) represented by these steps are termed
undifferentiated spermatogonia. A, spermatogonia mature into
A; spermatogonia, which undergo S additional rounds of mitosis
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and then form B spermatogonia. The spermatogonia (A;-B) repre-
sented by these latter steps are termed differentiated spermatogo-
nia (2). A, spermatogonia were once considered synonymous with
SSCs, but recent studies have found that a more expanded subset
of undifferentiated spermatogonia (As-Aay) can function as SSCs
(3, 4). The subsequent initiation of spermatogenesis and meiotic
entry require a complex interplay of factors, including Kit, which is
specifically expressed in differentiated spermatogonia (5, 6).

Glial cell line-derived neurotrophic factor (Gdnf) serves essential
functions in SSC maintenance. Mutant mice with 1 null Gdnfallele
undergo SSC depletion, whereas transgenic males overexpressing
Gdnf accumulate undifferentiated spermatogonia (7). Gdnf is
produced by Sertoli cells (the somatic cells within seminiferous
tubules) and acts through a cell surface receptor heterodimer of
Ret and Gfral, both coexpressed in a subset of undifferentiated
spermatogonia (8). Gdnf is the critical growth factor permitting
limitless expansion of rodent SSCs in culture, although additional
growth factors are also needed (9). These cultures consist of A, Apr,
and A,-like spermatogonia capable of self-renewal and immortal
growth and can reconstitute spermatogenesis after engraftment in
stem cell transplantation assays (2).

The Foxos function at the interface of cellular growth and organ-
ismal longevity (10). They are downstream of growth factor and
nutrient stimuli and coordinate various responses, including cell
cycle arrest and programmed cell death. Foxo1, Foxo3, and Foxo4
are coordinately regulated by Akt-dependent phosphorylation,
which leads to their export from the nucleus to the cytoplasm and,
thus, their functional inactivation (11). Foxos promote organis-
mal longevity in invertebrates, and, in humans, single nucleotide
polymorphisms are associated with extreme longevity, imply-
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ing important roles in tissue homeostasis and hence adult stem
cell function throughout life (12). Consistent with this idea, the
Foxos regulate self-renewal in hematopoietic and neural stem cells
(13-15). With regards to reproduction, our previous studies in the
mouse showed that neither Foxo3 nor Foxo4 are essential for male
fertility, since Foxo3 and Foxo4 nullizygous male mice have normal
spermatogenesis, testis weights, and fertility (16-18). In contrast,
Foxol nullizygosity results in embryonic lethality at approximately
E10.5, leaving open the possibility of a unique role of Foxol in
spermatogenesis (13, 19).

On the basis of the role of the Foxos in aging and stem cell func-
tion, the cell-type specific nature of Foxo action, and our group’s
discovery of the role of Foxo3 in female germ line maintenance
(16-18), we sought to gain an in-depth understanding of the spe-
cific functions of the Foxos in the male germ line, particularly in
SSC self-renewal and differentiation. Here, through genetic, cell
biological, and gene expression analyses, we demonstrate that
among the Foxos, Foxo1 is a unique marker of gonocytes and SSCs
in vivo and controls SSC differentiation and self-renewal through
a specific network of transcriptional targets, including Ret. We
further show through genetic means that PI3K signaling controls
both SSC maintenance and differentiation and that the Foxos are
pivotal intermediaries of this balance.
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Figure 1

Foxo1 in SSC maintenance and differen-
tiation in vivo. (A) Intact testes. Scale bar:
3 mm. (B) Testis weights. *P < 0.005. (C)
Germ cells numbers per immunostaining
for pan-germ cell marker GCNA. Counts
shown are GCNA+ cells per tubule.
*P < 0.0001. (D) Testis histology at P1,
P7, and P21 in control sibling and Foxo1
mice. For P1 and P21, representative
GCNA-stained sections are shown. P7
insets show spermatogonia in mitosis. The
P21 Foxo1 images are of severely affect-
ed tubules. P21 insets show a pachytene
spermatocyte (control) or spermatogonia
and Sertoli cells (Foxo1). Larger boxes
contain high-magnification views of the
smaller boxes. Scale bar: 20 um.

Results

Essential role of Foxol in SSC self-renewal and differentiation. To
explore the role of the Foxos in spermatogenesis, we first condi-
tionally inactivated Foxol (13) in the male germ line with Vasa-cre
(also known as Ddx4-cre). Vasa-cre induces recombination in germ
cells between E15 and E18 and is expressed in all spermatogenic
cells postnatally (20). Vasa-cre Foxo1%*/1% (Vasa-cre Foxol1%/*) (here-
after referred to as Foxol) testes contained normal numbers of
gonocytes at P1. However, spermatogonia were reduced by P7,
revealing a defect in the proliferative expansion that normally
occurs by this time point, and testes were small by P21 (Figure 1).
This defect was not due primarily to increased cell death (Supple-
mental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI57984DS1). Histologic analyses
clearly showed distinct defects in SSC self-renewal and differen-
tiation. Most tubules in Foxol adults contained spermatogenic
cells of diverse states of maturation, albeit at reduced numbers.
No spermatozoa were present in adult Foxol epididymides,
despite the presence of round and elongating spermatids in
most tubules (Supplemental Figure 1, B and C), and, as expected
given these findings, males were sterile. Some tubules exhibited
spermatogonial arrest and failure of meiotic initiation — despite
abundant spermatogonia (Figure 1D). Still other Foxol tubules
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were devoid of germ cells (Supplemental Figure 1D), a phenotype
never observed in controls, which implies a defect in SSC self-
renewal (21). Older Foxol males exhibited similar phenotypes
with the exception that empty tubules were not observed (Sup-
plemental Figure 1, D-F). Thus, Foxo1 controls multiple steps of
spermatogenesis, from SSC proliferation and self-renewal to the
progression of spermatogenesis, including meiosis.

