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Inhibin and activin are members of the TGF 3 family
that perform mutually antagonistic signaling roles
in the anterior pituitary, gonads, and adrenal gland.
Unopposed activin signaling in inhibin-null
(Inha—/—-) mice causes the formation of granulosa
cell tumors in the gonads and adrenal cortex,
which depend upon FSH for efficient growth and
progression. In this study, we demonstrate that
Smad3, a key effector of activin signaling, is ex-
pressed at high levels and is constitutively acti-
vated in tumors from these mice. Removal of
Smad3 from Inha—/— mice by a genetic cross to
Smad3-null (Madh3—/—) mice leads to a significant
decrease in cyclinD2 expression and a significant
attenuation of tumor progression in the gonads
and adrenal. The decrease in cyclinD2 levels in
compound knockout mice is related to a reduction

in mitogenic signaling through the phosphoinosi-
tide-3-kinase (PI3-kinase)/Akt pathway, which is
required for normal cell cycle progression in tumor
cells. Loss of PI3-kinase/Akt signaling cannot be
attributed to alterations in IGF expression, sug-
gesting instead that signaling through the FSH re-
ceptor is attenuated. Gene expression profiling in
the ovaries of Madh3—/— and Inha—/—:Madh3—/—
compound knockout mice supports this hypothe-
sis and further suggests that Smad3 is specifically
required for FSH to activate PI3-kinase/Akt, but not
protein kinase A. Together these observations im-
ply that activin/Smad3 signaling is necessary for
efficient signaling by FSH in Inha—/— tumor cells
and that interruption of this pathway uncouples
FSH from its intracellular mitogenic effectors. (Mo-
lecular Endocrinology 21: 2440-2457, 2007)

SUCCESSFUL PRODUCTION OF mature gametes
by the male and female gonads is dependent
upon appropriate specification and growth of the so-
matic cell compartment. Somatic cells of the ovary
and testis are instructively directed to differentiate and
proliferate by a complex set of precisely orchestrated
signals that emanate from multiple cellular sources.
Although many of the early signals that direct specifi-
cation of somatic cell fates are intrinsic to the local
environment of the gonad, further proliferation and
differentiation of these cells is dependent upon extrin-
sic hormonal signals from pituitary gonadotropes,
which produce FSH and LH (1-3).

Studies performed in mice that have been geneti-
cally altered to lack FSH signaling have revealed that
this hormone is required for proper differentiation and
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proliferation of ovarian granulosa cells and testicular
Sertoli cells, which perform homologous functions in
their respective organs (4-7). Binding of the FSH re-
ceptor (Fshr) by FSH activates a number of primary
intracellular signaling pathways dependent upon ade-
nylate cyclase, which produces the secondary mes-
senger cAMP (8-10). Intracellular signaling mediated
by cAMP has been classically understood to work
through protein kinase A (PKA), although more recent
studies have suggested that cAMP-mediated activa-
tion of phosphoinositide-3-kinase (PI3-kinase) and its
effector Akt is equally important in FSH signal trans-
duction (11-16). Pharmacological or genetic blockade
of either PKA or PI3-kinase disrupts the ability of FSH
to stimulate differentiation and proliferation in primary
gonadal cell cultures, indicating the mutual impor-
tance of these two pathways for effective signaling
through Fshr (15, 17).

FSH signaling to granulosa and Sertoli cells tran-
scriptionally induces expression of the activin B-A
(Inhba) and B-B (Inhbb) genes, which encode for indi-
vidual subunits of the activin homodimer (18). Activins
are members of the TGFB superfamily of signaling
ligands, which signal through a receptor complex
composed of two type Il receptors (ActRIl or ActRIIB)
and two type | receptors (Alk4) (19). This heterotet-
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rameric complex contains intrinsic serine/threonine ki-
nase activity that directly phosphorylates and acti-
vates the secondary messenger proteins Smad2 and
Smad3 (20). Upon phosphorylation, Smad2/3 proteins
oligomerize with a co-Smad (Smad4) and translocate
into the nucleus to mediate transcriptional events by
either directly binding DNA or binding to other tran-
scriptional complexes (21-23).

Activin signaling plays multiple roles in reproductive
endocrinology, most crucially by stimulating the pro-
duction of FSH in the anterior pituitary and by provid-
ing direct mitogenic signals to granulosa and Sertoli
cells (24-30). Although the mechanisms by which ac-
tivin mediates these functions have been extensively
explored in vitro, the relative importance of Smad2 and
Smad3 in each function has been challenging to sep-
arate because these factors transcriptionally activate
both unique and overlapping sets of target genes in a
cell type-specific manner (17, 31-35). Despite this dif-
ficulty, both in vitro and in vivo studies suggest that
activin signaling through Smad2 is more critical for the
endocrine role of activin in stimulating the production
of FSH from pituitary gonadotrope cells, whereas ac-
tivin signaling through Smad3 is more important for
the autocrine role of activin in stimulating somatic cell
differentiation and proliferation within the gonads (31,
36, 37).

The ability of activin/Smad3 to stimulate efficient cell
cycle progression in somatic cells of the gonad de-
pends upon synergistic signaling with FSH (24, 28).
Specifically, FSH and activin signaling converge on the
cyclinD2 (Ccnd?2) promoter, which is transcriptionally
activated by coordinate signals from PI3-kinase/Akt
and Smad proteins (17). Positive expression of cy-
clinD2 is critical for proper growth and maturation of
ovarian granulosa cells, as indicated by female cy-
clinD2-null (Ccnd2—/-) mice, which are infertile due to
the inability of their granulosa cells to proliferate in
response to FSH (38). Similar phenotypes were ob-
served in FSHB-null (Fshb—/—-) and Smad3-null
(Madh3—/-) females, strongly supporting the physio-
logical importance of coordinate signaling by FSH and
activin in vivo (5, 36). Although these signals do not
appear to be absolutely required for male gonadal
function, loss of any of them similarly compromises
the Sertoli cell population and leads to decreased
testicular size (29, 30).

To prevent the uncontrolled expansion of granulosa
and Sertoli cells, signaling by FSH and activin must be
appropriately terminated at the level of both the pitu-
itary and the follicle. This is achieved in large part by
follicular production of inhibin, an atypical TGF g family
member that functions exclusively as a competitive
antagonist of other TGFB family members (39, 40).
Whereas activin is a homodimer composed of two 8
(Inh/Actp) subunits, inhibin is a heterodimer composed
of a unique a-subunit (Inha) bound to one Inh/Actp
subunit (41). The heterodimeric structure of inhibin
allows it to competitively inhibit activin signaling by
binding only one of the two required type Il receptors,

thus preventing formation of the heterotetrameric re-
ceptor complex required for pathway activation (20,
42). Production of inhibin therefore effectively antag-
onizes follicular growth in three ways: 1) by deceasing
FSH production in the pituitary; 2) by removing Actp
subunits from the pool available for homodimerization;
and 3) by directly inhibiting the mitogenic signals of
activin to granulosa cells.

Inhibin a-subunit knockout (Inha—/—) mice sponta-
neously develop gonadal tumors and—upon gonad-
ectomy—adrenocortical tumors, both of which con-
tain a mixed population of steroidogenic cells of
gonadal identity (43-45). We have previously shown
that the abnormal specification of gonadal tumor cells
in the adrenal cortex of Inha—/— mice results from
chronic gonadotropin signaling, which reprograms
pluripotent adrenocortical stem/progenitor cells and
forces them to adopt cellular fates normally restricted
to the gonad (43-45). Like the normal somatic cells of
the gonad, these tumors depend upon sustained go-
nadotropin signaling for growth and progression and
produce high levels of activin, which stimulate tumor
cell growth in an autocrine fashion (44, 46, 47). Genetic
crosses of Inha—/— mice to the Fshb—/— and
Ccnd2—/— strains lead to a significant attenuation in
tumor progression, further reinforcing the similarities
between hyperproliferative tumor cells and the normal
somatic cells of the gonads (48, 49). Similar studies
have not been carried out with Madh3—/— mice, how-
ever, leaving unanswered the question of whether ac-
tivin signaling through Smad3 plays a significant role in
Inha—/— tumorigenesis.

In this study, we have addressed the question of
whether Smad3 is required for gonadal and adrenal
tumorigenesis in Inha—/— mice. Our analyses indicate
that Smada3 protein is both elevated and constitutively
activated in the gonadal and adrenal tumors of
Inha—/— mice, and that genetic removal of Smad3
from these animals severely attenuates tumor pro-
gression. This effect is mediated by decreases in sig-
naling through the PI3-kinase/Akt pathway and cy-
clinD2 expression, indicating that Smad3 is required
for efficient signaling by activin and FSH. As such,
Smad3 appears to coordinate mitogenic stimuli by
both of these factors and drive cell cycle progression
in Inha—/— tumor cells.

