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ABSTRACT

Overactive WNT/beta-catenin signaling has been found in
many forms of cancer in human patients. Mouse models with
mutations in different components of the WNT/beta-catenin
signaling pathway have been generated to mimic tumorigenesis
in humans. Mice with mutations that result in overactive WNT/
beta-catenin signaling developed tumors in some tissues, such as
digestive tract, skin, and ovary, but they failed to develop tumors
in other tissues, such as mammary gland, liver, kidney, and
primordial germ cells. To investigate whether overactive beta-
catenin signaling is capable of inducing Sertoli cell tumorigen-
esis in testes, we generated Ctnnb1tm1Mmt/+;Tg(AMH-cre)1Flor
male mice that express a constitutively active form of beta-
catenin specifically in Sertoli cells. No tumors were observed at
4 mo of age, but 70% of the mutant males developed Sertoli cell
tumors at 8 mo of age. At 1 yr of age, more than 90% of the
mutant males developed tumors. No instances of extratesticular
spread of the tumors were found in the mutant mice. These
studies show a causal link between overactive WNT/beta-
catenin signaling and Sertoli cell tumor development and
provide a novel mouse model for the study of Sertoli cell tumor
biology.

Beta-catenin, Sertoli cell tumor, Sertoli cells, testis

INTRODUCTION

Sex cord-stromal tumors represent approximately 4% of all
testicular tumors and occur over a wide age range in humans
[1]. Four major groups of sex cord-stromal tumors exist: Sertoli
cell tumors (SCTs), Leydig cell tumors, granulosa cell tumors,
and unclassified tumors [2]. Typical tumor types of these
different groups have distinct histopathological features. For
example, SCTs have differentiated tubule formation, whereas
Leydig cell tumors have abundant eosinophilic cytoplasm and

granulosa cell tumors have follicle differentiation. Although
much is known about the molecular pathogenesis of sex cord-
stromal tumors, the etiology of SCTs and other sex cord-
stromal tumors remains unclear.

The WNT/b-catenin signaling pathway is known to play
important roles in multiple developmental processes and
tumorigenesis. In the canonical WNT/b-catenin signaling
pathway, b-catenin is involved in the transduction of
extracellular WNT signals to the nucleus. In the absence of
WNTs, cytoplasmic b-catenin is phosphorylated by glycogen
synthase kinase-3b (GSK3B) and casein kinase 1 (CSNK1)
bound to the adenomatosis polyposis coli (APC) complex and
is targeted for degradation through the ubiquitination pathway.
In the presence of WNTs, the WNT pathway is activated to
inhibit GSK3B, resulting in the stabilization and cytoplasmic
accumulation of b-catenin. The stabilized b-catenin translo-
cates into the nucleus and regulates the transcription of
downstream target genes [3–5]. In humans, approximately
90% of colorectal cancers are associated with activation of the
WNT/b-catenin signaling pathway, including inactivating
mutations in the tumor suppressor gene APC or activating
mutations in CTNNB1 [6]. Activating mutations of the WNT/b-
catenin signaling pathway also are described less frequently in
a large number of other tumor types, such as melanoma [7, 8],
ovarian carcinoma [9, 10], hepatoblastoma [11, 12], and Wilms
tumor [13].

Many mouse models with mutations in the WNT/b-catenin
signaling pathway have been generated to dissect the roles of
individual components in cancer development. These mouse
models also provide strong evidence supporting a causative
role of misregulated WNT/b-catenin signaling in tumor
development. For example, different inactivating mutations in
Apc and constitutively active mutations in Ctnnb1 caused
intestinal adenomas in mice [14–16]. Mice expressing a
stabilized form of b-catenin in epidermis or ovarian granulosa
cells developed pilomatricomas and ovarian granulosa tumors,
respectively [17, 18]. However, overactivation of the WNT/b-
catenin signaling pathway failed to cause tumor formation in
many other tissues in mice, such as secretory epithelia, liver,
kidney, and primordial germ cells [19–22].

