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Inhibin is a secreted tumor suppressor and an ac-
tivin antagonist. Inhibin « null mice develop go-
nadal sex cord-stromal tumors with 100% pen-
etrance and die of a cachexia-like syndrome due to
increased activin signaling. Because Sma and
Mad-related protein (SMAD)2 and SMADS3 trans-
duce activin signals in vitro, we attempted to define
the role of SMADS3 in gonadal tumorigenesis and
the wasting syndrome by generating inhibin « and
Smad3 double mutant mice. Inhibin « and Smad3
double homozygous males were protected from
early tumorigenesis and the usual weight loss and
death. Approximately 90% of these males survived
to 26 wk in contrast to 95% of inhibin-deficient
males, which develop bilateral testicular tumors
and die of the wasting syndrome by 12 wk. Testic-
ular tumors were either absent or unilaterally slow
growing and less hemorrhagic in the majority of
double-knockout males. In contrast, development

of the ovarian tumors and wasting syndrome was
delayed, but still occurred, in the majority of the
double-knockout females by 26 wk. In double mu-
tant females, tumor development was accompa-
nied by typical activin-induced pathological
changes. In summary, we identify an important
function of SMAD3 in gonadal tumorigenesis in
both sexes. However, this effect is significantly
more pronounced in the male, indicating that
SMADS is the primary transducer of male gonadal
tumorigenesis, whereas SMAD3 potentially over-
laps with SMAD2 function in the ovary. Moreover,
the activin-induced cachexia syndrome is poten-
tially mediated through both SMAD2 and SMAD3 or
only through SMAD2 in the liver and stomach.
These studies identify sexually dimorphic functions
of SMAD3 in gonadal tumorigenesis. (Molecular
Endocrinology 21: 2472-2486, 2007)

CTIVINS AND INHIBINS are secreted TGF- su-
perfamily ligands that orchestrate a host of normal
physiological and developmental processes (1-3). Ac-
tivins are disulfide-linked homodimers or heterodimers
of B-subunits and include activin A (BA: BA), activin B
(8B: BB), and activin AB (BA: BB) (4), whereas inhibins
are disulfide-linked heterodimers of « and 3 subunits
[inhibin A (a: BA) and inhibin B («: 8B)] that antagonize
activin signaling by acting as activin receptor (ActR)
antagonists (5). Both activins and inhibins are ex-
pressed in multiple tissues including pituitary gonado-
tropes, Sertoli cells of the testis, and ovarian granulosa
cells (6-8). Although activins and inhibins were initially
found as regulators of pituitary FSH biosynthesis and
secretion (6, 9), subsequent studies identified diverse
functions including regulation of proliferation, differen-
tiation, and development (10-13).
Genetic approaches have helped to more fully de-
fine the functional role of inhibins (14). Male and female
mice homozygous for an inhibin « (Inha) null allele (i.e.
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deficient in inhibins) develop multifocal and hemor-
rhagic gonadal sex cord-stromal tumors as early as 4
wk of age with essentially 100% penetrance, thus
identifying inhibin as a secreted tumor suppressor
(14). Inhibin is also an adrenal tumor suppressor be-
cause castrated (gonadectomized) inhibin-deficient
mice invariably develop adrenal tumors after 20 wk of
age (15). The inhibin-deficient mice succumb to a ca-
chexia-like wasting syndrome (i.e. weight loss, leth-
argy, hunchback, sunken-eye appearance, pale pe-
riphery, kyphoscoliosis, etc.) and have elevated serum
activin and estradiol (E,) levels (15, 16). The cachexia
is secondary to activin signaling because it is mini-
mized in Inha and ActRIl double mutant mice (17).
Activins signal through ActRs (ActRIIA and ActRIIB)
and ActR-like kinases (type | receptors), leading to the
phosphorylation and activation of the receptor-regu-
lated SMADs (R-SMADs; SMAD2 and SMADJ) (2, 18-
23). Heteromeric complexes are then formed between
the activated SMAD2-SMAD3 and common SMAD
(SMADA4). The complexes subsequently translocate to
the nucleus to regulate gene expression in a cell-
specific pattern via recruitment of distinct transcription
factors, coactivators, and corepressors (1, 3, 24-27).
Although SMAD2 and SMADS share more than 90%
identity in their amino acids, functional and structural
differences have been demonstrated between SMAD2
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and SMADS. In vitro studies have suggested that
SMAD3, but not SMAD2, plays a role in the transcrip-
tional activation of the rat FSHB promoter (28) al-
though there is some debate about the role of SMAD2
in this process (29). Mice with Smad2 loss of function
are embryonic lethal (30-34) whereas Smad3 knock-
out mice are viable but develop colorectal cancer (35)
and have immune defects (36).

The genesis of the gonadal tumorigenesis in inhibin-
deficient mice is unknown. It is possible that it is the
effect of, but not limited to, increased FSH, enhanced
estrogen signaling, or potentiated activin signaling in
the absence of inhibin. FSH is heterodimeric glycop-
rotein that is critically involved in the menstrual cycle
and regulated in a series of complex feedback loops.
Consistent with the role of inhibin in suppressing FSH
production and secretion, Inha null mice have signifi-
cantly elevated serum FSH levels (14). A role of FSH in
regulating gonadal tumorigenesis was identified in our
genetic mouse model, which lacks both FSH and in-
hibin (37). Similarly, E, levels are also increased in Inha
null mice, and estrogen signaling plays a critical role in
promoting tumor progression in inhibin-deficient male
mice (38). Support for the involvement of activin sig-
naling in gonadal tumorigenesis stems from in vitro
evidence that growth of gonadal tumor cells was stim-
ulated by activins (39). However, direct in vivo evi-
dence establishing this link is lacking, because mice
lacking both activin BA and BB (deficient in both ac-
tivins and inhibins) die within 24 h of birth secondary to
multiple abnormalities in craniofacial development
(23), precluding the possibility to directly examine the
roles of activins in gonadal tumor development in in-
hibin-deficient mice. However, SMAD2 and SMAD3
transduce activin signals, and gonadal tumors in in-
hibin-deficient mice are derived from the granulosa/
Sertoli cell lineages (14), cells that express both ac-
tivin-responsive SMADs, SMAD2 and SMADS (40-44),
the roles of which in gonadal tumorigenesis as well as
activin-induced cachexia remain unknown. Because
Smad3 mutant mice are viable, it was possible to
examine the roles of activin-responsive SMADS in the
development of gonadal tumors. For these reasons,
we generated Inha and Smad3 double mutant mice to
help delineate the roles of activin-responsive SMADs
in gonadal tumorigenesis and the development of the
wasting syndrome.