RESULTS

Smad3 Protein Is Highly Expressed and Activated
in Inha—/— Tumors

To evaluate the potential role of Smad3 in Inha—/—
tumorigenesis, we first asked whether Smad3 was
present and activated in tumor cells derived from the
ovary, testis, and adrenal glands. Immunoblot analysis
reveals that Smad3 is expressed at very high levels in
tumors from all three tissues and that it is also highly
phosphorylated, presumably as a result of signaling

Zz0oz ¥snbny |z uoisenb Aq G118€/2/0%72/0 /1 2/3101e/puUsW/WOod dno-olwapede//:sdjy Wwoly papeojumoq



2442 Mol Endocrinol, October 2007, 21(10):2440-2457  Looyenga and Hammer ¢ Smad3 Removal and Tumor Progression

initiated by tumor-derived activin (Figs. 1A and 2A).
The activation status of Smad3 is further reinforced by
its nuclear localization in tumor cells, as revealed by
immunofluorescent staining of paraformaldehyde-
fixed tumor sections (Figs. 1B and 2C). The presence
and activation of Smad3 in tumors supports the hy-
pothesis that activin exerts its mitogenic effects
through this protein in Inha—/— tumor cells.

Expression of Smad3 Accurately Identifies Tumor
Progenitor Populations in the Ovary and Testis

Formation of tumors in the Inha—/— ovary occurs as a
result of uncontrolled proliferation by granulosa cells,
which are specified within the ovary during embryonic
development. Immunofluorescent staining of wild-
type ovaries indicates that granulosa cells strongly
express Smad3 during the preantral and early antral

A Testis Ovary
Inha ++ - +H+ -
p-Smad3 -— e
Smad-3 —— o= o e
B Inha +/+ Inha -/-
»
Testis
Ovary

Fig. 1. Smad3 Is Expressed and Activated in the Wild-Type
Ovary and Inha—/— Gonad Tumors, But Not in the Wild-Type
Testis

A, Immunoblot analysis demonstrates that Smad3 protein
is expressed and activated by phosphorylation in the wild-
type ovary, but is only present at very low levels and is
inactive in the testis. Both ovarian and testicular tumors from
Inha—/— contain abundant and active Smad3 protein. B, In
the wild-type ovary, Smad3 is localized to granulosa cells of
preantral (P) and early antral (arrow) follicles. Prominent nu-
clear localization at the preantral stage indicates that Smad3
is activated as well. Staining for Smad3 is lost in large antral
(An) follicles, indicating progressive down-regulation of ac-
tivin signaling during follicular maturation. The wild-type tes-
tis displays only weak staining for Smad3 in Sertoli cells
(white arrow). Consistent with the lack of phosphorylation,
Smad3 does not appear to be nuclear localized. Tumors from
both the ovary and testis contain high levels of nuclear
Smad3, indicating constitutive activin signaling.

stages of development, during which time follicles are
under the control of mitogenic mechanisms mediated
by FSH and activins (Fig. 1B). Mature antral and pre-
ovulatory follicles do not contain activated Smad3 pro-
tein, however, indicating that activin signaling to gran-
ulosa cells is progressively lost over the course of
antral follicle maturation (Fig. 1B). Continued expres-
sion of activated Smad3 in Inha—/— ovarian tumors
suggests that inhibin is responsible for the suppres-
sion of activin signaling during antral follicle progres-
sion. As such, the specific localization of Smad3 in the
ovary accurately predicts which cell population gives
rise to tumors in Inha—/— mice.

The observation that Smad3 expression correlates
with the source of tumor cells in the ovary prompted us
to ask whether Smad3 expression in the testis similarly
correlates with the source of tumor cells. Previous
studies of Inha—/— mice have defined a distinct pat-
tern of events that leads to the formation of tumors
within the testis and have suggested that the ultimate
source of tumors in this tissue is the Sertoli cell com-
partment (45, 48, 49). Increased proliferation and
changes in cell identity within this cellular compart-
ment appear to precede frank tumor formation, sug-
gesting that Sertoli cells are uniquely sensitive to loss
of inhibin. Based on these observations, we predicted
that Smad3 would be expressed in testicular Sertoli
cells and would therefore correlate with the source of
tumor cells in the testis.

Immunofluorescent staining for Smad3 in the wild-
type testis reveals specific localization of Smad3 to the
Sertoli cell compartment, consistent with the notion
that these cells give rise to tumors in the absence of
inhibin (Fig. 1B). Because Sertoli cells compose a
smaller percentage of total cellular mass in the testis
compared with granulosa cells in the ovary, however,
the total amount of Smad3 in the testis is much less
than in the ovary (Fig. 1A). Furthermore, Smad3 does
not appear to be activated in the Sertoli cell compart-
ment, as indicated by immunoblot analysis of phos-
pho-Smad3 in the wild-type testis. Loss of inhibin
within the testis apparently disturbs this homeostasis,
leading to Smad3 activation and expansion of the
Sertoli cell compartment. Tumor cells that derive from
this expansion express high levels of activated
Smad3, explaining the dramatic increase in Smad3
abundance and activation in Inha—/— testicular tu-
mors compared with the wild-type testis (Fig. 1, A
and B).

Expression of Smad3 Accurately Identifies
Gonadotropin-Dependent Tumor Progenitor
Population in the Adrenal Cortex

Gonadectomy of Inha—/— mice causes adrenal tumor-
igenesis, which is dependent upon the chronically el-
evated gonadotropin levels that result from this ma-
nipulation. Under these pathophysiological stimuli, we
previously found that a subset of subcapsular adreno-
cortical cells adopt a female gonadal somatic cell
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Fig. 2. Smad3 Expression and Activation in Adrenal Gland Is Stimulated by Elevated Gonadotropin Signaling

A, Immunoblot analysis demonstrates that Smad3 protein is only weakly expressed in the adrenal gland, indicating that the
activin signaling pathway is not prominently involved in normal adrenal physiology. Strong expression of activated Smad3 in
Inha—/— tumors is consistent with their phenotypic switch to a granulosa-like cellular identity. B, Both the wild-type (WT) and
Inha—/— adrenal cortices are devoid of Smad3 staining before gonadectomy. Although immunoblotting is not sensitive enough
to detect the few cells that display activated Smad3 protein after gonadectomy (GDX), immunofluorescent staining detects a small
population of subcapsular cells with nuclear Smad3 in both wild-type and Inha—/— tissues (white arrows). These cells do not exist
outside of the subcapsular region in wild-type mice, but persist throughout the cortex of Inha—/— mice (black arrows). A similar
population of Smad3-positive cells can be detected in the subcapsular region of bLH-BCTP mice before and after gonadectomy,
indicating that increased gonadotropin abundance is sufficient to activate activin/Smad3 signaling in subcapsular adrenocortical
cells. C, Smad3-positive cells that persist in the adrenal cortex of Inha—/— mice give rise to adrenocortical tumors, which also
show constitutively activated, nuclear Smad3. Within tumors, Smad3 expression is limited to the granulosa-like parenchymal
compartment and is excluded from surrounding fibroblastic stromal cells.

identity, as seen by their ectopic expression of gonad-
ally restricted genes such as Gata4, Cypi17ai, and
Cyp19 (43, 50). In the wild-type adrenal cortex, these
cells either die or are respecified as normal adreno-
cortical cells, but in Inha—/— mice, these cells instead
form tumors that are phenotypically indistinguishable
from Inha—/— ovarian granulosa cell tumors. Because
progenitor cells for Inha—/— tumors would be ex-
pected to express Smad3, immunostaining for this
protein in the mouse adrenal permits us to test our
hypothesis that Inha—/— adrenal tumors originate in

the subcapsular stem/progenitor zone of the adrenal
cortex.

Before gonadectomy, Smad3 protein is only weakly
expressed in the adrenal glands of both wild-type and
Inha—/— mice and is largely inactive based on the low
level of phosphorylation in tissue lysates and lack of
nuclear localization in tissue sections (Fig. 2, A and B).
After gonadectomy, Smad3 phosphorylation appears
to remain at basal levels in wild-type mice but is dra-
matically increased in tumor lysates from Inha—/—
mice (Fig. 2A). This dramatic increase in Smad3 acti-
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vation is accompanied by a similarly dramatic increase
in total Smad3 protein in tumors, consistent with their
known phenotypic switch to a granulosa cell identity
(Fig. 2B). Interestingly, immunofluorescent detection
of Smad3 protein in the adrenal cortex of wild-type
mice after gonadectomy demonstrates the appear-
ance of a small population of subcapsular cells that
stain positive for accumulation of nuclear Smads3 (Fig.
2B). A similar population of cells is also found in the
subcapsular region of Inha—/— mice after gonadec-
tomy, although in these mice the Smad3-positive cells
persist outside of the subcapsular region, suggesting
that they give rise to the Smad3-positive adrenocorti-
cal tumors (Fig. 2C). Because these Smad3-positive
cells appear in the adrenals of both wild-type and
Inha—/— mice—but only persist in the Inha—/—
mice—these data suggest that the central role of in-
hibin in the adrenal is to terminate signaling to Smad3,
thereby blocking the ability of these cells to proliferate
continuously and form tumors in the adrenal cortex.
Misspecification of adrenocortical progenitor cells
toward a gonadal identity is also found in transgenic
mice that produce supraphysiological levels of gonad-
otropins. We previously demonstrated the presence of
gonadal cells in the subcapsular zone of bLH-BCTP
mice, which display constitutively elevated levels of
serum LH due to transgenic overexpression of a mod-
ified bovine LH gene (43, 51). Immunofluorescent
staining for Smad3 in adrenals from bLH-BCTP mice
shows that this population of cells is also positive for
nuclear Smad3 even before gonadectomy, indicating
that elevated gonadotropin levels are sufficient to ac-
tivate Smad3 in the adrenal cortex (Fig. 2B). Because
Smad3 is neither highly expressed nor activated in
cells of the adrenal cortex under normal gonadotropin
levels, these data support the assertion that the
Smad3-positive cells we have identified are in fact
gonadal cells that arise from pluripotent adrenocortical
progenitors under the stimuli of excessive gonadotro-
pin signaling. It would appear from these data that
Smad3 activation is an obligate step in the expansion
of gonadotropin-dependent adrenocortical tumors in
the Inha—/— adrenal gland as well as in the gonads.