Triple Foxo knockout more clearly exposes Foxo roles in SSC self-renewal
and the initiation of spermatogenesis. These genetic analyses demon-
strated that Foxol is necessary for male fertility and is the most
important Foxo in spermatogenesis (since Foxo3 and Foxo4 were
previously shown to be dispensable for male fertility) (16-18).
However, it remained possible that Foxo3 and Foxo4 partially
compensated for Foxol deficiency (13). Vasa-cre Foxol"/"Foxo3"/*
Foxo4"/" (hereafter referred to as Foxol/3/4) males had normal
gonocyte numbers at birth but exhibited significant testicular
hypotrophy by P14 — earlier than that for Foxol males, indicat-
ing a more severe phenotype (Figure 2, A and B). Compared with
those of Foxol testes, Foxol/3/4 testes contained fewer germ cells
and more tubules depleted of germ cells at all time points (Figure
2, C-E). It is unclear why some tubules become devoid of germ
cells while others do not, but such variation has been documented
in other mutants that affect the long-term renewal of SSCs, such
as Plzf and Taf4b (21-23). Strikingly, there was also a complete
spermatogonial arrest, with failure of spermatogenic differentia-
tion and meiotic initiation evidenced by the absence of multilayer
spermatogenesis, including spermatocytes and spermatids in most
tubules, even those with abundant spermatogonia (Figure 2E, Sup-
plemental Figure 2, and Supplemental Figure 3A). Thus, Foxo3
and Foxo4 partially compensate for Foxol in spermatogenesis,
and simultaneous inactivation of all 3 Foxos more clearly revealed
their collective, essential roles in SSC long-term self-renewal and
the initiation of spermatogenesis in the first and subsequent waves
of spermatogenesis. Notably, Foxo1/3/4 deficiency phenocopies
the failure of spermatogenic initiation and meiotic progression
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Foxo1/3/4 Figure 2
L GCNA More severe SSC maintenance and mei-
a otic initiation phenotypes in Foxo1/3/4 male
o & mice. (A) Intact testes. Scale bar: 3 mm.

e (B) Testis weights. *P < 0.05. (C) Germ

2 cell numbers by counting GCNA* cells per
tubule. *P < 0.0001. (D) P7 testes, H&E, and
GCNA immunostain demonstrating empty
tubules harboring no germ cells. Control
testes contained no empty tubules at these
time points. (E) Testis histology for mutant
or wild-type controls, H&E, or immunostains
as indicated. Controls have multilayer sper-
matogenesis, whereas Foxo1/3/4 tubules
have many spermatogonia (confirmed by
GCNA) but no multilayer spermatogenesis.
Asterisks indicate empty tubules at P7 and
P21. Insets in P21 images highlight basal
layer of spermatogonia and complete fail-
ure of spermatogenic initiation. Larger
boxes contain high-magnification views of
the smaller boxes. Scale bar: 20 um.

observed in Kit mutants, such as Kit'”"’F, which abrogates signal-
ing through PI3K (24).

Foxol is regulated during the gonocyte-SSC transition and is required
for the induction of Kit. To begin to understand how Foxo1 controls
SSC self-renewal and differentiation, immunolocalization was
performed with a Foxol-specific antibody. Foxol was expressed
in all gonocytes at P1-P3, while in P21 animals to adult animals,
Foxol was confined to basal intratubular cells consistent with
spermatogonia. Foxol was undetectable in the Sertoli cells or any
other somatic cell of the testis (P1 to adult) (Figure 3A; see also
next section). Strikingly, Foxo1 underwent cytoplasmic-to-nuclear
translocation during normal development. At P1, the protein was
exclusively cytoplasmic, but nuclear translocation began at P3 and
increased by P7. At P3 to P7, the translocation of Foxo1 protein was
not perfectly synchronized, with Foxo1 being distinctly nuclear in
some gonocytes but cytoplasmic in others (Figure 3, A and B). The
biological basis of this variation is unclear but likely reflects differ-
ences in rates of gonocyte maturation, with the gonocytes exhibit-
ing nuclear Foxo1 being more mature. By P21, Foxo1 was nuclear
and remained so in adults (Figure 3, A and B, and Supplemental
Figure 3B). Thus, we believe Foxol1 is a novel marker of gonocytes,
and its cytoplasmic-to-nuclear translocation demarcates the gono-
cyte-to-SSC transition. Foxol testes served as negative controls in
these studies, demonstrating the specificity of immunodetection.
Note that the complete absence of Foxo1* cells in Foxol testes by
P7 proved there was no mosaicism with regards to Vasa-cre-medi-
ated recombination (Figure 3A).