We found in the current studies that Inha and Smad3
double homozygous mutant males were protected
from early tumorigenesis, weight loss, and death. The
majority of double mutants survived beyond 26 wk,
and the testicular tumors were either absent or unilat-
eral, slow growing, and less hemorrhagic. SMAD3 de-
ficiency also reduced female ovarian tumorigenesis
but to a much milder degree than in males. These
results provide fundamental in vivo evidence to help in
understanding the contributions of SMAD-related sig-
naling in gonadal tumorigenesis.
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RESULTS

SMADS Is an Important Genetic Modifier in
Testicular Tumorigenesis

To begin to study the role of SMADS in inhibin-defi-
cient mice, we generated and then intercrossed
Smad3;Inha double heterozygotes. We separated the
sexes into two cohorts and first examined the males.
As a first step, we evaluated survival curves as a
potential indicator of tumorigenesis. We found that
loss of SMADS substantially prolonged the lifespan of
inhibin-deficient mice and potentially in a dosage-sen-
sitive fashion (Fig. 1A). The survival curve (Fig. 1A)
showed 50% of Inha '~ ;Smad3 wild-type (WT) male
mice died by 10.5 wk of age. Heterozygosity at the
Smad3 locus extended the 50% survival to approxi-
mately 14.5 wk, but by 17 wk the curves were over-
lapping. Remarkably, all of the double homozygous
males survived beyond 12 wk of age, and 90% of them
survived to 26 wk, mirroring control Smad3~'";Inha
WT mice. At this time point, the studies were termi-
nated so that the gonads of the double homozygotes
could be examined. One Inha™’~;Smad3~’~ male and
one Smad3 "/~ male were killed at 21 and 25 wk of
age, respectively, due to the presence of rectal pro-
lapse and the development of colorectal cancer, a
phenotype secondary to SMAD3 deficiency (35).
Because the survival curves indicated a possible
attenuation of the inhibin-deficient tumor phenotype,
the double homozygotes (n = 9) were examined at 26
wk of age. Strikingly, around 40% of the mice did not
develop macro- and microscopic testicular tumors.
Some of these animals did have enlarged testes with
(data not shown) or without the presence of cyst(s)
(Fig. 1, B and E). The majority of the remaining 60%
developed unilaterally small tumors that were less
hemorrhagic with a few tumor foci that could be de-
tected with serial sections (Fig. 1, B, F, and G). Occa-
sionally, the contralateral testis developed cyst(s). Fig-
ure 1H depicts the testicular tumor in a 21-wk-old
double-knockout male that was killed due to the pres-
ence of a colorectal cancer. The only other exception
in these double-knockout mice was that one 26-wk-
old double homozygous male developed a relatively
hemorrhagic tumor in one testis. The above findings
are in sharp contrast with the Inha~’~ males, which
inevitably developed bilateral hemorrhagic and ag-
gressive tumors that encompassed the entirety of both
testes (Fig. 1, B and C). All of the Inha™’~;Smad3™/~
and /nha~’~ males in this experiment developed sex
cord-stromal tumors by 26 wk. However, about 20%
of the Inha~’~;Smad3™’~ males developed unilateral
tumors. Analysis of the testis weights showed that the
average weight of testes from both 10- and 26-wk-old
double-knockout males was lower than that from the
Inha~’~ males at the advanced stage of tumor pro-
gression (Fig. 11, P < 0.05). To delineate a time line of
tumorigenesis in the double-knockout males, we an-
alyzed their testes at 6 (n = 3), 10 (n = 5), 12 (n = 1),
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Fig. 1. SMAD3 Is an Important Genetic Modifier in Testicular Tumor Development

A, Survival curve of Inha™’~ (n = 15), Inha™’~;Smad3*’~ (n = 20), Inha~’~;Smad3~’~ (n = 10), and Inha WT;Smad3~'~ (n =
9) male mice. B, Testes from a 10-wk-old /Inha /~ male (B1, left) were hemorrhagic (arrowheads) and significantly enlarged
compared with testes from a 12-wk-old Inha’/~;Smad3~/~ male (B1, right), which had no tumor foci and were grossly normal.
Panel B2 shows testes from an Inha~'~;Smad3~'~ male at 26 wk of age were free of tumor, whereas testes from another
double-knockout male (B3) at the same age had a hemorrhagic focus (arrowhead) and a small tumor (histology in panel F). C,
Representative histology of sex cord-stromal tumors developed in the Inha '~ male (B1, left). Note the presence of mitotically
active tumor cells under high magnification. D, Representative histology of testes from a 12-wk-old double-knockout male (B1,
right) with normal seminiferous tubule structure and the presence of spermatogenesis. E, Representative histology of testes from
a 26-wk-old double-knockout male (B2) with normal testicular structure and the presence of spermatogenesis (inset). F, Histology
of a testis (left testis in B3) from a 26-wk-old double-knockout male. Note the hemorrhage (arrowhead) and a small tumor (*)
viewed under high magnification (inset). G, Representative histology of the testicular tumors developed in a 26-wk-old double-
knockout male. Note the presence of more than one small tumors (*) and cysts (arrowheads) as well as abundant tubule structures
(**) in the testis. Spermatogenesis can still be found in some tubules of this testis (data not shown). The inset denotes the
high-power view of one of the tumor foci (*), all of which contain mitotically active cells. H, Representative histology of the testes
from a 21-wk-old double-knockout male that was killed because of the development of colorectal cancer. Note the presence of
a small tumor (*) and a cyst (arrow) in the testis. The inset is a high-power view of the tumor (*). |, Average weight of testis from
Inha~’~ (7-11 wk; n = 10) and /Inha '~ ;Smad3 /" males (n = 6 for both 10- and 26-wk groups). Note the average testis weight
from Inha~’/~ males was higher than that from the double-knockout mice (10 wk and 26 wk) (P < 0.05). Data are shown as mean +
SeM, and bars without a common superscript are significantly different. Scale bars, C and insets in F-H, 25 um; D, 50 um; inset
in E, 100 wm; E-H, 800 pm.