b-Catenin is expressed in Sertoli cells starting from
Embryonic Day (E) 15.5, mainly on the Sertoli cell membrane
(undetectable in the nucleus). We recently investigated the role
of b-catenin signaling in Sertoli cells during testis development
by both loss-of-function and gain-of-function studies [23].
Conditional knockout of b-catenin in Sertoli cells did not affect
testis formation, but stabilization of b-catenin in Sertoli cells
caused severe phenotypes, including testicular cord disruption,
germ cell depletion, and inhibition of Müllerian duct
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regression. These results suggested that inhibition of b-catenin
signaling is essential for Sertoli cell and testicular cord
maintenance and germ cell survival during testis development.
To investigate whether overactive b-catenin signaling is
capable of inducing SCT development, we generated
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor male mice that express a
stabilized form of b-catenin specifically in Sertoli cells and
examined the testes of mice at various ages for tumor
formation. We found that mutant males developed either
unilateral or bilateral SCTs after 8 mo of age. These studies
demonstrate that overactive WNT/b-catenin signaling in Sertoli
cells causes Sertoli cell tumorigenesis in mice, and they
provide a novel mouse model for the study of SCT biology.

MATERIALS AND METHODS

Mice

Tg(AMH-cre)1Flor mice and Ctnnb1tm1Mmt/tm1Mmt mice were maintained on
a C57BL/6 3 129/SvEv mixed genetic background. Male Tg(AMH-cre)1Flor
mice were mated with female Ctnnb1tm1Mmt/tm1Mmt mice to produce offspring
with the genotype of Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor or Ctnnb1tm1Mmt/þ;
þ/þ. Genotyping was performed by polymerase chain reaction as described
elsewhere [15, 24]. All experimental procedures using mice were approved by
the University of Texas M.D. Anderson Cancer Center Animal Care and Use
Committee.

Tissue Collection and Histological Analysis

Testes were dissected from mutant and control males at various time points.
For paraffin sectioning, tissues were fixed in 4% paraformaldehyde overnight,
embedded in paraffin, and sectioned at a thickness of 4 lm. After dewaxing, the
sections were stained with hematoxylin and eosin for histological analyses. For
frozen sectioning, samples were directly embedded in OCT medium on dry ice
and stored at�808C before sectioning. Cryosections were cut at a thickness of
10 lm.

Immunohistochemistry/Fluorescence

Immunohistochemical analysis was carried out using the Vectastain ABC
(avidin-biotin-peroxidase) kit (Vector Laboratories) as recommended by the
manufacturer. Endogenous peroxidase activity was destroyed using 3%
hydrogen peroxide for 20 min. Antigen recovery was performed by boiling
samples in 0.01 M sodium citrate buffer (pH 6.0) for 20 min. Sections were
incubated with 5% bovine serum albumin in PBS for 30 min at room
temperature and then incubated for 1 h at room temperature with either anti-b-
catenin antibody (C 2206; Sigma), anti-3b-hydroxysteroid dehydrogenase
(anti-3b-HSD) antibody (sc-30821; Santa Cruz), anti-cyclin D1 antibody
(#2978; Cell Signaling), anti-MYC antibody (#9402; Cell Signaling), or anti-
phosphorylated histone H3 (anti-PH3) antibody (#06-570; Upstate) at dilutions
of 1:2000, 1:200, 1:25, 1:100, and 1:200, respectively. After three washes with
PBS, the sections were incubated with biotinylated secondary antibody (BA-
1000; Vector Laboratories) at a dilution of 1:250 for 45 min at room
temperature. After incubation with avidin-biotin-peroxidase complex for 45
min, the sections were washed with PBS. The color was developed with 3-
amino-9-ethylcarbazole substrate. Samples were counterstained with Harris
hematoxylin. Wilms tumor 1 (WT1) immunofluorescence was performed on
cryosections using an anti-WT1 primary antibody (sx-192; Santa Cruz) at a
dilution of 1:200. PH3 and b-catenin double immunofluorescence was
performed on paraffin sections by mixing anti-PH3 antibody and anti-b-
catenin antibody (sc-1496; Santa Cruz) at dilutions of 1:200 and 1:50,
respectively. All secondary antibodies were Alexa Fluor-conjugated antibodies
from Molecular Probes and used at a dilution of 1:400. Sections were finally
mounted using Vectashield mounting medium with 40,60-diamidino-2-phenyl-
indole (H1200; Vector Laboratories).