Genetic Removal of Smad3 from Inha—/— Mice
Attenuates Ovarian Tumorigenesis

The constitutive activation of Smad3 in both gonadal
and adrenal tumors from Inha—/— mice suggests a
key role for activin/Smad3 signaling in the initiation
and/or maintenance of these tumors. Smad3-knock-
out mice (Madh3—/-) have been previously described
and are viable into adulthood, permitting a genetic
cross between Madh3—/— mice and Inha—/— mice.
To determine whether loss of Smad3 can rescue or
attenuate Inha—/— gonadal tumorigenesis, we
crossed Madh3+/— and Inha+/— mice and then bred
males and females that were heterozygous for both
genes to determine whether Inha—/— offspring
showed differences in tumor-forming capacity or tu-

mor size when lacking one or both alleles of Smad3. All
measurements and histological analyses were per-
formed at 2 months of age because Inha—/— mice
invariably demonstrate large gonadal tumors at this
age but do not yet develop severe health defects
associated with prolonged tumor growth.

Female Madh3—/— mice are subfertile and show a
marked increase in follicular atresia and growth arrest
at the preantral stage of development (Fig. 3C) (36).
This arrest in follicular development, which is caused
by decreased granulosa cell proliferation and survival,
is demonstrated by a 50% reduction in Madh3—/—
ovarian weight at 2 months of age as well as by a
significant decrease in the expression of cell cycle
progression markers, including cyclinD2 and prolifer-
ating cell nuclear antigen (PCNA), in Madh3—/— ova-
ries (Fig. 3B). Because Inha—/— tumor cells appear to
be under the same growth control mechanisms as
normal granulosa cells and similarly express high lev-
els of Smad3, we hypothesized that genetic removal of
Smad3 would similarly attenuate /nha—/— tumor
growth in the ovary.

By 2 months of age, Inha—/— ovaries on average
weigh 100 times as much as the wild-type ovary (Fig.
3A). Continuously expanding clusters of tumor cells in
these tissues rapidly ablate normal ovarian architec-
ture, and as a result no intact follicles or oocytes are
visible in Inha—/— ovarian tumors (Fig. 3C). Removal
of one allele of Smad3 from Inha—/— mice causes a
roughly 50% reduction in tumor mass, whereas re-
moval of both alleles almost completely attenuates
tumor growth (Fig. 3A). Histological examination of
Inha—/—:Madh3—/— ovaries shows the retention of
several oocytes surrounded by small follicles, al-
though follicular development is arrested in a similar
fashion to Madh3—/— ovaries (Fig. 3C). At the periph-
ery of the ovary, a mass of expansive stromal tissue
indicates that tumorigenesis still occurs in the absence
of Smad3, albeit at a much slower rate than when
Smad3 is present.

Genetic Removal of Smad3 from Inha—/— Mice
Attenuates Testicular Tumorigenesis

Madh3—/— male mice are fertile and have testes that
are similar in histological appearance to wild-type tes-
tes. Due to a decrease in somatic cell numbers during
development, however, Madh3—/— testes are slightly
smaller than wild-type tissues as indicated by their
decrease in seminiferous tubule diameter (Fig. 4C).
Inha—/— males also initially demonstrate normal tes-
ticular architecture and begin to produce sperm but
rapidly develop Sertoli/granulosa cell tumors that on
average weigh three to five times that of the normal
testis by 2 months of age (Fig. 4A). Removal of one
allele of Smad3 has no statistical effect on testicular
tumor weight, whereas removal of both alleles results
in a significant decrease in testicular weight, sugges-
tive of tumor rescue (Fig. 4A).
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Fig. 3. Removal of Smad3 from Inha—/— Mice Attenuates Ovarian Tumor Progression and Reduces Cellular Expression of
CyclinD2

Mice heterozygous for both Inha and Madh3 were mated, and ovarian weight of their female offspring was measured at 2
months of age. A, Madh3—/— ovaries are smaller than wild-type ovaries due a reduction in granulosa cell mass. Inha—/— mice
produce massive ovarian tumors by 2 months, which on average weigh over 500 mg. Removal of one allele of Smad3
(Inha—/—:Madh3+/-) reduced tumor size by half, whereas removal of both alleles (Inha—/—:Madh3—/—) almost completely
rescues ovarian weight. B, Immunoblot analysis of ovarian lysates demonstrates that tissue weight correlates with the abundance
of Smad3 and the expression of cell cycle progression markers cyclinD2 and PCNA. C, Ovaries from Madh3—/— mice display
an increase in atretic follicles and small preantral follicles (white arrows), few of which progress to the antral stage. Immunohis-
tochemical analysis demonstrates that cyclinD2 is considerably lower in Madh3—/— follicles compared with follicles of similar size
in the wild-type ovary. Tumors from Inha—/— mice display a complete loss of normal ovarian structure and are composed of
clusters of granulosa cells that express abundant cyclinD2. Tissue architecture is partially rescued in Inha—/—:Madh3—/—
ovaries, although most of the follicles are small or atretic like those seen in Madh3—/— ovaries (white arrows). Inha—/—:
Madh3—/— ovaries frequently contain proliferating tumor tissue near the periphery (black arrows) that stain positive for cyclinD2,
indicating that while tumor progression is delayed, tumor initiation is not completely rescued.

Histological analysis of testicular tumors in Inha—/—
mice indicates the presence of large, hemorrhagic tu-

contain small regions of focal Sertoli cell hyperplasia,
which are associated with early stages of tumor for-

mors that lie adjacent to remnants of seminiferous
tubules (Fig. 4C). Signs of spermatogenesis within the
tubules are usually absent due to the expansion of
Sertoli cells into the lumen of the tubule, which leads
to loss of germ cells and normal tubule architecture.
The increased cellularity of these tumors is visible in
the tight compaction of granulosa cell clusters and is
reflected by the increase in B-actin content that tu-
mors contain relative to the normal testis (Fig. 4B).

In contrast to the Inha—/— testes, testes from com-
pound knockout males at 2 months of age show very
few histological defects, although they do display
larger seminiferous tubules than Madh3—/— mice and

mation (Fig. 4C). We did not detect any frank tumors in
the testes of compound mutant mice by histological
analysis at 2 months of age; however, the appearance
of Sertoli lesions suggests that tumor progression in
Inha—/— mice is delayed by loss of Smad3 and is not
completely rescued.

Genetic Removal of Smad3 from Inha—/— Mice
Attenuates Adrenal Tumorigenesis

We next asked whether removal of Smad3 from
Inha—/— mice would also rescue adrenal tumorigen-
esis, as would be predicted based on the known phe-

Zz0oz ¥snbny |z uoisenb Aq G118€/2/0%72/0 /1 2/3101e/puUsW/WOod dno-olwapede//:sdjy Wwoly papeojumoq



2446 Mol Endocrinol, October 2007, 21(10):2440-2457  Looyenga and Hammer ¢ Smad3 Removal and Tumor Progression

A —_
g Inha ++ ++ - -/~ -
£ 400 f Madh3 - ++ ++ +- -
s
2 300 | | -
E . - Smad3
a 200
= @ & = cyclinD2
o 100
a - e E» & @» PCNA
Inha  ++  +H+ - - - - eogpa» @ [ -actin
Madh3 ++ - ++ 4. -

C Inha+/+:Madh3+/+ Inha+/+:Madh3-/- Inha-/-:Madh3+/+ Inha-/-:Madh3-/-

H&E
cyclinD2

D EAG ORI it TS 2
Fig. 4. Removal of Smad3 from Inha—/— Mice Delays Testicular Tumor Formation and Reduces Expression of CyclinD2