and 15 (n = 1) wk of age. No gross tumors were visible
at any of these stages, and the testes were histologi-
cally indistinguishable from those of the WT mice with
normal spermatogenesis (Fig. 1, B and D). In contrast,
testes from Inha/~ males developed hemorrhagic tu-
mors (Fig. 1, B and C).

Inha knockout males develop infertility secondary to
testicular tumor development (16). To examine the
reproductive potential of mice with both Smad3 and
Inha loss of function, Inha~’~;Smad3 ™'~ males (n = 2)
at the age of 8 wk were mated with WT females. Both
males sired offspring whose genotype was Inha*’~;
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Smad3™*’~, confirming the double homozygous geno-
type of the parent males. The fertility of Inha™’'~;
Smad3~/~ males was further evaluated by crossing
the double-knockout males (n = 5) with the Inha™’'~;
Smad3™’~ females (n = 10; two females per breeding
cage), and the double heterozygous males: n = 5)
were used as controls (Table 1). Al of the Inha™’;
Smad3~’~ males sired offspring, although they dem-
onstrated reduced fertility during a 3-month test pe-
riod with reduced number of litters (25 for double
heterozygous and 14 for double knockout) and total
progeny (175 for double heterozygous and 82 for
double knockout). The average litter per female each
month was markedly decreased for the Inha™’'~;
Smad3~’~ males compared with controls (0.47 = 0.06
vs. 0.83 = 0.05; P < 0.01), although the litter size was
not significantly different compared with the DHET
males (5.62 = 1.05 vs. 5.96 + 0.52; P > 0.05). Thus,
loss of Smad3 in the inhibin-deficient males partially
rescued the fertility defects.

Absence of SMADS in the Inhibin-Deficient
Background Forestalls the Usual Weight Loss
and Associated Cachexia-Like Symptoms

in Males

To determine the effect of absence of Smad3 on
the cachexia-like syndrome, the weights of male
mice with different genotypes (Inha’~;Smad3 WT,
Inha='~;Smad3*'~, Inha~'~;Smad3~’~, and Inha WT;
Smad3~’/") were measured weekly for a period of 4-26
wk (Fig. 2A). Weight loss in inhibin-deficient male
mice, an early sign of tumorigenesis, occurred approx-
imately after 6-7 wk of age accompanied by dorsal
kyphoscoliosis and a sunken-eye appearance. How-
ever, the weight loss and associated cachexia symp-
toms were minimal in Inha™’~;Smad3~’~ males during
the 26-wk experimental period. Loss of one copy of
Smad3 in the inhibin-deficient background also de-
layed the onset of weight loss as evidenced in Inha™/~
Smad3™’~ males, although these mice eventually be-
came cachectic and demonstrated weight loss. Com-
pared with Smad3~’~ mice, the body weights of the
double-knockout males seemed to plateau around 16
wk, which might reflect the effect of the presence of
slow-growing tumors in some double-knockout males.

Because the cachexia-like syndrome was accompa-
nied by pathological changes in the liver and stomach,
these organs were examined histologically. Depletion of
gastric parietal cells and hepatocellular necrosis around
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the central vein are two prominent histological hallmarks
of cachectic inhibin-deficient mice (15). These patholog-
ical changes in the stomach were apparent in Inha’~;
Smad3 WT (Fig. 2B) and Inha™’~;Smad3™/~ (data not
shown) males at the terminal stages. However, in the 10-,
12-, 14-, and 26-wk-old double homozygous males, pa-
rietal cells were present at normal levels, and no glan-
dular atrophy was found (Fig. 2C). The pathological
changes in the livers were found in the cachectic Inha™/
—;Smad3 WT (Fig. 2D) and Inha "’ ;Smad3*’~ (data not
shown) males, but not in the 10-, 12-, 14-, and 26-wk-old
double homozygous mutants (Fig. 2E). Consistent with
the histological observations, liver weights were higher in
Inha~’~;Smad3~’~ males at both 10 and 26 wk of age
compared with Inha™’~ males at the ages of 7-11 wk
(Fig. 2F; P < 0.01). Anemia, another feature of inhibin
deficiency-induced cachexia, was also not apparent in
the double homozygous males at 10 and 26 wk of age
(Fig. 2G).

Serum Activin A Levels Are Reduced in Inha™’;
Smad3~’~ Males

Tumors in inhibin-deficient mice produce substantial
amount of activins, which significantly contribute to
the highly elevated serum activin levels and lead to the
severe cachexia-like syndrome (15, 17). Because the
double-knockout males had markedly reduced tumor
progression and demonstrated minimal cachexia, low
serum activin levels are expected in these mice. Con-
sistent with our previous findings (15), dramatically
elevated activin A levels were found in the Inha/~
males compared with WT controls (Fig. 3A; P < 0.01).
As expected, the Inha~’~;Smad3~’~ males at both 10
and 26 wk of age had significantly lower activin A
levels (10 wk: 0.08 = 0.01 ng/ml; 26 wk: 5.45 = 3.58
ng/ml) compared with the Inha™’~ males (30.08 + 4.66
ng/ml; P < 0.01), which correlated with the tumor
status in these double knockouts. Although the 26-
wk-old Inha™’~;Smad3 '~ males have higher activin A
levels than the 10-wk-old double knockouts, signifi-
cance was not achieved (P > 0.05). Of note, activin A
levels were not altered in Smad3~/~ males (0.06 =
0.01 ng/ml) compared with adult WT controls (0.05 =
0.01 ng/ml; P > 0.05). These findings provide strong
evidence that attenuation of the tumor phenotype in
the double-knockout males contributes to the mech-
anism that leads to the reduced serum activin levels in
this model.