RESULTS

b-Catenin Stabilization in Sertoli Cells Causes Testicular
Tumor Development

To test whether overactive b-catenin signaling results in
tumorigenesis in Sertoli cells, we crossed the Ctnnb1tm1Mmt/þ

mouse line to the Sertoli cell-specific Tg(AMH-cre)1Flor
mouse line to generate Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor
male mice. Exon 3 of Ctnnb1, which encodes several
phosphorylation sites required for b-catenin degradation, is
flanked by loxP sites in the Ctnnb1tm1Mmt/þ mouse line [15].
Expression of Cre in Sertoli cells removes exon 3 of Ctnnb1
and, therefore, leads to the accumulation of b-catenin protein in
Sertoli cells of the Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor male
mice. The accumulation of b-catenin protein in Sertoli cells
started from E13.5 in Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor
testes, and mutant males developed small testes at 7 wk of
age because of disruption of testicular cords and loss of germ
cells. Only a few degenerated tubules were found in mutant
testes [23]. To investigate whether accumulation of b-catenin
protein in Sertoli cells is capable of inducing SCT development
in the remaining degenerated tubules, we aged the
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor male mice and examined
the testes at various ages for tumor formation. We did not
detect any tumor formation in 4-mo-old mutant males. Of the
15 mutant males generated, none developed tumors as
determined by gross examination when killed at 4 mo of age.
However, more than 70% of the mutant males developed
testicular tumors at 8 mo of age (n¼ 10 of 13). The incidence
increased over time; more than 90% of the mutant males
developed testicular tumors at 1 yr of age (n¼ 12 of 13). The
testicular tumors that developed in the b-catenin conditionally
stabilized mutants were either unilateral or bilateral. At 8 mo of
age, among the 10 mutant males that developed tumors, four
had unilateral tumors, and six had bilateral tumors. At 12 mo of
age, among the 12 mutant males that developed tumors, two
had unilateral tumors, and 10 had bilateral tumors. Although
some of the tumors were large in size and seemed to increase
over time, detailed necropsies failed to detect any instance of
extratesticular spread of the tumors in these mutant mice.
Control male mice with the genotype of Ctnnb1tm1Mmt/þ;þ/þ
developed no testicular tumors at 4-, 8-, or 12-mo of age (n¼
12, 10, and 19, respectively) (Fig. 1).

Tumor Cells in b-Catenin Stabilized Mutant Mice
Are of Sertoli Cell Origin

We performed histological analysis on the testes of control
and b-catenin conditionally stabilized mutant mice at different
ages. In the testes of 4-mo-old control mice, well-organized
seminiferous tubules contained all the different stages of germ
cells (spermatogonia, spermatocytes, spermatids, and sperma-
tozoa), suggesting that spermatogenesis occurred normally (Fig.
2, Aa and Ad). However, the testes of Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor mice at 4 mo of age were much smaller compared to
those of control mice. Unlike control testes, mutant testes lacked
testicular cord structure and contained only a few degenerated
tubules. Spermatogenesis was completely absent in these
remaining tubules. Clumps of Sertoli cells remained in the
remnants of tubules (Fig. 2, Ab and Ae). The size of mutant
testes increased significantly at 8 mo of age because of tumor
formation. Histological examination revealed that the tumor
mainly consisted solid nests of disorganized tumor cells and
fibroblast-like stroma cells. Multiple blood-filled cysts lined
with tumor cells were seen in all the tumors (Fig. 2, Ac and Af).