Intriguingly, this translocation of Foxo1 into the nucleus preceded
the normal induction of Kit. Consistent with previous studies (25),
Kit was first detectable in wild-type testes at P3, when Foxol first
entered the nucleus. Kit increased with continued cytoplasmic-to-
nuclear translocation of Foxo1 (Figure 3, A and B). This induction
of Kit protein matched closely with Kit mRNA levels, suggesting
that Kit is regulated transcriptionally (Figure 3C). Kit was greatly
diminished in Foxol and Foxol/3/4 differentiated spermatogonia
Volume 121
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Figure 3

Foxo1 is specifically expressed in gonocytes and undifferentiated spermatogonia and regulates Kit. (A) Kit and Foxo1 immunostains at time
points and genotypes as shown. P7 Foxo1 testis serves as negative control for Foxo1 immunostaining. Larger boxes contain high-magnifica-
tion views of the smaller boxes. The Kit inset shows Kit expression in Leydig cells as internal positive control. Other insets illustrate subcellular
distributions of Foxo1 and Kit. Scale bar: 20 um. (B) Subcellular distribution of Foxo1 in spermatogonia. C, cytoplasmic; N, nuclear. (C) Devel-
opmental profile of Kit mMRNA levels in mouse testis by microarray (arbitrary units on y axis).

at P7 and adulthood (Figure 3A and Supplemental Figure 3, D
and E). The presence of diverse steps of spermatogenesis in Foxol
testes argues that Kit underexpression in these testes is not simply
explained by the absence of differentiated spermatogonia that nor-
mally express Kit. Plzf* (undifferentiated) and Plzf~ (differentiated)
spermatogonia were present in Foxol/3/4 testes, further arguing
against a maturational block as the basis for Kit underexpression
(Supplemental Figure 3C). However, it remains possible that some
skipping of developmental steps occurs in mice lacking Foxo gene
expression, as has recently been described in another spermatogen-
esis mutant (Dmrt1) (26). The attenuated induction of Kit in Foxo
mutants rationalizes the observed defects in meiosis, given that Kit
signaling is vital for this process (24).

The converse possibility that Kit regulates Foxol (creating a
feedback loop) also appeared plausible, given that Kit can activate
PI3K-Akt, which in turn regulates (inactivates) the Foxos. We ana-
lyzed mice homozygous for Kit?7%F, a knockin mutation that abro-
gates Kit signaling through PI3K. As previously reported, Kit?7F
testes were populated by numerous SSCs that failed to differenti-
ate and initiate meiosis (24). However, there was no alteration in
the expression or subcellular distribution of Foxo1 in Ki#'7!F males
at P1 to P21 (Supplemental Figure 4). Thus, Foxol1 is required for
the induction of Kit expression in differentiating spermatogonia,
but the regulation appears unidirectional without evidence of a
feedback loop (i.e., Kit is downstream of Foxol and acts through
signaling intermediaries other than Foxol itself).

Foxol is a specific marker of undifferentiated spermatogonia in steady-
state adult spermatogenesis. Colabeling studies were conducted to fur-
ther define the spermatogenic cells expressing Foxo1 in the adult
testis. In wild-type testes, Foxo1 and Plzf were always coexpressed
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(Figure 4A), demonstrating that, in steady-state spermatogenesis,
Foxol expression is restricted to undifferentiated spermatogonia.
Next, we studied Gfral, which is expressed in single and paired
(As and Ap;) spermatogonia. Only a subset of Foxol* cells were
also Gfra1*, but all Gfra1* cells were Foxol", and furthermore,
Foxol protein in these cells was predominantly nuclear (Figure
4B). These results are consistent with strong Foxol activation in
SSCs. The abundance of Foxol protein in undifferentiated sper-
matogonia rationalized the unique genetic requirement for Foxol
in spermatogenesis, as Foxo3 and Foxo4 were undetectable immu-
nohistochemically in spermatogonia or any other cell type in testis
sections (our unpublished observations). Finally, Foxol and Kit
were expressed in distinct cells, as expected given that they mark
undifferentiated and differentiated spermatogonia, respectively
(Figure 4C). Thus, it appears unlikely that Kit is a direct transcrip-
tional target of Foxo1; instead, Foxol must act through some less
direct mechanism to regulate Kit expression in progenitor cells.
These results are summarized in Figure 4D.

PI3K-Akt signaling operates through the Foxos in the control of SSC
homeostasis. Previous studies implicated PI3K-Akt signaling in
SSC function (27, 28), prompting us to examine whether Foxol
was an effector of this pathway in spermatogenesis. If so, then
phosphatase and tensin homolog (Pten) inactivation should
at least partially phenocopy Foxol/3/4, since Pten inhibits Akt,
which in turn inhibits the Foxos (11). Vasa-cre Pten*/! (hereafter
referred to as Pten) testes contained normal numbers of gonocytes
at P1. There was an initial wave of SSC expansion, as in Foxol and
Foxo1/3/4 testes; however, severe defects in SSC self-renewal and
differentiation became evident later, resulting in testicular hypo-
trophy and sterility (Figure 5A). Germ cell numbers were normal
Volume 121~ Number 9
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Foxo1 is specifically expressed in undif-
ferentiated spermatogonia in adult tes-
tis. Panels show confocal images of
intact tubules. (A) Foxo1 and Plzf coex-
pression. Shown are two 16-cell clus-
ters. Scale bar: 20 um. (B) Gfra1 and
Foxo1 expression. Scale bar: 10 um. (C)
Kit and Foxo1 nonoverlapping expres-
sion. Scale bar: 20 um. (D) Schematic
illustrating a subset of spermatogonia
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up to P7 but decreased by P21, and there was a significant age-
dependent increase in the number of empty tubules (Figure 5,
B-D). There was a complete absence of postmeiotic round sper-
matids (Figure 5SD). By P21, no germ cells remained attached to
the basement membrane, demonstrating exhaustion of the SSC
pool. Testes were almost entirely depleted of germ cells by 4 weeks
(Figure SD). Thus, Pten shares essential roles in SSC self-renewal
and spermatogenesis with the Foxos.