Mice heterozygous for both Inh and Smad3 were mated, and testicular weight of their male offspring was measured at 2 months
of age. A, Madh3—/— mice show a slight reduction in testicular weight consistent with their overall decrease in body size. Inha—/—
display a 3- to 4-fold increase in testicular weight due to formation of large tumors, whereas Inha—/—:Madh3—/— mice display
a near complete rescue of testicular weight. No effect was observed by removal of only one allele of Smad3 from Inha—/— mice.
B, Testicular tumors from Inha—/— mice express dramatically higher levels of Smad3 than wild-type mice, and demonstrate an
increase in cellularity reflected by the increase in B-actin levels. Tumors also express high levels of cyclinD2, which decrease
moderately with removal of Smad3. Expression of the generic proliferative marker PCNA is uninformative in testicular lysates,
because testicular germ cells demonstrate a high mitotic index during spermatogenesis that masks any changes in somatic cell
proliferation. Note that the lower band in the Smad3 panel corresponds to cross-reactive staining for Smad2, which continues
to be expressed in Smad3-deficient tumors. C, Removal of Smad3 from the testis has little effect on testicular architecture or
function, although seminiferous tubules in Madh3—/— mice are smaller than those in wild-type mice. Neither wild-type nor
Madh3—/— testis contain significant amounts of cyclinD2, although it is weakly present in Sertoli (white arrows) and Leydig cells
(black arrows) in the wild-type testis. Testicular tumors from Inha—/— mice appear as dense masses of small, proliferating cells
that express abundant cyclinD2. These tumors arise from hyperproliferative Sertoli cells, which occlude the lumen of seminiferous
tubules (black arrow) and similarly stain positive for cyclinD2. Gross testicular architecture and spermatogenesis are rescued in
Inha—/—:Madh3—/—, although small masses of focal Sertoli cell hyperplasia (black arrow) are detected with a few of the tubules.
Cells within the tubules also demonstrate staining for cyclinD2, indicating the presence of premaligant lesions—but not frank
tumors—in compound knockout mice.

notypic similarities between ovarian and adrenal tu-
mors in these mice. To answer this question, we
gonadectomized compound knockout mice at 5 wk of
age and permitted them to progress to end-stage
disease, characterized by overall cachexia, which is
indicative of the formation of large adrenal tumors.
Only female mice were used for this study because
gonadectomized female Inha—/— mice develop adre-
nocortical tumors more rapidly than their male coun-
terparts and respond more favorably to surgical ma-
nipulation in our experience.

Although the initiation of adrenocortical tumorigenesis
in Inha—/— mice is highly stochastic after gonadectomy,

these mice proceed to end-stage disease along a rela-
tively predictable time course that can be quantified as
survival time to end-stage disease. Although Inha—/—
mice display a 50% survival rate of 22 wk after gonad-
ectomy (n = 7), removal of only one allele of Smad3 from
this genetic background (n = 8) results in a 50% survival
rate of 37.5 wk (Fig. 5A). All mice in this study developed
large adrenocortical tumors at the time of death, indicat-
ing that extensive adrenal tumor burden was the likely
cause of mortality. Tumors from both sets of mice dis-
play typical histology, characterized by masses of small,
highly proliferative granulosa-like cells infiltrated with fi-
broblastic stromal tissue.
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Fig. 5. Removal of Smad3 from Inha—/— Mice Attenuates Adrenal Tumor Progression and Reduces Cellular Expression of
CyclinD2

Mice heterozygous for both Inh and Smad3 were mated, and their offspring were gonadectomized at 5 wk of age. Gonadec-
tomized mice were allowed to proceed to end-stage adrenal disease before euthanasia. A, Percent survival over a 45-wk time
course is displayed for Inha—/—:Madh3+/+ (n = 7) and Inha—/—:Madh3+/— (n = 8) mice. All mice displayed advanced adrenal
tumors at time of death. Removal of one allele of Smad3 delays progression to end-stage disease by an average of 10.5 wk,
increasing survival time in these mice by 57%. The effect of removing both alleles of Smad3 could not be quantified due to the
poor postoperative survival of Madh3—/— mice, although of the mice that did survive surgical manipulation (3 of 10), none had
developed adrenal tumors at the time of death up to 30 wk after gonadectomy. B, Wild-type and Madh3—/— mice display no
differences in expression of the cell cycle markers cyclinD2 and PCNA. Tumors from Inha—/— mice express higher levels of both
cell cycle markers, consistent with the increased rate of proliferation. Expression of both markers is reduced by removal of Smad3
in a dose-dependent fashion. C, Madh3—/— mice display normal adrenal histology characterized by appropriate zonation of the
cortex (C) and position relative to the adrenal medulla (M). CyclinD2 expression in these tissues is enriched in the subcapsular
zone (black arrows) and is not effected by the absence of Smad3 in Madh3—/— mice. Inha—/— mice develop dense adrenocortical
tumors that are histologically similar to those seen in the ovary and display strong immunohistochemical staining for cyclinD2.
Adrenals from Inha—/—:Madh3—/— mice do not show any evidence of tumorigenesis under histological analysis and retain normal
adrenal structure as long as 32 wk after gonadectomy. CyclinD2 expression in these tissues is localized to the subcapsular region
and similar in intensity to that seen in wild-type animals.

Unfortunately, we were unable to quantify the effect
of removing both alleles of Smad3 from Inha—/— mice
due to the poor long-term survival of Madh3—/—,
which had been previously described in inbred and
mixed genetic backgrounds (52). In addition, these
mice were refractive to surgical manipulation and sur-
vived gonadectomy surgery very poorly. Of the mice
that did survive gonadectomy (3 of 10 females), none
had developed adrenocortical tumors by the time of
death at 20 or more weeks after gonadectomy. Fur-
thermore, all three mice demonstrated normal adrenal
architecture upon histological examination (Fig. 5C).
The cause of death in one of these mice appeared to
be the development of colorectal tumors, which has
been previously described in Madh3—/— mice,

whereas the cause of death in the other two mice
could not be determined (52). Despite this shortcom-
ing, the attenuation in tumor progression seen in
Inha—/—:Madh3+/— mice still suggests that Smad3 is
required for efficient adrenal tumor progression.

CyclinD2 Expression Is Down-Regulated by
Removal of Smad3 from Inha—/— Mice

The significant delay in tumor progression that we
observed when Smad3 is removed from Inha—/— mice
suggests that ovarian, testicular, and adrenal tumor
cells—like normal granulosa cells—progress through
the cell cycle less rapidly in the absence of mitogenic
signaling through Smad3. Previous studies have indi-
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cated that Smad3 participates in the transcriptional
activation of cyclinD2, a specific regulator of the G,/S
phase of the cell cycle that is required for proliferation
of granulosa cells (17, 38). Genetic removal of cyclinD2
from mice produces a similar phenotype to
Madh3—/— mice and also attenuates tumor progres-
sion in the Inha—/— strain (48). Based on these previ-
ous observations, we hypothesized that loss of Smad3
attenuates tumorigenesis in Inha—/— mice by de-
creasing cyclinD2 levels.

To test this hypothesis, we analyzed the expression
of cyclinD2 and the nonspecific proliferative marker
PCNA in the ovaries, testes, and adrenals from mice of
all genotypes from our study. Both immunoblots and
immunohistochemical staining in Madh3—/— ovaries
reveal that expression of cyclinD2 is specifically lost in
the granulosa cell compartment of preantral follicles,
which correlates with their decreased proliferation and
frequent arrest at the preantral stage of development
(Fig- 3, B and Q). In contrast, follicles from wild-type
mice display strong staining for cyclinD2 in the gran-
ulosa cell compartment and demonstrate active pro-
liferation as assessed by high levels of PCNA expres-
sion (Fig. 3B).

As expected based on their granulosa cell identity,
Inha—/— ovarian tumors exhibit robust expression of
cyclinD2, which is visible as a punctate nuclear stain
by immunohistochemical analysis of tumor sections
(Fig. 3, B and C). Genetic removal of Smad3 from
Inha—/— mice leads a significant reduction in ovarian
cyclinD2 levels, which parallels the dramatic loss of
PCNA expression in compound knockout ovaries (Fig.
3B). These data suggest that attenuation of ovarian
tumor cell growth in the absence of Smad3 is medi-
ated at least in part by decreased expression of cy-
clinD2, which delays tumor cell progression through
the cell cycle (Fig. 3B).

Within the wild-type adult testis, cyclinD2 is very
weakly expressed in both the Sertoli and Leydig cell
compartments (Fig. 4, B and C). Abundant PCNA ex-
pression is still detected, however, due to the rapid
proliferation of germ cells within the seminiferous tu-
bules. Nearly identical results are obtained in adult
Madh3—/— testes, which display little change in over-
all cellular proliferation or cyclinD2 expression (Fig.
4B). These findings suggest that neither Smad3 nor
cyclinD2 is required for normal reproductive function
in the adult testis and that instead their expression
and/or activation are specifically suppressed in the
wild-type testis to prevent abnormal Sertoli cell
proliferation.

In contrast to wild-type and Madh3—/— testes,
Inha—/— testicular tumors exhibit strong expression of
cyclinD2, which directly correlates with their dramatic
elevation of Smad3 protein levels (Fig. 4, B and C).
Interestingly, these changes also occur in the Sertoli
cell compartment before tumor formation, suggesting
that unopposed activin signaling to Sertoli cells di-
rectly induces their hyperproliferation and subsequent
formation of tumors (Fig. 4C). Removal of Smad3 from

these tissues moderately decreases cyclinD2 levels,
supporting a link between Smad3 and cyclinD2
transcription.