Table 1. Three-Month Fertility Test Data for the Inha;Smad3 Double-Mutant Mice

. A A
Genotype No. of Males Total Pups Total Litters Litter /F(\elriraalg(/aMonth Pups /F\;%z?;Litter
Inha*'~;Smad3*/~ 5 175 25 0.83 = 0.05% 5.96 = 0.52
Inha~'~;Smad3~'~ 5 82 14 0.47 + 0.06° 5.62 = 1.05

Each male mouse was caged with two Inha*’~; Smad3*/~ female mice. Data are shown as mean * SEM.

ays. b P <0.01.
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Fig. 2. Cachexia Wasting Syndrome Is Minimal in Inha ’~;Smad3~’~ Male Mice

A, The weight curves of Inha™’~ (n = 15), Inha™'~; Smad3™'~ (n = 20), Inha~'~;Smad3~'~ (n = 10), and Inha WT;Smad3~"~
(n = 9) males. Note the double-knockout males were protected from the severe weight loss that occurred in Inha~’~ mice. B and
C, Glandular stomachs from a 11-wk-old Inha/~ male with advanced testicular tumors and a 26-wk-old Inha /"~ ; Smad3 '~ male,
respectively. Note that large, eosinophilic parietal cells are present in the glandular region of the stomach in the double-knockout
male (C), whereas glandular atrophy and depletion of parietal cells were evident in Inha~’~ mice (B). For orientation and
comparison, the areas photographed in panels B and C depict the junction between the squamous epithelium of the forestomach
(arrowhead) and the glandular region (*). D and E, Histological analyses of livers from a 7-wk-old Inha~'~ male with advanced
testicular tumors (D) and a 26-wk-old /nha~’'~;Smad3 /'~ male (E). Hepatocellular death around the central vein with scattered
sites of necrosis and lymphocytic infiltration (arrowhead) are noted in the livers of Inha~/~ male but not the double-knockout male.
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Fig. 3. Serum Activin A and Hormone Levels in the Inha™'~;Smad3~/~ Male Mice

A, Comparison of serum activin A levels among Inha/~, Inha™’~;Smad3 '~ (10 wk and 26 wk), Smad3~/~, and WT males. Note
the significantly lower activin A levels in Inha~’~;Smad3~’~ (10 wk and 26 wk) males compared with the Inha’~ males. B,
Comparison of serum FSH levels among Inha™’~, Inha™’~; Smad3~'~ (10 wk and 26 wk), and Smad3~/~ mice. The higher FSH
levels were found in the double-knockout males (10 and 26 wk) compared with Inha~/~ males. C, Comparison of serum E, levels
among Inha~’~, Inha~’~;Smad3 /", and Smad3~’~ mice. Note the lower serum E, levels in Inha™’~;Smad3~/~ males compared
with Inha~’~ males. D, Comparison of serum testosterone levels between Inha™’~;Smad3 /" (26 wk) and WT (10 wk) males. The
following numbers of mice were used: activin A analysis, n = 5-8 for each group except the WT controls (n = 3); FSH, E,, and
testosterone assays, n = 4-6 for each group. Data are shown as mean =+ sem, and bars without a common superscript are
significantly different at P < 0.05 (B, C, and D) or P < 0.01 (A).

Inha '~ ;Smad3~’~ Males Have Highly Elevated
FSH but Low E,

Because FSH and E, have important implications in
promoting tumor progression in Inha knockout mice
(87, 38), serum levels of FSH and E, were determined
in the double mutant mice. Despite the effects of loss
of Smad3 on the development of gonadal tumors and
the observed cachexia-like syndrome, FSH levels re-
main highly elevated in the double-knockout males (10
wk: 45.42 + 5.69 ng/ml; 26 wk: 47.57 * 5.14 ng/ml)
compared with the Inha~’~ controls (25.67 *+ 2.49
ng/ml; Fig. 3B; P < 0.05). The highly elevated FSH and
markedly reduced tumorigenesis in the double-knock-
out males implicate SMADS in FSH-promoted tumor
progression in the inhibin-deficient mice. In contrast to

the FSH levels, serum E, was low in Inha="~;

Smad3~’~ males (10 wk: 16.05 + 1.55 ng/ml; 26 wk:
29.85 + 8.92 ng/ml) compared with /nha™/~ males
(135.95 = 57.30 ng/ml; Fig. 3C; P < 0.05). Because
the gonadal tumors in inhibin-deficient mice secrete E,
(15), the reduced E, levels in the double-knockout
males reflect the attenuation/absence of tumors. Se-
rum testosterone was not significantly altered in the
Inha~’~;Smad3~’~ males at the age of 26 wk com-
pared with adult WT males (Fig. 3D; P > 0.05).

Up-Regulation of Testicular mRNA for
Activin/Inhibin BB Subunit in the Inha—’~ and
Inha '~ ;Smad3~’~ Males

Increased expression of activin BA subunit in the in-
hibin-deficient testicular tumors was previously dem-
onstrated (45). This study addressed whether loss of

F, Liver weight from Inha~~ (7-11wk; n = 10) and Inha~'~;Smad3~/'~ males (10 wk; n = 6 and 26 wk; n = 8). Note higher liver

weight in the double-knockout males (10 wk and 26 wk) as compared with Inha/~ controls (P < 0.05). G, Hematocrits of Inha~