To determine whether tumors originated from Sertoli cells
with stabilized b-catenin, we performed b-catenin immuno-
staining on the tumor samples. Only weak b-catenin immuno-
reactivity was found in Sertoli cells of the control testes, but
cells in the tumor mass were strongly positive for b-catenin
staining (Fig. 2, Ba and Bb). Because b-catenin was
specifically stabilized in Sertoli cells, the strong staining of
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b-catenin in tumor cells indicates that the testicular tumors in
the Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice are of Sertoli cell
origin. We also performed immunohistochemical analysis on
tumor samples for a Sertoli cell marker, WT1. Tumor cells
were strongly positive for WT1, further confirming their Sertoli
cell origin (Fig. 2, Bc and Bd).

Sertoli cells are thought to be important for the development
and function of Leydig cells. They secrete either stimulatory or
inhibitory factors to regulate the production of testosterone in
Leydig cells [25]. To investigate whether Leydig cells were
affected by the stabilization of b-catenin in Sertoli cells, we
performed immunohistochemical analysis on mutant testes at

different ages using the Leydig cell marker, 3b-HSD. At 4 mo
of age, we observed clumps of Leydig cells surrounding the
degenerated tubules in mutant testes as indicated by 3b-HSD
immunostaining (Fig. 2Ah). With the onset of Sertoli cell
tumorigenesis, tumor cells proliferated and became the
dominant cell type in the mutant testes at 8 mo of age. Leydig
cells were more isolated but still present inside or peripheral to
the tumor mass (Fig. 2Ai).

Tumor Onset Coincides with Increased Cell Proliferation

Because we observed tumor formation and increased testis
size in the Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice after 8 mo
of age, the proliferation status of the cells in the testes was
assessed by PH3 immunohistochemistry in mutant mice of
different ages (Fig. 3). We found a limited number of cells
within the disrupted cords to be proliferating at 4 mo of age
(,1% of cells were positive for PH3 staining). However, the
number of proliferating cells increased significantly at 8 mo of
age, when approximately 8% of cells were positive for PH3
staining, which is consistent with the tumor onset time. Tumor
cell proliferation was reduced at 12 mo of age, when
approximately 2% of the cells were shown to be positive for
PH3 staining. To investigate whether those proliferating cells at
8 mo of age were tumor cells, we performed double-
immunofluorescent staining of b-catenin and PH3 and found
that the proliferating cells were positive for b-catenin staining
(Fig. 3C).

Other Histologic Subtypes of SCTs in the
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor Tumor Model

The tumor cells in the Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor
testes generally were polygonal, with little to moderate
amounts of eosinophilic cytoplasm and oval regular nuclei.
Tumor cells formed a nest-like pattern with no obvious
structure. Fibroblast-like stromal cells often were found to be
mingled with the tumor cells. The nest-like type of pathology
was found in all of the tumors (n¼ 22, with 16 bilateral and 6
unilateral) (Fig. 4A and Table 1). However, areas of tubular
differentiation also were found in some of the bilateral tumors

FIG. 1. Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1-
Flor male mice develop testicular tumors. A)
Normal testes of control males at 8 mo of
age (arrows; left) and testicular tumor
developed in the Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor male mice at 8 mo of age (arrows;
right). B) Incidence of the testicular tumor
development in Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor male mice. No tumors were found
in mutant mice at 4 mo of age, but more
than 70% of the mutant males (n ¼ 10 of
13) developed tumors at 8 mo of age. The
incidence increased to more than 90% at 1
yr of age (n ¼ 12 of 13).

TABLE 1. Histological analysis of the SCTs in Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor mice.