In the wild-type adrenal gland, cyclinD2 is ex-
pressed at moderate levels and primarily localizes to
the subcapsular zone of the cortex (Fig. 5, B and C).
Expression of cyclinD2 in the normal adrenal does not
appear to be controlled by Smad3 signaling, however,
because Madh3—/— mice show no change in adrenal
cyclinD2 levels (Fig. 5B). Ectopic expression of Smad3
in Inha—/— adrenocortical tumors results in a signifi-
cant up-regulation in cyclinD2 levels and overall pro-
liferation, again suggesting a direct link between ac-
tivin/Smad3 signaling and cyclinD2 expression.
Genetic removal of Smad3 from Inha—/— adrenal tu-
mors has a similar effect to that observed in gonadal
tumors, resulting in significant reduction in cyclinD2
and a decrease in proliferation (Fig. 5B). These data
together imply that tumor cells in Inha—/— mice—
regardless of their tissue of origin—rely upon the same
Smad3-dependent signaling mechanism to drive cy-
clinD2 expression, and that this mechanism is neces-
sary for cell cycle progression and tumor growth.

Smad3 Deficiency Causes Partial Insensitivity to
FSH in the Ovary and in Inha—/— Ovarian Tumors

The mechanistic relationship between Smad3 and cy-
clinD2 expression is likely to involve both direct bind-
ing of activated Smad3 to the cyclinD2 promoter and
indirect modulation of signaling by gonadotropins,
particularly FSH. The latter assertion is based on pre-
vious studies that showed Madh3—/— granulosa cells
are resistant to FSH signaling, although they express
normal levels of Fshr in the ovary and produce ele-
vated levels of FSH from the anterior pituitary (36). We
similarly found that Fshr was expressed at levels com-
parable to wild-type ovaries in Madh3—/— ovaries and
in the ovaries of Inha—/—:Madh3—/— compound
knockout mice, suggesting that defects in FSH sensi-
tivity likely lie downstream of Fshr (Fig. 6A).

Despite having normal or elevated levels of FSH and
Fshr, Madh3—/— mice and Inha—/—:Madh3—/— mice
both show defects in FSH-induced gene expression.
Several genes that are absent from Fshb—/— mice,
including Lhr, Cyp11al, and Cdkn1b, are similarly re-
pressed in the absence of Smad3, suggesting that
Smads3 is required for efficient FSH signaling (Fig. 6, B
and C) (18). Interestingly, however, another set of
genes that is normally absent from Fshb—/— mice,
including Inhba and Sgk, are expressed at or near
normal levels in Madh3—/— mice and Inha—/—:
Madh3—/— mice, indicating that signaling through
Fshr is only selectively repressed.

Smad3 Deficiency Selectively Attenuates FSH
Signaling through the PI3-Kinase/Akt Pathway

Because multiple effector pathways lie downstream of
Fshr, we hypothesized that the selective repression of
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A, Quantitative RT-PCR detection of Fshr transcripts in ovaries from 5-wk-old wild-type, Madh3—/—, Inha—/— and Inha—/—:
Madh3—/— compound knockout mice demonstrates that Fshr is expressed at or near normal levels in the absence of Smad3.
B, RT-PCR detection of FSH-induced genes in ovaries from 5-wk-old wild-type, Madh3—/—, Inha—/— and Inha—/—:Madh3—/—
compound knockout mice demonstrates that mice deficient in Smad3 are unable to activate transcription of several genes
including Lhr, Cyp11a1, and Cdkn1b. Other genes that are absent in FSH-deficient (Fshb—/—) mice, including Inhba and Sgk, are
expressed, indicating that Smad3 deficiency causes only a partial loss of sensitivity to FSH in the ovary. C and D, Quantitative
RT-PCR analysis of Lhr and Inhba transcripts reinforces the different expression pattern of these two genes in the absence of
Smad3. Although expression of Lhr is severely compromised by loss of Smad3, Inhba is expressed at or near normal levels.
Expression of both of these genes in granulosa cells depends upon FSH signaling, suggesting that loss of Smad3 only partially
affects the ability of FSH to induce transcription through Fshr signaling.

specific FSH target genes in Madh3—/— and Inha—/—:
Madh3—/— mice may result from the specific loss of
signaling through only one of these pathways. As
noted above, the two most prominent intracellular ef-
fectors of FSH signaling are the PKA and PI3-kinase/
Akt pathways, both of which depend upon FSH-in-
duced cAMP production (9, 15). Consistent with a
decrease in FSH sensitivity, we found that Madh3—/—
ovaries display reduced activation of the PI3-kinase/
Akt signaling cascade, indicated by a decrease in Akt
and Foxo1 phosphorylation (Fig. 7A). Foxo1 functions
as a transcriptional repressor on the cyclinD2 (Ccnd2)
promoter and is normally removed from the nucleus by
FSH signaling through PI3-kinase/Akt to facilitate tran-
scription of the Ccnd2 gene in granulosa cells (17).
Down-regulation of PI3-kinase/Akt activity indicates
that cyclinD2 levels may in part be repressed due to
the inability of Madh3—/— cells to efficiently clear
Foxo1 from the Ccnd2 promoter.

To assess the activity of PKA in wild-type and
Madh3—/— ovaries, we analyzed the phosphorylation
status of cAMP-response element binding protein
(CREB), which is directly activated by PKA in response
to increased intracellular levels of cAMP. Interestingly,

signaling through PKA appears not to be disrupted by
loss of Smad3, as indicated by similar levels of CREB
phosphorylation in wild-type and Madh3—/— ovaries
(Fig. 7A). These data suggest that Smad3 is specifi-
cally required for stabilization of FSH signaling to the
PI3-kinase pathway but is not required to maintain
FSH signaling to PKA.

Removal of Smad3 from Inha—/— ovarian tumors
has a similar effect on FSH effector pathways to that
seen in Madh3—/— granulosa cells. Inha—/-:
Madh3—/— compound knockout ovaries display a sig-
nificant reduction in Akt and Foxol activation,
whereas the total expression of these molecules is
unchanged (Fig. 7A). Although total CREB levels are
decreased by removal of Smad3 from Inha—/— ovar-
ian tumors, the ratio of phospho-CREB:CREB remains
relatively constant, suggesting that PKA activation is
not affected by loss of Smad3.

We also measured the effect of Smad3 removal on
PI3-kinase/Akt and PKA signaling in the testis and
adrenals. Madh3—/— mice display no differences in
either pathway compared with wild-type mice in these
tissues, supporting our previous assertion that Smad3
does not play a prominent role in testicular or adrenal
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Fig. 7. Signaling through the PI3-Kinase/Akt Pathway Is Selectively Attenuated by Removal of Smad3 from the Ovary and
Inha—/— Tumors

Expression and activation of FSH signaling pathways was measured by immunoblot analysis in the ovaries, testes, and
adrenals of wild-type, Madh3—/—, Inha—/—, and Inha—/—:Madh3—/— compound knockout mice. A, In the ovary, removal of
Smad3 selectively down-regulates signaling through the PI3-kinase/Akt pathway, but has no effect on PKA signaling as assessed
by the phosphorylation of the PKA effector CREB. As a result of decreased Akt activation, Foxo1 is not phosphorylated in
Madh3—/— granulosa cells. Removal of Smad3 from Inha—/— ovarian tumors also attenuates Akt and Foxo1 activation, but has
no effect on the overall expression of these molecules. Although total CREB levels are decreased by removal of Smad3 from
tumors, the ratio of phospho-CREB:CREB remains relatively constant, suggesting that PKA activation is not affected by loss of
Smad3. B and C, Removal of Smad3 from the testis (B) and adrenal (C) has no effect on basal levels of signaling through the
PI3-kinase/Akt and PKA/CREB pathways, which are generally activated at lower levels compared with the ovary. Neither of these
tissues express appreciable amounts of Foxo1, which appears to be restricted to granulosa cells in the ovary. Testes and adrenals
from Inha—/— mice contain abundant Foxo1, however, indicating the presence of tumors with a primarily granulosa cell identity.
These tumors also demonstrate significant elevations in the expression and activation of components of the PI3-kinase/Akt and
PKA/CREB signaling pathways, consistent with their dependence upon FSH signaling for growth and progression. Removal of
Smad3 from the testes and adrenals of Inha—/— mice causes a significant decrease in Akt activation, although it has no effect
on the total level of Akt expression. Decreased activation of Akt parallels decreased tumor burden in the testis and adrenal, which

is evident from the loss of Foxo1 and CREB expression in Inha—/—:Madh3—/— compound mutant tissues.

physiology (Fig. 7, B and C). Interestingly, neither of
these tissues express appreciable amounts of Foxo1,
which is a specific marker of granulosa cells within the
various steroidogenic lineages of the gonads and ad-
renal (53, 54). Formation of granulosa cell tumors in
Inha—/— testes and adrenals is clearly indicated by
their expression of Foxo1, as well as elevated expres-
sion and activation of components of the PI3-kinase/
Akt and PKA/CREB signaling pathways (Fig. 7, B and
C). These data are consistent with the assertion that all
Inha—/— tumors are primarily composed of granulosa
cells, which depend upon FSH signaling for growth
and tumor progression.