Pten loss led to Akt hyperphosphorylation and cytoplasmic
localization of Foxol by P7, when Foxol is normally predomi-
nantly nuclear. Based on its weak staining intensity, cytoplasmic
Foxol also appeared to be rapidly degraded. This Pten-mediated
functional inactivation of Foxol was associated with defective
Kit induction at P7 (Figure SE). Thus, Pten acts at least in part
through PI3K-Akt and the Foxos to regulate SSC maintenance
and differentiation. The more severe phenotype of Pten versus
Foxo1/3/4 suggests that additional effectors mediate other actions
of PI3K-Akt in the male germ line.

To further investigate the control of the Foxos by the PI3K path-
way, we conditionally inactivated 3-phosphoinositide-dependent
protein kinase 1 (Pdkl), which is required for Akt activation and
thus has a biochemical role opposite to that of Pten. Whereas
Pten promotes Akt hyperactivation and Foxo inactivation, Pdk1
loss conversely results in Akt hypoactivation and constitutive
Foxo activation (Figure 6A). Vasa-cre Pdk1'/" (hereafter referred
to as Pdkl1) males were sterile and their testes were small due to
decreased germ cell numbers (Figure 6, B-D). Histologic analy-
ses revealed a complete failure of multilayer spermatogenic dif-
ferentiation. Notably, the subcellular distribution of Foxol was
dramatically altered in Pdk1 spermatogonia. Foxol was nuclear in
virtually all PdkI spermatogonia at time points in which it is nor-
mally cytoplasmic (Figure 6E; P < 0.0001 at P3 and P14), an effect
opposite to that of Pten. Also in sharp contrast to Pten and Foxo,
Pdk1 testes did not exhibit an age-dependent SSC self-renewal
phenotype. Whereas Pten males were depleted of germ cells by 4
3460
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weeks, resulting in empty tubules, Pdkl males maintained large
numbers of SSCs, which continued to proliferate, as evidenced by
abundant Ki67" positivity. Spermatogonia were numerous, even
at 5 months of age, and were Plzf* or Plzf", consistent with undif-
ferentiated and differentiated spermatogonia (Figure 6F). In con-
clusion, although the signals that regulate Foxo in spermatogonia
are not fully known, these findings strongly suggest that they act
through PI3K-Akt. Furthermore, our results demonstrate that
PI3K-Akt signaling must be carefully titrated in vivo to maintain
SSC self-renewal and differentiation and argue that the Foxos are
pivotal intermediaries of this balance.

Gene expression analysis identifies Ret and other stem cell factors as Foxol
targets. Kit underexpression in spermatogonia offered a plausible
mechanism for the observed defects in SSC differentiation and mei-
otic initiation in Foxo mutants. However, our phenotypic analyses
also uncovered a discrete Foxo role in SSC self-renewal, a process
unaffected by Kit loss of function (29, 30). Therefore, Foxol must
regulate distinct factors relevant to SSC self-renewal. To uncover
these, genome-wide transcriptomic analyses were performed on
Vasa-cre Foxol¥" testes versus sibling control Foxol" testes (n = 3
animals per genotype). P4 was selected, because at this time point
Foxol testes were morphologically normal without the cell ratio
alterations characterizing later time points. Only 31 genes were dif-
ferentially expressed per stringent criteria. Foxol itself was among
the differentially expressed genes, and several genes were represent-
ed by nonoverlapping probe sets, suggesting that these targets were
physiologically valid. The relatively small number of genes suggests
that most may be direct targets (Supplemental Table 1). Quanti-
tative PCR confirmed mRNA level alterations consistent with the
microarray data for all loci tested (Figure 7A).

Many of these factors are well-known regulators of stem cell
identity in embryonic or adult stem cells, including Gata2, Dppa4,
Sall4, Lhx1, and Ret (2, 31-34), while others are key regulators of
spermatogenic progression and meiosis, including Egr2, Egr4, and
Tex19 (35-37). That many Foxol targets are themselves transcrip-
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tion factors (underlined) suggests that Foxo1 sits atop a regulatory
hierarchy controlling SSC maintenance and differentiation. The
identification of Lhx1 is particularly interesting, given that it is
directly involved in SSC maintenance (38). Also of note, the Foxo1
transcriptome in male germ cells was distinct from that reported
in other cell types, for which genes regulating oxidative stress resis-
tance have been identified as major targets (14, 15, 39).