Age Mouse no. Tumor type
Tumor pathology

(one side/the other side)a

8 Mo 19-1 Unilateral 1/0
20-3 Unilateral 1/0
21-3 Unilateral 1/0
21-6 Unilateral 1/0
19-4 Bilateral 1,2/1,2
19-6 Bilateral 1/1,2
20-1 Bilateral 1/1,2
20-6 Bilateral 1/1,2
21-5 Bilateral 1/1
22-3 Bilateral 1/1,2

12 Mo 14-1 Unilateral 1/0
14-7 Unilateral 1/0
13-1 Bilateral 1/1
13-4 Bilateral 1/1
15-2 Bilateral 1/1
15-4 Bilateral 1/1
16-1 Bilateral 1,2/1,3
18-1 Bilateral 1/1,2
18-3 Bilateral 1/1,2
18-5 Bilateral 1/1
18-7 Bilateral 1/1
18-9 Bilateral 1/1

a 0 ¼ no tumor; 1 ¼ nest-like type; 2 ¼ tubular type; 3 ¼ round-nucleus
type.
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(n¼ 8 of 16). Tumor cells formed cord-like structures having a
clear boundary with surrounding tissues (Fig. 4B). In one 12-
mo-old mouse that developed bilateral tumors (mouse 16-1), a
clump of tumor cells with moderate amounts of eosinophilic
cytoplasm but very round nuclei were found focally, whereas
the rest of the tumor was of the nest-like type in one side of the
testes (Fig. 4C). It should be noted that the tubular or round-
nucleus type of pathology was always found with the nest-like
type inside the tumors.

To confirm cells within the tubular and round-nucleus types
of pathology also are of Sertoli cell origin, we performed
immunohistochemical analysis of b-catenin on tumors with
mixed tumor pathology. Similar to the nest-like type of cells,
the presence of b-catenin staining also was found in the tubular
and round-nucleus types of tumor cells, indicating that they are

all from Sertoli cells with stabilized b-catenin (Fig. 4, D–F).
Cyclin D1 (CCND1) and MYC are two well-known down-
stream target genes of the b-catenin signaling pathway that are
involved in the colorectal tumorigenesis [26, 27]. To determine
whether cyclin D1 played a role during the development of
SCTs in the Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice, we
performed immunohistochemical analysis of cyclin D1 on the
tumor samples. In tumor cells with a nest-like or tubular
pattern, very few cells were positive for cyclin D1 staining.
However, the round-nucleus type of tumor cells was strongly
positive for cyclin D1 staining, suggesting that the round-
nucleus tumor might be a different subtype of SCT (Fig. 4, G–
I). We also performed immunohistochemistry of MYC on the
tumor samples and found that tumor cells were negative for
MYC staining in all three types of tumor cells, suggesting that

FIG. 2. Tumor progression in
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor male
mice. Aa–Af) Normal histology in testes of
4-mo-old control males (low magnification,
Aa; high magnification, Ad), and progres-
sive development of testicular tumors in
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor males
of different ages (low magnification, Ab and
Ac; high magnification, Ae and Af), shown
by hematoxylin and eosin staining. Ag–Ai)
Immunostaining with Leydig cell marker
3b-HSD identified Leydig cells in testes of
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor and
control mice at different ages. B) b-Catenin
(red) and WT1 (green) immunostaining on
control testes and tumors. Tumor cells were
positive for b-catenin and WT1 staining,
indicating their Sertoli cell origin (Bb and
Bd, respectively). Bar ¼ 250 lm (Aa–Ac)
and 100 lm (Ad–Bd).
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MYC is not involved in the SCT tumorigenesis in the
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice (Fig. 4, J–L).

DISCUSSION

SCT Model

In humans, most SCTs in children are benign, but up to 20%
in adults are malignant [28]. The molecular mechanisms
underlying Sertoli cell tumorigenesis largely remain unknown.
Mouse models have been widely used as a powerful tool for the
study of tumorigenesis in various tissues and for the
development of potential treatments. However, very few
mouse models of SCT have been established. Transgenic mice
carrying SV40 T antigen driven by human Müllerian-inhibiting
substance regulatory sequences developed testicular tumors
composed of a cell type histologically resembling the Sertoli
cell [29]. The tumor incidence was not studied in this model,
however, because all transgenic lines could not be maintained
as a result of reduction in fertility. Inhibin a was identified as a
tumor-suppressor gene in the gonads and adrenals [30]. The
inhibin a knockout male mice develop mixed gonadal stromal
tumors with 100% penetrance. These tumors develop as early