/—

(8-11 wk; n = 6) and Inha '~ ;Smad3 '~ males (10 wk; n = 5 and 26 wk; n = 6). Note higher hematocrits in the double-knockout

males (10 wk and 26 wk) as compared with Inha™’'~

controls (P < 0.01). Data are shown as mean = Sem, and bars without a

common superscript are significantly different. Scale bars, D and E, 50 um; B and C, 100 um.
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inhibin would cause increased Activin/Inhibin BB sub-
unit (Inhbb) expression in both tumor-free testis and
testicular tumors. By using quantitative real-time PCR,
we measured the mRNA expression for Inhbb in the
testes of Inha™’~ and Inha~’~;Smad3~’~ mice before
tumor formation as well as in the testicular tumors
from cachectic Inha~/~ males at the advanced stage
of tumor development (8-11 wk). The results showed
that the testicular mRNA abundance for Inhbb in the
3-wk-old Inha~’~ and Inha~’~;Smad3~/~ males was
increased compared with the age-matched WT and
Smad3~’" controls (Fig. 4A; P < 0.05). In the testicular
tumors recovered from inhibin-deficient mice, Inhbb
mRNA abundance was more than 10-fold higher than
in the WT testes (Fig. 4B; P < 0.01), confirming tumors
are active in activin production. The increased Inhbb in
the testis of both Inha knockout and the double-
knockout mice (before tumor formation), and the sig-
nificantly reduced tumor development of the double-
knockout males, further suggest that the potentiated
activin signals cannot be adequately transduced in the
absence of SMADG, leading to the significantly atten-
uated gonadal tumor phenotype in the double-knock-
out males.

SMADS3 in Ovarian Tumor Development in Inhibin-
Deficient Mice

We also examined an allelic series of Inha and Smad3
mutant females and again found a difference in sur-
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Fig. 4. Expression of the mRNA for Inhbb in Inhibin-Deficient
Testes

A, Comparison of testicular Inhbb mRNA abundance
among 21-d-old WT, Smad3~'~, Inha~’~, and Inha™'";
Smad3~/~ males (n = 3 for each genotype). Note that tes-
ticular mRNA abundance for Inhbb in the 3-wk-old Inha~/~
and Inha™'~;Smad3~/~ males was increased compared with
the age-matched WT and Smad3 '~ controls (P < 0.05). B,
Comparison of testicular Inhbb mRNA abundance between
Inha™’~ males with advanced tumors and adult WT males
(n = 3-5 for each genotype). Note that the mRNA abundance
for Inhbb in inhibin-deficient testicular tumors was more than
10-fold elevated compared with WT controls (P < 0.01). Fold
changes in the relative mMRNA expression of Inhbb in different
genotypes relative to WT control were determined using
AACT method. Data are shown as mean = sem, and bars
without a common superscript are significantly different.
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vival rate between the double homozygous and in-
hibin-deficient mice (Fig. 5A). Loss of one copy of
Smad3 (Inha ' ;Smad3"/~) caused a slightly right-
ward shift of the survival curve, whereas absence of
Smad3 in inhibin-deficient females resulted in 90%
survival at 17 wk of age, a time at which 80%
of Inha™'~;Smad3 WT and more than 65% of the
Inha—’~;Smad3™/~ females died of the cachexia-like
syndrome. However, this did not approximate the
Smad3~'";Inha WT animals, which had a 100% sur-
vival by 26 wk of age.

To analyze ovarian tumorigenesis, we first examined
the double homozygous females at 6 (n = 1), 14 (n =
1), and 15 (n = 6) wk of age when cachexia was not
evident. At 6 wk, no macro- and microscopic tumors
were observed, but the ovaries had abnormal histol-
ogy including oocyte degeneration (Fig. 5, B and C). At
14 and 15 wk of age, formation of small hemorrhagic
cysts was observed in approximately 70% of the dou-
ble-knockout females (Fig. 5, D and E). Histological
analysis revealed the presence of premalignant lesions
including tubule-like structures and degenerating oo-
cytes (Fig. 5F) in addition to the cysts (Fig. 5E). How-
ever, multifocal and hemorrhagic tumors developed as
early as 16 wk of age in one of the 12 double-knockout
females that were designated for the 26-wk period
study. Advanced tumors were recovered from the ma-
jority of cachectic Inha™’~;Smad3~/~ females beyond
17 wk of age that had histological characteristics in-
distinguishable from those observed in Inha™’~ mice
(Fig. 5, G and H). At the final time point of 26 wk, there
were two double-knockout females that had not de-
veloped gonadal tumors.

Despite the delayed tumor progression in the dou-
ble-knockout females, the above histological evidence
(Fig. 5, B and C) indicated ovarian defects in these
females. To further examine whether ovulation is pos-
sible to occur in Inha and Smad3 double knockouts, a
superovulation experiment was performed
using 3- to 4-wk-old females. Ovulation in the WT
controls was efficiently elicited by exogenous gonad-
otropins with an average of 47.8 = 2.1 oocytes per
mouse (n = 5). In contrast, no oocytes were recovered
from the double-knockout females (n = 3).

Loss of SMAD3 in Inhibin-Deficient Females
Delays the Development of the Cachexia-Like
Wasting Syndrome

The effects of SMADS deficiency on the development
of the cachexia-like syndrome were also examined in
females. Although the wasting syndrome still occurred
in most of the Inha™’~;Smad3~’~ females during the
examined time period, the process is delayed com-
pared with inhibin-deficient mice that suffered from a
severe early weight loss (Fig. 6A). The weight curve of
Smad3~’~ females was characterized by a continuous
weight gain during the 26-wk period (Fig. 6A). To ad-
dress the effect of Smad3 loss of function on the
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Inha-/-; Smad3-/-

Fig. 5. Ovarian Tumor Development in Inha and Smad3 Double Homozygous Females
A, Survival curve of Inha~/~ (n = 15), Inha’~;Smad3*’~ (n = 18), Inha ' ~;Smad3 /'~ (n = 12), and Inha WT;Smad3 "/~ (n =
10) females. B and C, Ovarian histology of a 6-wk-old Inha~~;Smad3~/~ female. Note that although no obvious tumors are

present in the ovary, follicle development was altered and oocytes degenerated. D, Ovarian tumors from a 12-wk-old /Inha

—/—

female (D1) were grossly large and hemorrhagic, whereas formation of small hemorrhagic cysts (arrowheads) instead of tumors
was observed in a 14-wk-old double-knockout female (D2). E and F, Representative histology of ovaries from a 14-wk-old
double-knockout female (D2) depicting the hemorrhagic cyst (E; arrowhead), tubule-like structures (F; **) and zona pelucida (ZP)
remnants (F; arrowheads). G, Unilateral ovarian tumors from a 15-wk-old Inha/~ female (G1) and a 26-wk-old Inha~’~;Smad3 '~
female (G2), respectively. Tumors from both genotypes were hemorrhagic and grossly indistinguishable. H, Representative
histology of the ovarian tumor from a 26-wk-old double-knockout female (G2). Scale bars, F and H, 50 um; C, 100 um; B and

E, 200 wm.