Removal of Smad3 from the testes and adrenals of
Inha—/— mice causes a significant decrease in Akt
activation, although it has no effect on the total level of
Akt expression. Although immunoblot analysis ap-
pears to indicate that CREB phosphorylation is simi-
larly repressed by removal of Smad3 from Inha—/—
testicular and adrenal tumors, measurements of total
CREB protein instead demonstrate that CREB phos-
phorylation decreases with Smad3 removal because
total levels of CREB protein are decreased. Rather
than indicating a specific effect on PKA signaling,
these data instead suggest that decreased phospho-
CREB staining in Inha—/—:Madh3—/— tumors repre-
sents a decrease in tumor burden in the testis and

adrenal compared with normal tissue, which is also
present in tissue lysates from these animals. This as-
sertion is supported by coincident loss of Foxo1 ex-
pression in Inha—/—:Madh3—/— testes and adrenals,
which—as noted above—marks the presence of gran-
ulosa tumor cells within these tissues. Together, these
data are consistent with our hypothesis that Smad3
deficiency selectively attenuates FSH signaling to PI3-
kinase/Akt but has no effect on FSH signaling to PKA,
in normal granulosa cells and in Inha—/— tumor cells.

Smad3 Deficiency Decreases Systemic Igf1
Levels, But Not Intraovarian Igf1 Levels

The observation that Madh3—/— mice exhibit a defect
in somatic growth that reduces their body weight by
30% compared with wild-type littermates suggests a
defect in the GH/IGF-I (Igf1) axis, which regulates so-
matic growth in mice and other vertebrate species (52,
55, 56). This growth defect is similar to that seen in
activin A-deficient (Inhba—/—) mice, which have been
previously shown to exhibit low levels of systemic Igf1
(55). Measurements of serum Igf1 levels by RIA con-
firm this hypothesis, indicating that both Madh3—/—
mice and Inha—/—:Madh3—/— compound mutant
mice have 35-45% lower levels of systemic Igf1 than
wild-type or Inha—/— mice (Fig. 8A). These data are
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Fig. 8. Smad3 Deficiency Reduces Circulating Igf1 Levels
But Does Not Decrease Intraovarian Igf1 Production

Serum and ovarian tissue were collected from the 5-wk-old
offspring of mice heterozygous for both Inh and Smad3.
Serum and tissue content of Igf1 were measured by RIA. A,
Madh3—/— mice display a 35-40% reduction in circulating
Igf1, whereas changes in Inh genotype had no effect on
serum Igf1 levels. Reduction of Igf1 in Madh3—/— mice cor-
relates with a roughly 30% decrease in total body weight. B,
Madh3—/— ovaries display an increase in relative intraovarian
Igf1 (Igf1/total protein) compared with wild-type ovaries,
which probably reflects the relative increase in the number of
growth-arrested preantral follicles. Inha—/— ovarian tumors
actually have decreased relative Igf1 content compared with
wild-type (Inh+/+:Smad3+/+) ovaries, suggesting that the
Igf1 signaling pathway is not prominently activated in tumors.
Removal of Smad3 from Inha—/— mice has almost no effect
on tumor production of Igf1, indicating that modulation of 1gf1
signaling is not likely to play a role in the rescue affected by
this genetic cross.

consistent with the hypothesis that Smad3 is required
for efficient production of Igf1 by hepatocytes in re-
sponse to activin-A signaling.

Intrafollicular production of Igf1 is important for
growth of immature granulosa cells in primary and
secondary follicles (3, 57, 58). Signaling of Igf1 through
its receptor (Igf1r) activates PI3-kinase/Akt signaling,
suggesting that this ligand may be responsible for
activation of the cyclinD2 promoter in granulosa cells
before their dependence upon FSH signaling. As such
it is possible that decreased autocrine production of
Igf1 could contribute to the attenuation of PI3-kinase/
Akt signaling and tumor growth in Inha—/-:
Madh3—/— compound mutant tissues independent of
any relationship between Smad3 and FSH.

To test whether removal of Smad3 from the ovary
resulted in decreased intrafollicular Igf1 production,
we performed RIA measurements of total Igf1 protein
in ovarian protein lysates. Interestingly, relative intra-
ovarian Igf1 levels (Igf1/total protein) were decreased
35% in Inha—/— mice but were increased 70% in
Madh3—/— mice compared with wild-type littermates
(Fig. 8B). Intraovarian Igf1 levels did not vary signifi-
cantly between Inha—/—:Madh3—/— and wild-type lit-
termates, indicating that Smad3 does not regulate the
expression of Igf1 within the ovary. RIA measurements
were confirmed using a sandwich ELISA for Igfi,
which showed a similar trend among the different ge-
notypes examined (data not shown). As such, these
data suggest that changes in Igf1 signaling are unlikely
to play any significant role in the attenuation of tumor-
igenesis observed in Inha—/—:Madh3—/— mice. Be-
cause the assays indicated above measure total Igfi
and do not distinguish between free ligand and that
bound to IGF-binding proteins, however, it is impos-
sible to exclude potential differences in Igf1 bioactivity
based on differential interactions with serum binding
proteins.

DISCUSSION

Inhibin knockout mice provide a unique model of en-
docrine tumorigenesis that is fully penetrant across
both sexes in both the gonads and adrenals. Although
tumors derived from these different tissues demon-
strate a large amount of histopathological variability, it
is also clear that they share a number of common
features including the expression of similar genes and
the synthesis of estrogen as a primary steroid product
(43, 45, 50). Together, these findings suggest that at
least one of the key cellular identities within all
Inha—/— tumors is that of differentiated granulosa
cells. Results from this study are consistent with this
assertion, indicating that cellular mechanisms that
control granulosa cell proliferation are conserved in
Inha—/— tumors, regardless of their tissue of origin.
In this study, we show that the activin effector pro-
tein Smad3 is highly stabilized and activated in all
Inha—/— tumors, identical to what is observed in pro-
liferating granulosa cells of preantral follicles. Interest-
ingly, expression of Smad3 characterizes all of the
individual cell types that give rise to Inha—/— tumors in
the ovary, testis, and adrenal, suggesting that its un-
controlled activation is an early step in tumor forma-
tion. To determine whether signaling through Smad3 is
required for tumorigenesis, we crossed Smad3-null
(Madh3—/-) mice to Inha—/— mice and performed
analysis of tumor progression and animal survival at
specific timepoints. Data from these in vivo studies
indicate that loss of Smad3 significantly attenuates the
rate of tumor growth in Inha—/— mice, although it does
not prevent the abnormal specification of the granu-
losa cell identity in the testis and adrenal. As such, it
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appears that Smad3 plays a critical role in Inha—/—
tumor progression, but not in the initiation of tumor
formation in the gonads and adrenal.

Because Madh3—/— mice exhibit a significant re-
duction in somatic growth, we questioned whether the
effect on tumor growth that we observed in Inha—/—:
Madh3—/— mice might be a result of reduced intra-
ovarian Igf1 rather than a specific effect on FSH sig-
naling. Previous studies on activin-A-deficient mice
(Inhaa—/—) demonstrated that activin is necessary for
normal somatic growth, and that loss of activin-A re-
sults in reduced levels of serum Igf1 (55). We found
that Madh3—/— mice exhibit a similar reduction in
circulating 1gf1, indicating that Smad3 is the primary
mediator of activin-induced Igf production in hepto-
cytes. This is apparently not true within ovarian gran-
ulosa cells, however, because Madh3—/— and Inha—/—:
Madh3—/— mice demonstrate normal or elevated lev-
els of intraovarian Igf1 compared with wild-type litter-
mates. It is unlikely that reduced serum levels of Igf1
have any significant effect on granulosa cell prolifera-
tion and follicular growth because mice with tissue-
specific removal of Igf1 from the liver (LID mice) have
reduced circulating Igf1 but display normal fertility
(59). As such, these data imply that the effect of
Smad3 removal on the PI3-kinase/Akt pathway in
ovarian granulosa cells is specifically related to a de-
crease in FSH sensitivity as opposed to a loss of Igfi
signaling.

We propose that loss of Smad3 attenuates Inha—/—
tumorigenesis by uncoupling extracellular mitogenic
signals from the cell cycle machinery, in particular
cyclinD2 (Fig. 9). Attenuation of cyclinD2 expression is
likely due to the direct absence of Smad3 on the
cyclinD2 (Ccnd2) promoter, as well as the general
insensitivity of Smad3-null tumor cells to FSH signal-
ing (17, 36). The latter effect appears to be an indirect
consequence of removing Smad3 and is revealed by
severe down-regulation of signaling through the PI3-
kinase/Akt pathway. This critical mitogenic pathway
impacts cyclinD2 expression by removing the tran-
scriptional repressor Foxo1 from the Ccnd2 promoter,
thereby allowing for positive transactivation by factors
such as Smad3 (17). Together, these effects lead to
severe attenuation of cyclinD2 expression and ineffi-
cient progression of tumor cells through the G,/S
phase of the cell cycle (38).

The centrality of cyclinD2 expression to Inha—/—
tumor cell proliferation is supported by a previous
genetic cross between Ccnd2—/— mice and Inha—/—
mice, which demonstrate attenuated tumor progres-
sion very similar in nature to what we observed in our
study. Ccnd2—/-:Inha—/— mice exhibit increased
survival over time and smaller tumors at a fixed time-
point, although loss of cyclinD2 does not completely
rescue tumorigenesis (48). Interestingly, Inha—/— an-
imals heterozygous for Ccnd2 (Inha—/—:Ccnd2+/-)
display an intermediate degree of tumor attenuation,
which we also observed in our model. The remarkable
similarity between these models therefore suggests

that the critical role of activin signaling through Smad3
is to facilitate cell cycle progression by activation of
cyclinD2 expression. Signaling of activin through
Smad2 ostensibly accounts for its remaining mito-
genic effects, which likely explain the incomplete res-
cue we observed in Inha—/—:Madh3—/— mice.