as 4 wk of age and cause a progressive, cachexia-like wasting
syndrome; 95% of the mice die of the severe cachexia-like
syndrome by 12 wk of age. In another study, double-
conditional knockout of Smad1 and Smad5 in mice using
Amhr2tm3(cre)Bhr/þ causes the development of metastatic
Sertoli-Leydig cell tumors [31]. The tumors develop after 28
wk of age and show lymphatic and peritoneal metastases.
These studies provide important insights regarding the
development of mixed sex cord-stromal tumors; however,
their value as animal models for human patients with SCT are
limited. In the present study, we generated a novel mouse
model of SCT by stabilizing b-catenin in Sertoli cells. The
stabilization of b-catenin in Sertoli cells caused unilateral or
bilateral SCT development with high penetrance but no
extratesticular spread of the tumors, even in 1-yr-old mutants.
In the SCTs that Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice
developed, tumor cells predominantly formed a nest-like
pattern, but they also formed tubular structures. Both of these
tumor structures also are found in human patients with SCTs
[32]. These features make our model a better mimic of Sertoli
cell tumorigenesis in humans.

FIG. 3. Increased cell proliferation in
tumor cells of Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor mice at 8 mo of age. A) Immu-
nostaining with the proliferation marker
PH3 identified mitotic cells in testes of
Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice at
different ages. The number of mitotic cells
increased significantly at 8 mo of age,
which is consistent with the tumor onset
time. B) Quantitative analysis showed that
approximately 8% of cells were positive for
PH3 staining at 8 mo of age, as compared
with less than 1% and approximately 2% at
4 mo of age and 1 yr of age, respectively.
**P , 0.01. C) Double-immunofluorescent
staining of b-catenin and PH3 on tumors at
8 mo of age. Left, b-catenin (red) was highly
accumulated in tumor cells; middle, one
PH3-positive (green) proliferating cell;
right, merge showing the proliferating cell
was positive for b-catenin staining (arrow).
Bar ¼ 100 lm.
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b-Catenin, both as an important effector of the canonical
WNT signaling pathway and as a regulator of cell adhesion,
has been demonstrated to be involved in tumorigenesis in many
tissue types. However, its potential role in Sertoli cell
tumorigenesis is unknown. Boyer et al. [33] crossed the same
Ctnnb1tm1Mmt mouse line with Amhr2tm3(cre)Bhr/þ to stabilize b-
catenin in both Leydig and Sertoli cells. Mutant mice had
testicular atrophy starting at 5 wk of age, but no animals
developed tumors by 8 mo of age. The relatively mild
phenotype of Ctnnb1tm1Mmt/þ;Amhr2 tm3(cre)Bhr/þ mice proba-
bly results from the weak Cre activity. It is not clear whether
the Ctnnb1tm1Mmt/þ;Amhr2 tm3(cre)Bhr/þ male mice will develop
SCT later in life, because no mice were examined beyond 8 mo
of age in their study. We generated Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor male mice with b-catenin specifically stabilized in
Sertoli cells and found that 70% of the mutant males developed
SCT at 8 mo of age. Our study shows a causal link between
overactive b-catenin signaling and SCT development in mice.
In the future, analyzing the b-catenin expression level or
searching for b-catenin mutations in tumor samples from
human patients will provide knowledge about whether over-
activation of b-catenin signaling also plays a role in Sertoli cell
tumorigenesis in humans.

Leydig Cells Cross Talk with Sertoli and Germ Cells

Several studies have indicated that other cell types in the
testes, such as Sertoli cells and germ cells, can affect Leydig
cell morphology and function [25]. Several Sertoli cell factors