20z udy 01 uo 3senb Aq z/#8€.2//¥2/0L/1Z/o10He/pus/WOo dno-dlWepede//:sdiy woly papeojumod



2480 Mol Endocrinol, October 2007, 21(10):2472-2486 Li et al. « SMAD3 Regulates Gonadal Tumorigenesis

it 4= Inha-/-Smad3WT
4+ Inha-/- Smad3+/-

< Inha-/-Smad3-i-
Females - InhaWT,Smad3-/-

4 6 8 10 12 14 16 18 20 22 24 26
Age (Weeks)

G s
g a
E 30 1
E 20
£ 10
0 - "
Inha-/- Inha-/- Inha-/- Inha-/- Inha-/- Inha-/-
Smad3WT  Smad3--  Smad3-- Smad3WT Smad3---  Smad3-/-
(10-19wks)  (15wks)  (16-26wks) (10-19wks)  (15wks)  (16-26wks)

Fig. 6. Development of the Cachexia-Like Syndrome in Inha~’~;Smad3~/~ Females

A, The weight curves of Inha ’~ (n = 15), Inha ’~;Smad3*’~ (n = 18), Inha '~ ;Smad3 /" (n = 12), and Inha WT;Smad3 /" (n =
10) females. B and C, Glandular stomachs from a 15-wk-old WT female (B) and a 26-wk-old cachectic Inha™'~; Smad3~'~ female
with advanced tumors (C). Note the depletion of parietal cells in the double-knockout female. The orientation of the pictures is
the same as described in Fig. 2. D and E, Histology of livers from a 15-wk-old WT female (D) and a 22-wk-old Inha’~;Smad3 /'~
female with advanced tumors (E). Note the hepatocellular death around the central vein and lymphocytic infiltration (arrowhead)
in the livers of the double-knockout female. F, Liver weight from Inha~'~ (10-19 wk; n = 14) and Inha~’~;Smad3~/~ females (15
wk; n = 6 and 16-26 wk; n = 7). Note the comparable liver weight between the cachectic double-knockout and Inha ™/~ females
at the advanced stage of tumor development. G, Hematocrits of Inha™’~ (10-19 wk; n = 9) and Inha™’~;Smad3~/~ females (15
wk; n = 5 and 16-26 wk; n = 5). Note the comparable hematocrits between the double-knockout and Inha/~ females at the
advanced tumor stages. Data are shown as mean = sem, and bars without a common superscript are significantly different at P <
0.01. Scale bars, D and E, 50 um; B and C, 100 pum.

development of the wasting syndrome in inhibin-defi-
cient females, female Inha /" ;Smad3~’~ mice were
killed at an early time point (15 wk) when cachexia was
not apparent in the double knockouts, a point at which
the majority of Inha/~ females suffered from weight
loss. Histological analysis revealed that the patholog-
ical characteristics of inhibin-deficient mice in the

stomach and liver were not found in the 15-wk-old
non-cachectic double mutants (data not shown) but
were evident in the Inha ’;Smad3 /" females at the
advanced tumor stage (Fig. 6, B-E). Furthermore, the
liver weight (Fig. 7F) and hematocrits (Fig. 6G) in the
15-wk-old double mutants were higher compared with
those in the Inha™/~ females (P < 0.01). However, at
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Fig. 7. Serum Activin A, FSH, and E, Levels in the Inha™"~;
Smad3~/~ Female Mice

A, Comparison of serum activin A levels among Inha™’~,
Inha~’~;Smad3~'~ (15 wk and 16-26 wk), Smad3~/~, and
WT females (n = 3-6 for each group). Note the significantly
lower activin A levels in the noncachectic Inha™’~;Smad3~"~
females (15 wk) which have no tumors compared with the
Inha™’~ mice. Activin A levels were dramatically elevated in
the cachectic double-knockout females (16-26 wk) with ad-
vanced tumors compared with the noncachectic Inha™’'~;
Smad3~'~ (15 wk), Smad3~/~, and WT females. B, Compar-
ison of serum FSH levels among Inha™'~, Inha™’~;Smad3~"~
(10 wk and 26 wk), and Smad3~/~ mice (n = 4-10 for each
genotype). Note that comparable levels of FSH in the females
were found between Inha™’~ and the cachectic double-
knockout mice. C, Comparison of serum E, levels among
Inha='~, Inha~'~;Smad3~'~, and Smad3~/~ mice. Note the
comparable serum E, levels between Inha™'~ mice and the
cachectic double knockouts at the advanced tumor stages.
Data are shown as mean = sem, and bars without a common
superscript are significantly different at P < 0.01.

later stages when the cachexia was evident in the
double-knockout females, reduction of liver weight
and anemia were detected (Fig. 6, F and G).
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Activin A levels (Fig. 7A) were also analyzed to de-
termine the correlation of activins with cachexia and
gonadal tumor progression in females. Two groups of
double-knockout females were examined in this study,
double knockouts at the advanced tumor stage (16-26
wk) and at 15 wk of age (15 wk; no tumors were
formed in these mice), to test the following hypothe-
ses: 1) the double-knockout female mice with ca-
chexia and advanced tumors (16- to 26-wk group)
would have similarly high levels of serum activins as
Inha null mice that had advanced tumors; and 2)
double-knockout females at an earlier age (15 wk)
when tumors and cachexia were not visible in the vast
majority of them would have lower serum activin levels
in comparison with cachectic Inha null mice at a similar
age. Concordant with the cachexia symptoms and
tumor status, the cachectic double-knockout females
that developed advanced tumors had markedly ele-
vated serum activin A levels (35.06 = 4.10 ng/ml)
compared with 15-wk-old WT controls (0.04 = 0.00
ng/ml) as well as 15-wk-old Inha /" ;Smad3 "/~ and
26-wk-old Smad3 /" females (0.05 + 0.01 ng/ml; P <
0.01). However, circulating activin A levels were sig-
nificantly lower in the 15-wk-old double-knockout mu-
tants (0.15 = 0.03 ng/ml) compared with the Inha™/~
females (47.87 = 4.23 ng/ml; P < 0.01).