Ret appeared to be particularly significant, because its ligand
Gdnf is essential for SSC maintenance. In addition, a prior
genome-wide screen identified Lhx1 and Egr2 among only 6 genes
whose expression was strongly Gdnf-dependent in SSCs (40),
suggesting we identified a bona fide Gdnf/Ret-associated tran-
scriptional signature. Ret protein was obviously reduced in Foxol
and Foxol/3/4 spermatogonia, confirming that Ret expression is
regulated by Foxol (either directly or indirectly) in vivo (Figure
7B). To further explore the physiologic significance of these find-
ings, Ret was analyzed in Pten and Pdk1 testes, in which the Foxos
are constitutively inactivated or activated, respectively. Similar to
that in Foxo testes, and as expected, Ret was significantly reduced
in Pten testes. However, Ret was strikingly elevated in PdkI testes
(Figure 7C). These findings strongly argue that the PI3K path-
way regulates Ret expression in SSCs and, furthermore, that this
regulation occurs via the Foxos. Given the requirement for Ret in
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time points. (D) Testis histology, H&E stains
or immunostains as indicated. Asterisks at
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logically normal. Asterisk at 4 weeks shows
rare residual germ cell. (E) Foxo1 and Kit
= immunostains of Pten testes at P7. Scale
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SSC maintenance (Ret loss-of-function mutations result in germ
cell depletion in mice), the control of Ret by the PI3K pathway via
Foxo1 rationalizes the SSC self-renewal phenotype observed in our
Foxo mutants (41).

Discussion

This study demonstrates that the Foxos, particularly Foxo1, served
critical and nonredundant roles in SSC homeostasis both in vitro
and in vivo. In their absence, SSCs displayed a decreased ability to
self-renew and differentiate. Foxo function in the male and female
germ line shares some similarities. First, the Foxos are not required
for the differentiation or early development of the germ lineage
in males or females. Rather, the Foxos evolved to control gameto-
genesis within the gonad itself. Whereas Foxo1 is highly expressed
in undifferentiated spermatogonia, Foxo3 is highly expressed in
primordial oocytes, in which it serves to restrain their growth (18).
The unique genetic requirement for Foxol in males and Foxo3 in
females mirrors their high expression at discrete cellular stages in
spermatogenesis or oogenesis. Another intriguing similarity is that
both Foxo1 and Foxo3 undergo relocalization from the cytoplasm
to the nucleus postnatally, coincident with their initial functional
requirement, suggesting that the timing of their activation is criti-
cal for normal germ line development and function. In mammals,
Volume 121 Number 9 3461
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there are 3 principal Foxo genes (and 1 more distantly related mem-
ber, Foxo6), but there is a single ancestral homolog in Caenorhab-
ditis elegans, daf-16, which controls life span and stress resistance
(12). Taken together, studies from our laboratory suggest that this
gene duplication conferred an evolutionary advantage by permit-
ting the Foxos to adopt distinct but controlling roles in oogenesis
and spermatogenesis, 2 processes with many similarities but also
important differences.

One of the more interesting and potentially unexpected find-
ings in this study is that Foxo1 controlled various aspects of sper-
matogenesis, from long-term SSC self-renewal to the initiation of
spermatogenesis and meiosis. The Foxol phenotype also indicated
a requirement in spermiogenesis. The control of diverse steps of
spermatogenesis is surprising, because Foxo1l protein is restricted
to very early progenitors (undifferentiated spermatogonia). We
conclude that in addition to regulating the expression of a net-
work of factors required for spermatogenesis, Foxol initiates a
3462
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Regulation of Foxo1 by the PI3K-Akt
pathway, Pdk1, and control testes. (A)
Schematic of the PI3K-Akt-Foxo path-
way. A receptor (typically a receptor
tyrosine kinase [RTK]) results in PI3K
activation and synthesis of 3-phos-
phoinositides (PIP3). Pten metabo-
lizes PIP3 and acts as a pathway
inhibitor. (B) Pdk1 testes were small
by P14. Testes from 4-month-old
. males are shown. Scale bar: 3 mm. (C)
GCNA-+ cells per tubule and tubules
devoid of germ cells per GCNA.
*P < 0.0001. (D) Testis histology (H&E)
and immunohistochemistry with anti-
bodies as shown. Inset shows alter-
nating Sertoli cells and spermatogonia
(asterisks) on basement membrane
s with complete absence of differentia-
tion and multilayer spermatogenesis.
: Ki67 demonstrates that spermatogonia
P are actively proliferating; the Ki67 index
in spermatogonia was more than 10%
., (data not shown). (E) Foxo1 localiza-
' af 001 tion in Pdk1 testes at various ages as
Cytoplasmic Foxo1 shown. Pdk1 inactivation promotes the
* shift of Foxo1 protein from cytoplasm
Ccontrol  to nucleus at P3. *P < 0.0001. (F) Per-
M Pdki sistence of SSCs in aged (5-month-
old) males. GCNA shows abundant
spermatogonia and absence of empty
tubules. Plzf and Vasa staining of intact
tubules (confocal microscopy) shows
the presence of both undifferentiated
(PIzf*) and differentiated (Plzf-) Vasa*
spermatogonia in aged Pdk1 testes.
Scale bar: 20 um (D-F).
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cascade of events that influence later steps of spermatogenesis.
It is also possible that Foxos are biologically active and regulate
gene expression in subsequent steps of spermatogenesis, even if
individual Foxos are much less abundant than Foxol in undif-
ferentiated spermatogonia. The underexpression of Kit in Foxo
and Pten mutants explains the failure of meiotic initiation and
represents a molecular foothold in understanding this cascade.
However, further investigations will be needed to understand how
the individual Foxo targets identified in this study contribute to
the diverse steps of spermatogenesis. The Foxos join a growing
network of transcription factors — Plzf and Taf4b — that control
early steps of spermatogenesis, including SSC self-renewal (21,
22). Further dissection of functional interrelationships among
these factors and their order of interactions is warranted. In par-
ticular, additional studies such as ChIP-seq will be needed to for-
mally distinguish between indirect and direct Foxo targets, ascer-
tain whether the Foxos act directly upon the Ret promoter or via
Number 9
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Figure 7