The critical importance of FSH signaling to cyclinD2
expression is also reinforced by mouse modeling, in
this case by a genetic cross between FSHpB-subunit
knockouts (Fshb—/—) and Inha—/— mice. Mice from
this study essentially phenocopy Inha—/—:Madh3—/—
mice and Inha—/—:Ccnd2—/— mice, demonstrating a
marked attenuation of tumor progression, but not
complete rescue (49). These studies and ours clearly
indicate that efficient activation of cyclinD2—and
therefore efficient proliferation of tumor cells—abso-
lutely depends upon cooperative mitogenic signaling
by FSH to PI3-kinase/Akt and activin to Smad3. These
pathways, however, do not operate in isolation, but
are critically linked together such that loss of one
pathway inevitably compromises the other.

Because expression of the activin- subunit genes
(Inhba and Inhbb) requires FSH signaling in granulosa/
tumor cells, it is obvious that Smad3 activation in
these cells is linked to FSH signaling by its control of
activin ligand availability (18). The converse relation-
ship is less clear, however, although it has been con-
vincingly proven that Madh3—/— mice are functionally
insensitive to FSH signaling (36). Regulation of FSH
signaling by Smad3 is at the level of neither the ligand
nor the receptor, however, because levels of both FSH
and Fshr have been reported to be normal or elevated
in Madh3—/— mice (36).

A recent study of the ovarian phenotype in
Madh3—/— mice demonstrated that FSH insensitivity
is incomplete at the transcriptional level because a few
known target genes of FSH are still expressed, includ-
ing the activin B-subunit genes (36). Because these
genes are almost completely absent from the ovary in
Fshb—/— mice, this study implies that the depen-
dence of FSH signaling on Smad3 may be pathway-
specific (18). Results from our study strongly support
these previous findings and show further that tran-
scriptional regulation of several FSH-induced genes is
retained in Inha—/—:Madh3—/— tumors, despite their
delayed progression and loss of cyclinD2 expression.
Immunoblot analysis of Madh3—/— ovaries and
Inha—/—:Madh3—/— tumors reveals that differences
in gene expression between mice that lack FSH and
mice that lack Smad3 may be a result of the selective
disruption of FSH signaling to PI3-kinase/Akt in the
absence of Smad3, which does not impinge upon the
ability of FSH to signal to PKA. As such, any FSH
target genes that are induced solely by PKA/CREB—
such as the Inhba gene—are normally expressed in
Smad3-deficient tissues, whereas those that depend
upon Akt signaling are significantly down-regulated.
Together, these data suggest that crosstalk between
the activin and FSH signaling pathways specifically
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Fig. 9. A Hypothetical Model for Akt Activation by FSH and Activin in Granulosa Cells and in Inha—/— Granulosa Cell Tumors

A, Proliferation of antral granulosa cells is primarily controlled by FSH, which activates the activin/Smad3 signaling pathway
by transcriptionally up-regulating activin subunit expression. Previous studies indicate that FSH and activin signaling converge
on the cyclinD2 promoter, which is coordinately regulated by Foxo1 and Smad proteins. Activin signaling through Smad2 and
Smad3 transcriptionally activates cyclinD2, whereas FSH signaling through Akt removes the negative regulator Foxo1 from the
cyclinD2 promoter (17). Activation of Akt by FSH in granulosa cells depends upon cAMP, which is generated by adenylate cyclase
in response to heterotrimeric G protein signaling by Fshr. Although cAMP activates PKA, this pathway is not required for activation
of Akt. A composite model generated by several previous studies (see Discussion) suggests instead that cAMP activates Akt via
a complex of proteins that may be physically tethered to Fshr via the adaptor protein Appl. This complex likely includes
cAMP-dependent guanine-nucleotide exchange factors, which activate members of the Rap1 family of small G proteins. Rap1
family proteins subsequently recruit and activate the p110 and p85 subunits of PI3-kinase (PI3K), which is responsible for
activation of Akt. B, In the presence of inhibin—or the absence of Smad3—positive regulation of the cyclinD2 promoter is lost,
whereas negative regulation by Foxo1 is maintained. The relationship between activin/Smad3 signaling and FSH/Akt signaling is
unclear at this time, but likely involves regulation at the level of the signaling complex that physically links Fshr to PI3-kinase and
Akt. In the absence of signaling through Smad3, formation of this complex may be disrupted by the lack of one or more critical
components needed to couple Fshr to PI3-kinase/Akt. We have not detected a change in the absolute levels of Akt in Madh3—/—
ovaries, suggesting that some other component of the complex is missing and that Fshr is therefore unable to appropriately recruit
or activate Akt. Because Smad3 is known only to function as a transcriptional regulator, it is likely that one or more components
of the complex are under the direct transcriptional control of activin/Smad3 signaling. As such, inhibin is able to interrupt FSH
signaling to granulosa cells by down-regulating the activin/Smad3 pathway, which effectively uncouples Fshr from PI3-kinase/Akt
and causes cell cycle withdrawal of these cells in the late antral follicle due to the down-regulation of mitogenic effectors, including
cyclinD2.

occurs at the level of PI3-kinase/Akt, and not at the
level of Fshr or adenylate cyclase.

A more detailed understanding of how activin/
Smad3 signaling impinges upon cellular sensitivity to
FSH will require a better understanding of the mech-
anism that FSH uses to stimulate PI3-kinase/Akt,
which has only been partially elucidated at this time.
Multiple studies suggest that the well-described up-
regulation of cAMP by Fshr is required to activate

PI3-kinase/Akt, but that this mechanism is indepen-
dent of PKA (14, 15). The connection between cAMP
and PI3-kinase/Akt may instead be mediated through
cAMP-regulated guanine nucleotide exchange factors
and the small GTPase Rap1, which are known to ac-
tivate PI3-kinase activity (60-63). Physical interaction
of these proteins with Fshr might be facilitated by the
adaptor protein containing PH domain, PTB domain,
and Leucine zipper motif (Appl), which was recently
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identified as a Fshr binding partner by a yeast-two-
hybrid approach (64). Because Appl has also been
shown to bind Akt, the p110 subunit of PI3-kinase and
small GTPase proteins, it could conceivably act as a
scaffold for the enzymatic machinery required for Fshr
to activate Akt (Fig. 9A) (65, 66). The presence of all of
these components in a single complex with Fshr has
yet to be demonstrated, however, indicating the need
for further investigation.

Because Smad3 has not been shown to have any
molecular functions outside of its ability to transcribe
genes, it seems likely that its role in facilitating efficient
FSH signal transduction depends upon its transcrip-
tional induction of one or more components of the
complex needed to link Fshr to the PI3-kinase/Akt
pathway. In the absence of Smad3, these components
would also be lacking, and FSH would become un-
coupled from the PI3-kinase/Akt pathway (Fig. 9B). As
such, simple inhibition of Smad3 is sufficient to inter-
rupt a significant component of both the activin and
FSH signaling pathways. This model is particularly
attractive because it explains how and why inhibin is
sufficient to prevent uncontrolled granulosa cell pro-
liferation in the antral follicle and why its absence
results in the unabated induction of cyclinD2 through
both the FSH and activin signaling pathways.

MATERIALS AND METHODS

Experimental Animal Treatment and Care

All experiments involving animals were performed in accor-
dance with institutionally approved and current animal care
guidelines from University of Michigan Committee on Use
and Care of Animals. Generation and genotyping of mice with
a targeted deletion of the a-inhibin gene (Inha—/—), targeted
deletion of the Smad3 gene (Madh3—/—), and mice harboring
the bLH-BCTP transgene under control of the bovine LH
a-subunit promoter have been described previously (45, 51,
52). The initial cross between Inha—/— and Madh3—/— mice
resulted in mixed C57/BL6 and 129S1 genetic background.
Because survival of Madh3—/— mice is improved on mixed
genetic backgrounds, we chose to maintain the C57/BL6 X
129S1 mixed background for the duration of the study (52).

For the gonadal tumor studies, all measurements and his-
tological analyses were performed at 2 months of age be-
cause Inha—/— mice invariably demonstrate large gonadal
tumors at this age but do not yet develop severe health
defects associated with prolonged tumor growth. For each
group of mice analyzed in these studies, a number of five or
greater was used to perform tissue weight analysis, which is
presented as a mean tissue weight with error bars represent-
ing sp values.

For the adrenal tumor studies, surgical gonadectomies
were performed at the age of 5 wk, and mice were euthanized
at 15 wk or more after gonadectomy at the indication of
end-stage disease, characterized by severe weight loss,
hunched posture, and sunken eyes. Choosing a fixed time-
point at which to euthanize mice in this study was not feasible
because the initiation of adrenal tumorigenesis in Inha—/—
mice is variable. A significant difficulty with this approach is
the poor postoperative survival of Madh3—/— mice, which
perhaps results from the wound-healing or immunological
defects that these mice display. No male mice (0 of 10) from
the Inha—/—:Madh3—/— genotype survived more than 5 d

after gonadectomy, and only three female mice (3 of 10)
survived longer than 20 wk after gonadectomy, at which point
Inha—/— mice invariably exhibit large adrenocortical tumors.
Madh3—/— mice also develop colorectal tumors later in life,
which accounted for the death of two of the female mice that
did survive past 20 wk after gonadectomy. As such we chose
to analyze only female mice in this study and were unable to
quantify long-term survival to end-stage adrenocortical
disease.