FSH and E, Levels in Inha ' ;Smad3~’~ Females

FSH levels were not significantly different between the
double-knockout and Inha™’~ female mice (Fig. 7B;
P > 0.05). Comparable serum E, levels were observed
between the cachectic double knockouts and the
Inha~’~ controls at the terminal stages of tumor de-
velopment (Fig. 7C, P > 0.05). However, E, levels in
the 15-wk-old double-knockout females (25.20 + 7.06
ng/ml) were lower than those in the Inha ™/~ mice
(48.70 = 18.75 ng/ml) although statistical significance
was not achieved (Fig. 7C; P > 0.05).

DISCUSSION

Inhibin was originally identified based upon its prop-
erties of inhibiting production of FSH. We examined
the endogenous role of inhibin by generating inhibin
mutant mice (14). Inhibin-deficient mice developed sex
cord-stromal tumors and a severe cachexia-like wast-
ing syndrome (14, 15). Such gonadal tumors afflict
humans, and mouse models can be exploited to help
provide rational approaches to therapies. Inhibin is an
antagonist of activin, which signals via SMAD2 and
SMADS. We undertook the current studies to dissect
the relative roles of SMAD2 and SMAD3 in gonadal
tumorigenesis and associated cachexia. The current
studies demonstrated that /nha and Smad3 double
homozygous males had substantially extended life
span compared with /nha null male mice. Further, the
double homozygous males were protected from early
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tumorigenesis and the severe weight loss. Virtually
100% of inhibin-deficient males develop bilateral,
large, aggressive hemorrhagic testicular cancers. In
contrast, the double mutant mice either did not have
testicular tumors or when they did occur, they were
typically a unilateral, slow-growing mild form of the
disease. Furthermore, loss of Smad3 in inhibin-defi-
cient males partially rescued the fertility. SMADS de-
ficiency also reduced female ovarian tumorigenesis
but to a much milder degree than in males. Although
delayed compared with controls, the majority of dou-
ble-knockout females developed ovarian tumors by 26
wk. This suggests that genes in addition to Smad3
have important roles in female inhibin-deficient go-
nadal tumorigenesis. These data highlight the complex
role that SMAD3 signaling plays in carcinogenesis;
loss of Smad3 promotes intestinal and inhibits go-
nadal tumorigenesis. Although the mechanism con-
tributing to the effect of loss of Smad3 in tumorigen-
esis in the intestine and gonads remains unclear, it
seems that the differences in cellular origin-related
transcription factors and coregulators may account
significantly for the contrasting roles of SMADS in tu-
morigenesis in these organs. Further, these results
enhance our understanding of the roles of activins in
gonadal tumor development. Of note, although signif-
icant effects of loss of Smad3 were found in the in-
hibin-deficient mice, no discernible impact of inhibin
deficiency on the Smad3-related colorectal tumor
phenotype was observed. In fact, one might expect
the result. Whereas loss of activin signaling through
SMADZS results in cancer in the colon (i.e. SMAD3 is a
tumor suppressor in the colon), increased activin sig-
naling through SMADS (and/or SMAD?2) in the gonads
promotes sex cord-stromal tumors (i.e. SMADS is
functioning like an oncogene). Furthermore, because
SMADZS in the colon is downstream of activin signal-
ing, the effects of absence of inhibin and relative levels
of activin are inconsequential because the key tran-
scriptional signaling protein (i.e. SMADS3) is absent.

It is possible that double-knockout males will de-
velop enhanced gonadal tumors beyond 26 wk, the
time-point at which we did our final analyses. How-
ever, longer term analyses were expected to be
compromised by the development of colorectal can-
cer in Smad3 null mice. In our study, colorectal
cancers became evident in the double-knockout
mice or Smad3 null mice at 21 wk of age at only a
low incidence; therefore, 26 wk was set as the end
point of this study as colonic carcinogenesis is pro-
gressive and may have hindered studies beyond
that time.

Coincident with the significantly reduced tumor
development, the fertility of double-knockout males
was partially rescued during a 3-month test period,
further suggesting that the infertility observed in
inhibin-deficient mice was secondary to gonadal tu-
mor development. Results from this study support
our earlier findings that inhibin is not essential for
testicular development, spermatogenesis, and male
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reproductive potential (16). Unlike Inha null males,
female mice deficient in inhibin are never fertile (16).
Even under pharmacological conditions, there ap-
peared to be a block in folliculogenesis and/or oo-
genesis in these females (3—-4 wk) before tumor de-
veloped (16). Moreover, although Smad3 null males
demonstrate normal fertility, Smad3 null females are
subfertile in our colony. In an attempt to assess the
reproductive efficacy of the Inha and Smad3 double-
knockout females, we evaluated the histology of
6-wk-old double-knockout females, and significant
ovarian defects including oocyte degeneration and
lack of normal developing follicles were found. Phar-
macological superovulation of the double-knockout
females that had no tumors resulted in an absence
of oocytes, confirming an ovulation defect in mice
lacking inhibin and Smad3. The above evidence
suggests that the double-knockout females would
be expected to be infertile or have dramatically com-
promised fertility. The mechanism of fertility defects
in the inhibin-deficient females remains to be estab-
lished in our future studies.