In vivo transcriptomic analysis identifies Foxo1 targets including Ret. (A)

Relative mRNA levels in control testes versus Foxo1 testes (n = 3 bio-

logical replicates) by gPCR. (B) Decreased Ret protein in Foxo? and Foxo1/3/4 testes by immunohistochemistry; slides were counterstained with
hematoxylin. In control testis (inset, at the same magnification), Ret is detectable on cell surface of a subset of undifferentiated spermatogonia
(arrows). (C) Ret is decreased in Pten but increased in Pdk1 testes. Scale bar: 20 um (B and C).

other intermediaries, and also determine whether the 3 Foxos act
upon distinct direct targets.

The developmental relocalization of Foxol during the gono-
cyte-SSC transition implies that the subcellular localization of the
Foxos is an important determinant of their biological activity, con-
sistent with prior observations (11, 18). Our studies of PdkI and
Pten mutants showed that the PI3K-Akt pathway is the principal
pathway regulating Foxo1 subcellular localization and activity in
the context of spermatogenesis. Foxo1 is highly expressed and in
an active (nuclear) state in SSCs and is intimately linked with the
“stem state” in spermatogonia. For example, in Pten testes, Foxol
was inactivated, and SSCs became depleted. In contrast, in Pdk1
testes, Foxol remained activated (nuclear), and SSCs were not
depleted. These findings also imply that the inactivation of Foxo1
that occurs physiologically triggers the initiation of spermatogen-
esis. What, in turn, are the extracellular signals influencing this
delicate balance of PI3K and hence Foxo1 activity? Candidates are
avariety of growth factor ligands that bind cognate receptor tyro-
sine kinases or G protein-coupled receptors that act via PI3K. Our
studies of the Kit'7F mutant argue that Kit ligand is not critical,
even though Kit reexpression coincided with Foxo1 relocalization.
In addition, the nuclear and active state of Foxo1l in Gfral* A;and
Ay spermatogonia further argues that the Gdnf-Gfrol/Ret signal-
ing axis is not the principal regulator of Foxo activity in vivo (if
that were the case, pathway activity would drive Foxo1 out of the
nucleus), although this question merits further exploration.

We demonstrated essential roles for Pdk1 and Pten in the male
germ line. Interestingly, both factors are required for spermato-
genic differentiation, as evidenced by the absence of multilayer
spermatogenesis. Pten inactivation resulted in the extinction of
SSCs even before the onset of sexual maturity, whereas in PdkI
testes, SSCs continued to proliferate in aged males. These results
show that SSC maintenance and differentiation depend critically
on the proper balance of PI3K-Akt activity and suggest a model in
which excessive PI3K activity promotes excessive stem cell loss (see
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below). The Pdkl1 phenotype also suggests that PI3K hypoactivity
leads to a failure of spermatogenic progression and meiotic initia-
tion. Although interpretation of these phenotypes may be compli-
cated by the diverse functions of this pathway at multiple points
of spermatogenesis, our results strongly argue that the Foxos and
their targets are pivotal mediators of this balance.

Our results seem at odds with a report that Pten inactivation led
to enhanced germ cell production and testicular teratomas (42).
In the prior study, conditional Pten deletion was performed with
TNAP-cre, which is induced in primordial germ cells by E13.5,
earlier than that with Vasa-cre. All TNAP-cre Pten males developed
multiple bilateral teratomas by birth, whereas we did not observe
teratomas or any other type of abnormal cellular proliferation. Itis
possible that the somewhat earlier timing of Pten deletion promot-
ed teratoma formation. Our results, which seem paradoxical given
the role of Pten as a cell growth and tumor suppressor, are more in
line with those from studies of Pten in HSCs, in which conditional
inactivation resulted in abnormalities in differentiation and long-
term decline of HSCs due to decreased self-renewal potential (43,
44). These HSC phenotypes can be partially rescued by rapamycin,
an mTOR inhibitor. Plzf, a transcription factor needed for SSC
maintenance, indirectly regulates mTOR activity (45). Thus, it will
be interesting to study the relative contributions and interactions
between PI3K-Akt-Foxo and the mTOR pathways in SSCs.