have either stimulatory or inhibitory effects on the production
of testosterone in primary-cultured Leydig cells in vitro [25,
34, 35]. Results of several in vivo studies also have suggested
that Leydig cell morphology and function are affected when
spermatogenesis is disrupted [36, 37]. However, evidence has
been conflicting in terms of whether Sertoli cells and germ
cells are required for normal Leydig cell function. A recent
study indicated that Leydig cells are viable and function
normally in the absence of Sertoli cells and germ cells. In Wt1
Sertoli cell knockout mice, the testicular cords are disrupted at
embryonic stages followed by the loss of germ cells. However,
Leydig cells proliferated normally, and the levels of serum
testosterone are within normal ranges in the adult mutant males
[38]. In our study, we stabilized b-catenin protein in Sertoli
cells using the Tg(AMH-cre)1Flor mouse line. The mutant
testes lacked normal testicular cord structures, and spermato-
genesis was completely abolished. However, before the tumor
onset, Leydig cells were found in the interstitial spaces of the
mutant testes. We also measured serum testosterone levels of
adult mutants and found that they were not significantly
different from those of the controls (data not shown). After the
tumor onset, Sertoli cells proliferated rapidly and became the
dominant cell type in the mutant testes after 8 mo of age.
Leydig cells were isolated but still existed inside or at the
periphery regions outside the tumor mass. Our results suggest
that Leydig cells at adult stages can survive and function
normally in the absence of normal Sertoli cells and
spermatogenesis.

FIG. 4. Microscopic features of testicular
tumors in b-catenin stabilized mutants. A–
C) Three types of tumor morphologies
developed in mutant mice: tumor cells
forming a nest-like pattern as the dominant
type, tumor cells forming a tubular pattern,
and tumor cells with very round nuclei. D–
F) Immunohistochemical analysis of b-
catenin on tumor samples. b-Catenin stain-
ing were observed in all three types of
tumor cells. G–I) Immunohistochemical
analysis of cyclin D1 on tumor samples. In
tumors with a nest-like pattern and tubular
pattern, very few tumor cells were positive
for cyclin D1 staining. However, in the
round-nucleus tumor type, almost all tumor
cells were positive for cyclin D1 staining. J–
L) Immunohistochemical analysis of MYC
showed that tumor cells were negative for
MYC staining in all three types of tumor
cells. Bar ¼ 50 lm.
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Model of SCT Tumorigenesis in Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor Mice

Stabilization of b-catenin can cause either cell-cycle arrest
followed by apoptosis [22, 39, 40] or enhanced cell
proliferation [15, 41–43], depending on tissue types. However,
stabilization of b-catenin in embryonic Sertoli cells did not lead
to either apoptosis or overproliferation. b-Catenin was highly
accumulated in Sertoli cells of Ctnnb1tm1Mmt/þ;Tg(AMH-
cre)1Flor mice after E14.5. However, Sertoli cells proliferated
normally and did not undergo apoptosis, but they lost Sertoli
cell markers SOX9 and AMH and failed to support
spermatogenesis [23]. In the present study, we found increased
cell proliferation in Sertoli cells with stabilized b-catenin at 8
mo of age. It does not appear that the increased cell
proliferation is directly caused by b-catenin stabilization,
because b-catenin was stabilized at embryonic stages. We
hypothesize that stabilization of b-catenin might create a ‘‘first
hit’’ in Sertoli cells, which makes Sertoli cells dysfunctional.
They lose expression of some Sertoli cell markers, such as
SOX9 and AMH, and fail to support spermatogenesis.
However, they are not tumor cells at this stage, and they do
not proliferate actively. Over time, a ‘‘second hit,’’ such as
other somatic mutations, might transform these cells to tumor
cells, and they start to expand very quickly by active
proliferation.

It is important to note that in both human patients with SCT
and our SCT mouse model, SCTs contain more than one type
of pathology. We observed a nest-like type of tumor cells as the
dominant form in Ctnnb1tm1Mmt/þ;Tg(AMH-cre)1Flor mice,
and we observed a tubular type or round-nucleus type of tumor
cells less frequently. It is possible that all three types of tumor
cells are primary tumor cells and that the difference in
pathology results from different secondary hits in Sertoli cells
with stabilized b-catenin. It also is possible that the tubular and
round-nucleus type of tumor cells (especially the round-
nucleus type) are secondary to nest-like tumor cells, because
they were found less frequently and always mixed with nest-
like type of tumor in the testes.
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