Tissue Histology: Hematoxylin and Eosin Staining

Ovaries, testis, and adrenals were collected at indicated ages
and fixed for 2-3 h in 4% paraformaldehyde/PBS. Tissues
were dehydrated in graded ethanols and methyl salicylate
and embedded in paraffin before sectioning. Sections were
cut at 6-um thickness and floated on prewarmed and wetted
glass slides to remove any surface inconsistencies in the
sections. Water was removed from under the sections by
gentle aspiration, and the sections were dried overnight at 37
C to promote adherence to the slides. After drying, sections
were deparaffinized in xylenes and rehydrated in graded eth-
anols followed by deionized water. Sections were stained for
5 sec in hematoxylin solution (Sigma, St. Louis, MO), washed
in deionized water, and stained for 3 sec in eosin solution
(Sigma). The sections were then washed and dehydrated in
graded ethanols and xylenes, then mounted and cover-
slipped with Permount solution (Sigma).

Tissue Histology: Immunofluorescent Staining

Ovaries and adrenals were collected at indicated ages and
prepared for histological staining as above, except that final
rehydration steps were performed in Tris-buffered saline/
0.1% Tween-20 (TBST, pH 7.5), in addition to deionized
water. Antigen retrieval was performed by boiling rehydrated
sections in 1 mm EDTA or 10 mm sodium citrate for 15 min,
followed by one wash in deionized water and two washes in
TBST at room temperature. Tissue sections were then
blocked in antibody diluent solution (TBST, 5% BSA, 0.1%
Tween-2 containing 5% normal goat serum) for 1 h, and then
incubated with anti-Smad3 (1:100; Zymed Laboratories,
South San Francisco, CA) or anti-phospho-Akt*"® (1:200,
immunohistochemistry-specific antibody; Cell Signaling
Technology, Boston, MA) overnight at 4 C in a hydration
chamber. The next day, sections were washed three times for
5 min in TBST, and then exposed to biotinylated secondary
antibodies for 30 min at room temperature. After three wash
steps, sections were incubated with streptavidin-FITC for 30
min at room temperature to fluorescently label stained tissue.
Sections were finally washed three times more with TBST,
nuclear co-stained with 4, 6-diamino-2-phenylindole or pro-
pidium iodide, and coverslipped with aqueous mounting me-
dia (Biomeda, Foster City, CA). Fluorescent images were
captured with an RT-Slider digital camera and Spot (version
4.6) software (both from Diagnostic Instruments, Sterling
Heights, MI).

Immunoblotting

Ovaries, testis, and adrenals were removed, dissected from
surrounding adipose and connective tissue, and immediately
snap frozen in liquid nitrogen. Protein lysates were collected
by briefly sonicating frozen tissues in lysis buffer (40 mm
HEPES, 120 mm sodium chloride, 10 mm sodium pyrophos-
phate, 10 mm sodium glycerophosphate, 1 mm EDTA, 50 mm
sodium fluoride, 0.5 mm sodium orthovanadate, 1% Triton
X-100) containing protease inhibitor cocktail (Sigma), fol-
lowed by 1-h rotation at 4 C to solubilize proteins. Soluble
protein was collected from centrifuged total lysates and
quantified by Bradford assay. SDS-PAGE was performed on
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Table 1. Primer Sequences for Semiquantitative and Quantitative RT-PCR Analysis

Annealing
Gene/Transcript Name Abbreviation Sense Primer Antisense Primer Temperature

©
FSH receptor Fshr AAG GTC TAT TCC CTG CCC AAC CAT CTG GGT TCA TCA TCT ACG AGA GAG 57
LH receptor Lhr CTG CTG TGC TTT CAG GAA TTT GCC ACC CTA AGG AAG GCA TAG CCC ATA 60
P450.. Cyptial CTG CTT CAC CAC CCT GAG A AGC TGC ATT CGG TTC CTG T 59
p27+iPt Cdkn1b GTG CCT TTA ATT GGG TCT CAG GCA AAT CTT CTG CAG CAG GTC GCT T 60
Inhibin/activin-bA Inhba GAG ATC GTA GAG GCT GTC AAG CAC TTC TGC ACG CTC CAC TAC 57
Serum/glucocorticoid-regulated ~ Sgk CTC AAC AAA TCA ACC TGG GTC CGT TAC TTC TTC TGC CTT GTG CCT AGC 60

kinase

Acidic ribosomal phosphoprotein  Arbp CGT GAT GCC CAG GGA AGA TCC CAC AAT GAA GCA TTT TGG 60

9-10% polyacrylamide Tris-glycine gels loaded with 10-40
g of protein per sample, and separated proteins were trans-
ferred to nitrocellulose membranes using a semidry transfer
unit. After transfer, membranes were blocked 1 h in 4%
nonfat dry milk in TBST, and then incubated overnight at 4 C
with primary rabbit antibodies against phospho-Smad3 (1:
1000), Smad3 (1:1000; Zymed), phospho-Akt*”® (1:1000; Cell
Signaling), total Akt (1:1000; Cell Signaling), phospho-Foxo1
(1:1000; Cell Signaling), total Foxo1 (1:1000; Santa Cruz Bio-
technology, Santa Cruz, CA), cyclinD2 (1:1000; Santa Cruz,
M-20), PCNA (1:1000; Santa Cruz), P450,,omatase (1:1000;
Abcam, Cambridge, MA), phospho-CREB (1:500; Upstate
Biotechnology, Waltham, MA), or CREB (1:1000; Upstate), or
primary mouse antibodies against B-actin (1:5000; Sigma).
The next day, membranes were washed three times for 5-10
min in TBST, and then incubated with horseradish peroxi-
dase-labeled goat antirabbit or antimouse secondary anti-
body for 1 h at room temperature. After three more washes in
TBST, membranes were incubated for 2-5 min in West Dura
ECL reagent (Pierce, Rockford, IL), and then exposed to film
for detection.

RT-PCR and Real-Time PCR

Tissues were removed, cleaned, and snap frozen as above.
Frozen tissues were lysed in Trizol reagent using an electric
tissue homogenizer, and total RNA was collected according
to the manufacturer’s recommended protocol. In the case of
cultured cells, the total cell pellet was washed once with PBS,
and then directly harvested in Trizol reagent with vigorous
pipetting to homogenize the cellular lysates. Total RNA was
treated with DNase (Ambion) to remove any residual genomic
DNA, and was quantified by UV spectrometry. One micro-
gram of total RNA was used to synthesize cDNA using the
iScript kit (Bio-Rad, Hercules, CA) according to the manufac-
turer’s recommended protocol. The final cDNA product was
purified and eluted in 50 ul of Tris-EDTA buffer using PCR
purification columns (QIAGEN, Hilden, Germany). One micro-
liter of this product was used as template for all subsequent
semiquantitative PCRs. Primer sequences and thermocycling
conditions for each gene are shown in Table 1. Amplified
products were resolved on 1-2% agarose gels and detected
with ethidium bromide staining on a UV lamp.

For quantitative, real-time PCR analysis of mRNA tran-
script abundance, PCRs were made up using a 2X SYBR
Green PCR mastermix (Applied Biosystems, Foster City, CA)
along with gene-specific primers, and thermocycling was
performed in the ABI 7300 thermocycler system (Applied
Biosystems). Each quantitative measurement was normal-
ized to Rox dye as an internal standard and performed in
triplicate. Transcript abundance was normalized to the aver-
age C, value of mouse acidic ribosomal phosphoprotein
(Arbp) for each sample. For mRNA quantitation directly from
adrenal or tumor tissue, measurements were performed with
a number (n) of four or greater, with n being the number of
individual tissue samples from different animals.

Igf1 Protein Quantification

Age-matched experimental animals were sedated with isoflu-
orane and decapitated, and blood was collected from each
animal in an EDTA-coated capillary vial. The vials were placed
on ice before separation of sera from blood cells by centrif-
ugation at 6000 rpm for 10 min at 4 C. Purified serum was
frozen at —80 C until analysis by RIA. Ovaries from the same
mice were removed, dissected from surrounding adipose and
connective tissue, and immediately snap-frozen in liquid ni-
trogen. Protein lysates from the frozen tissue were collected
in the same way as performed for immunoblotting. Igf1 pro-
tein was quantified using a RIA kit specific for mouse Igf1
(Diagnostic Systems, Webster, TX). Both sera and ovary ly-
sates were acid-extracted according to the manufacturer’s
instructions before measurement. All values were calculated
relative to known concentrations of mouse Igf1 standard. For
ovarian protein quantification, all values were normalized to
the total protein input to produce a relative intraovarian Igf1
value. A number of five or greater was used for each geno-
type analyzed in these experiments. Error bars for the data
presented above were calculated as sb values from the mean
value.
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