Recent studies have implicated the Foxos in stem cell mainte-
nance. The Foxos, particularly Foxo3, coordinately regulate neural
stem cell homeostasis through genes influencing stress responses
and oxygen metabolism (15, 39). The Foxos also regulate HSC
differentiation and assist long-term maintenance by protecting
against oxidative stress. In contrast to these studies, our transcrip-
tomic analyses did not yield targets relevant to oxygen metabo-
lism or cellular stress responses. Instead, the Foxos appeared to
control a network of genes unique to spermatogenesis, consistent
with diverse studies showing that Foxo functions are biologically
numerous and highly context-dependent (10).
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Figure 8

Model for essential role of Foxos in control of SSC self-maintenance and initiation of spermatogen-
esis. Shown is a SSC capable of self-renewal or commitment to differentiation. Foxo1 is expressed
and in an active (nuclear) state in SSCs (brown), promoting transcription of Ret mRNA and high
levels of protein on the cell surface. Upon binding to Gdnf, an essential SSC growth factor, Ret/
Gfra1 receptor (blue) signals via diverse signaling pathways to promote SSC survival and self-
renewal. Through mechanisms that are not understood but likely to be PI3K-Akt—dependent (data
not shown), Foxo1 becomes inactivated and degraded. Loss of Foxo1 activity then leads to Ret
downregulation and commitment to spermatogenic differentiation. This study showed that in addi-
tion to serving as a marker for SSCs, Foxo1 is functionally associated with the stem cell state
through the regulation of diverse targets, including Ret. For example, after Pten ablation, Foxo1
was inactivated, and Ret expression was low. In contrast, Pdk1 ablation led to constitutive activa-
tion of Foxo1 and high Ret expression, promoting continued SSC self-renewal. These findings
also imply that PI3K signaling must be carefully titrated to balance between SSC self-renewal and
differentiation via the Foxos. Among outstanding remaining questions are (a) how the sequential
expression of the Ret/Gfra1 and Kit receptors is coordinated and regulated directly or indirectly by
Foxo1, (b) how these receptors exert differential responses (given that they signal through similar
signaling intermediaries), and (c) how other well-known SSC maintenance and differentiation fac-
tors, such as Plzf and retinoic acid interact, with PIBK-Foxo. KL, Kit ligand.

would entail the derivation and culture
of SSCs that are null or conditionally
null for the Foxos or other PI3K path-
way components. Such in vitro models,
perhaps coupled with transplantation
experiments, would enable a diversity of
other studies, such as cell cycle analyses,
that would likely lead to further insights
into the diverse molecular mechanisms
by which the PI3K-Foxo pathway regu-
lates the long-term maintenance and dif-
ferentiation of SSCs.

In conclusion, the Foxos are pivotal
regulators of SSC self-renewal and differ-
entiation (summarized in Figure 8). Like
other adult stem cells, SSCs represent a
finite reserve that needs to be maintained
throughout life. The importance of the
Foxos in organismal aging (12), com-
bined with our discovery of their func-
tion in SSC self-renewal suggests that the
Foxos function throughout life to pro-
tect this finite resource. It seems likely
that abnormalities in SSC maintenance
account for some cases of male infertility,
one of the most common conditions for
which medical attention is sought. Con-
versely, the overexpansion of cells with
stem cell-like properties is thought to be
arequisite for cancer. Testicular cancer is
the most common cancer in young men,
and most of these tumors are composed
of cells with SSC-like properties (48).
Thus, these findings and future investi-

The regulation of Ret rationalizes to a large extent the observed
Foxo defects in long-term SSC maintenance. By in situ methods,
Ret was virtually undetectable in Foxol and Foxo1l/3/4 undifferen-
tiated spermatogonia in vivo. In enteric neuron progenitors, Ret
acts through diverse pathways, including Ras-MAPK, PI3K-Akt,
PLC-y, and Src pathways, to regulate proliferation, differentiation,
and long-term survival (46). Ret also acts through these pathways
to promote SSC survival and proliferation (2, 38). Ret inactivation
results in severe defects in SSC proliferation and differentiation by
P7, eventually leading to SSC depletion (8, 41). The similarity of
the Ret and Foxo phenotypes and these previous studies together
strongly argue that Ret downregulation accounts for the observed
Foxo phenotypes in SSC maintenance. Finally, the possibility that
Foxos control Ret expression in diverse neuronal populations also
merits further investigation, particularly as the Foxos promote
neuronal survival (47).

The studies presented here, which were based on in vivo analyses
of diverse genetic models, including conditional germ line mutants,
imply an intimate relationship between Foxo1 expression and stem
cell potential. They also argue that the Foxos function in a cell-
autonomous manner to maintain SSC potential. Future dissection
of the role of the Foxos and the PI3K pathway in the regulation of
SSC long-term maintenance would likely benefit from the devel-
opment and exploitation of in vitro models. One such approach
3464
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gations of the PI3K-Akt-Foxo pathway in

SSCs using the models described herein
should lead to important insights into the etiology of these clini-
cally important but poorly understood conditions.

Methods
Mouse strains, breeding, and analysis. This study was approved by the Univer-
sity of Texas Southwestern (UTSW) Institutional Animal Care and Use
Committee. All alleles were in an FVB/n background (backcrossed at least
n =10 generations). Generation of the Vasa-cre, Pten/*, Pdk1"/*, Kit'71F, and
Foxol%/"/Foxo3"/Y/ Foxo 4"/" alleles and genotyping protocols were previously
described (18, 20, 24, 49, 50). Young Vasa-cre males (<10 weeks of age) were
used for second-generation cross to avoid potent maternal effects observed
with females (18, 20) and global recombination sometimes observed with
older males. Testes from experimental and control animals (n = 3) (siblings
not inheriting Vasa-cre) were evaluated as biological replicates for each time
point in tissue-based analyses.

Tissue processing, immunobistochemistry, and immunofluorescence. For immuno-
histochemistry, tissues were fixed in 10% buffered formalin overnight,
embedded in paraffin, and cutinto 5-um sections. Slides were deparaffinized
in xylene, hydrated in an ethanol series, subjected to antigen retrieval by boil-
ing in 10 mM sodium citrate, and cooled at room temperature (RT) for 20
minutes. The detection system was Immpress (Vector Laboratories). Tissue
sections from experimental and control samples were placed on the same
slide to ensure identical processing. For whole-mount immunofluorescence,
seminiferous tubules were mechanically dissociated in PBS on ice and fixed
Volume 121
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overnight in 4% paraformaldehyde. Tubules were dehydrated in a series
of methanol washes and stored at -20°C. To rehydrate and permeabilize,
tubules were put through a series of washes with methanol/PBS plus 0.1%
Tween-20. Tubules were blocked with 1% BSA/PBS at RT (Thermo Sci-
entific Blocker no. 37525) for 2 hours, and primary antibody was added
in 0.5% BSA/PBS with 0.02% sodium azide and incubated at 4°C over-
night. Tubules were washed 3 times for 10 minutes each time in PBS at
RT. Secondary antibody (Invitrogen; Alexa Fluor 555 a-mouse, catalog no.
A-21422, or Alexa Fluor 488 a-rabbit, catalog no. A-11008) was added at
1:1,000 in 0.5% BSA for 2 hours at RT followed by DAPI (Pierce Protein
Research Products, catalog no. 46290; 1:10,000 in PBS). Tubules were
placed on glass slides and mounted in Vectashield (Vector Laboratories).
Microscopy was performed with a Leica TCS SPS confocal microscope with
a x40 oil immersion lens using 543-nm HeNe laser (26% full power) and
488-nm Ar laser (15% full power) excitation.

Antibodies for immunofluorescence and immunohistochemistry. Antibodies and
titers used were Foxo1 (Cell Signaling Technology, no. 2880; 1:200 immuno-
histochemistry, 1:50 immunofluorescence), Kit (Cell Signaling Technology,
no. 3074; 1:200 immunohistochemistry, 1:50 immunofluorescence), Plzf
(1:150 immunohistochemistry, 1:50 immunofluorescence), germ cell nucle-
ar antigen (GCNA; 1:150 immunohistochemistry) (51), Ret (IBL America,
no. 18121; 1:20 immunohistochemistry, 1:50 immunofluorescence), p-AKT
(Cell Signaling Technology, no. 92718S; 1:100 immunohistochemistry), and
Gfral (R&D Systems, catalog no. AF560; 1:100 immunofluorescence).

Germ cell counts and differentiation index. After GCNA immunohisto-
chemistry (see above), testis sections were analyzed by counting GCNA*
cells per tubule (# = 3 testes). The average number of GCNA* germ cells
per tubule was determined per animal in each genotype. A minimum of
50 tubules was included per genotype of P1 to P7 animals or 75 tubules
per genotype of P14 to adult animals. Empty tubules were defined by the
complete absence of GCNA* cells. The differentiation index was used as a
measure of the percentage of tubules showing multilayer spermatogenesis,
defined as the presence of any viable germ cells forming an additional layer
not associated with the tubular basement membrane. At least 100 tubules
were counted per testis, and testes from at least 2 animals were analyzed
for each genotype. Student’s 2-tailed ¢ test was used to assess statistical
significance (defined as P < 0.05).

Expression profiling and real-time PCR. cDNA was generated using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
catalog no. 4368814). qPCR was performed as previously described (52)
using TagMan Gene Expression Assays (Applied Biosystems ID numbers,
Mm01343388_g1 Dppa4; Mm00490671_m1 Foxol; Mm00436304_m1
Ret; Mm00456650_m1 Egr2; MmO00842279_g1 Egr4; Mm01240680_m1
Sall4; Mm00521776_m1 Lhx1; Hs99999901_s1 eukaryotic 18s rRNA).
Additional information regarding the probe target sequences is available
through the Applied Biosystems website (http://www.appliedbiosystems.
com) or through the NCBI TagMan probe database (http://www.ncbi.nlm.
nih.gov/projects/genome/probe/doc/ProjTagMan.shtml). PCR reactions
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were set up using TagMan Gene Expression Master Mix (Applied Biosys-
tems, catalog no. 4369016) per the manufacturer’s instructions.

Expression profiling. Testes were dissected from P4 mice and immediately
homogenized in 1 ml Tripure (Roche). RNA was prepared per the manu-
facturer’s instructions and resuspended in RNase-free water (30 ul/testes).
Quality and purity of the RNA was checked by spectrophotometry and gel
electrophoresis. RNA samples were submitted to the UTSW Microarray
Core for labeling and hybridization per standard protocols. Each geno-
type was submitted in triplicate using independent testis samples and
hybridized to the Illumina Mouse-6 V2 BeadChip. Analysis was performed
using BeadStudio software with quantile normalization. Microarray data
on mouse Kit expression during postnatal development was obtained
from the NCBI, Gene Expression Omnibus Profiles, series GSE640 (53).
Microarray data from our study was deposited in the Gene Expression
Omnibus (series GSE31282; http://www.ncbi.nlm.nih.gov/projects/geo/
query/acc.cgi?acc=GSE31282).

Statistics. Data were graphed and analyzed using GraphPad Prism 5. Two-
tailed Student’s ¢ tests were used to evaluate significance and calculate
P values, with threshold values as described in the Results or figure leg-
ends. Error bars represent standard deviation of mean values. A P value of

less than 0.05 was considered significant.
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