Activins have several important embryogenic
functions including murine craniofacial development
(23), and germ layer specification in frogs and fish
(46, 47). In addition, several studies suggest that
activins also regulate growth and survival (10). A
direct link between activins and tumor development
has not yet been established (4). However, several
lines of evidence highlight the potential importance
of activins in tumor growth and progression. First, in
vitro evidence demonstrated that activins can stim-
ulate the proliferation and incorporation of thymidine
into DNA of gonadal tumor cell lines derived from
inhibin and p53-deficient mice (39). Second, the
activin signaling is potentiated in inhibin-deficient
mice, which is supported by the following evidence.
The overexpression of activin/inhibin subunits was
observed in ovarian and testicular tumors (4). We
previously demonstrated that activin BA subunit in
the inhibin-deficient testes was dramatically in-
creased (45), and the current study provided further
evidence that testicular activin BB mRNA is in-
creased in inhibin-deficient mice before tumor for-
mation and further elevated in the testicular tumors.
Moreover, Inha knockout mice have elevated FSH
levels (14), and FSH was reported to regulate Smad3
mRNA in rat testis (48). We recently found that
Smad3 mRNA abundance is 2-fold increased in the
testicular tumors of inhibin-deficient mice compared
with WT testis (Li, Q., and M. M. Matzuk, unpub-
lished observation). Third, transgenic expression of
follistatin, a proposed activin antagonist (49), re-
duced tumorigenic process and prolonged the life
span of inhibin mutant mice (50). In addition, mice
deficient in inhibin and FSH have markedly reduced
activins and develop slow-growing tumors (37).
However, mice deficient in both inhibin and ActRII
still develop gonadal sex cord-stromal tumors (17).
It is possible that this is due to activin signaling
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through ActRIIB that is present in the ovary and
testis (51, 52) or other unidentified receptor(s). The
involvement of activin signaling in tumorigenesis
was further corroborated by the finding that admin-
istration of ActRIl-mFc, an activin antagonist, signif-
icantly delayed gonadal tumor progression in in-
hibin-deficient mice (67). In support of the above
findings, the current studies demonstrated that loss
of activin-responsive SMAD3 in inhibin-deficient
mice dramatically reduced gonadal tumor develop-
ment. However, SMAD3 also transduces other sig-
nals, such as TGF-B. Furthermore, our results indi-
cate that SMAD3 is the predominant, albeit not the
only, activin-responsive SMAD in the testis (43, 44),
whereas both SMAD2 and SMADS are required in
the ovary downstream of activin signaling cascades.
Interestingly, significant changes of gonadal Smad2
mRNA abundance in the double-knockout mice
were not found (Li, Q., and M. M. Matzuk, unpub-
lished observation).

Because gonadal tumors in inhibin-deficient mice
occur as focal lesions, secondary event(s) or genetic
modifiers should exist to fulfill the malignant trans-
formation. To define the mechanisms of gonadal
tumorigenesis, genetic engineering has been ap-
plied, and a number of genetically modified mouse
lines have been created and used in our previous
studies. The genetic modifiers identified in our
former studies include GnRH (53), FSH (37), anti-
Mullerian hormone (54) and its receptor (55), follista-
tin (50), androgen receptor (56), cyclin D2 (57), p27
(58), and estrogen receptors (38). Among these
modifiers, FSH is an important trophic modifier fac-
tor for gonadal tumorigenesis via influencing the
tumor progression in inhibin-deficient mice (37).
Moreover, estrogen receptors (ERa and ERB) and
Inha triple-knockout mouse models suggest that es-
trogen signaling plays a critical role in promoting
tumor progression in males (38). Therefore, it was
interesting to determine FSH and E, levels in Inha
and Smad3 double-knockout mice. Despite the pro-
nounced effects of loss of Smad3 on gonadal tu-
morigenesis, FSH levels in the double homozygous
males were even higher than those in inhibin-defi-
cient mice. The reason why loss of Smad3 in the
inhibin-deficient background resulted in even higher
serum FSH in the males is not clear. However, it
seems that serum E, plays at least a partial role. It is
interesting to note that E, levels in the double-
knockout males at both 10 and 26 wk of age were
lower than those in the inhibin-deficient mice, which
clearly correlated with the reduced tumor progres-
sion in these double-knockout mice. As opposed to
the high E, levels in inhibin-deficient mice, we cre-
ated a low E, environment in the circulation of in-
hibin-deficient males, which did not develop or
developed slow-growing tumors when functional
deletion of Smad3 was introduced. It is possible that
the low level of E, may further contribute to the
elevation of FSH in the serum via a negative feed-
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back mechanism (59). Considering the role of FSH in
gonadal tumor formation and progression (37) as
well as FSH regulation of testicular Smad3 (48), it is
possible that SMADS is involved in FSH-promoted
tumor progression. However, the possibility cannot
be excluded that other TGF B ligands might signal
through SMADS3 to regulate FSH levels.

The development of the wasting syndrome in in-
hibin-deficient mice is mediated by activin signaling
through ActRIl in the liver and glandular stomach,
which confers the pathological changes and nutritional
defects described previously (15, 17). In agreement
with the roles of activins in the liver (60, 61) and the
effects of recombinant activin A on hepatocellular
death both in vivo and in vitro (62), ActRIl mRNA is
detectable in the liver and stomach (17). Therefore,
loss of ActRlIl in the inhibin-deficient mice led to the
histologically normal liver and stomach and conse-
quently forestalled the weight loss in the double-
knockout mice (17). The current studies strengthened
the notion that the development of cachexia-like syn-
drome is secondary to tumor formation and elevation
of serum activin levels. Activin levels correlated
well with tumor status in the current studies. In the
Inha~’~;Smad3 '~ males, the absence of secondary
pathological lesions in the liver and stomach reflected
the low activin A levels found in these double-knock-
out males even at 26 wk. In contrast, the majority of
double-knockout females developed advanced tu-
mors by 26 wk, and these cachectic mice had similarly
elevated circulating activin A levels as the inhibin-
deficient mice, as well as pathological lesions in the
stomach and liver. Based on the primary role of ac-
tivins in inducing cachexia symptoms in inhibin-defi-
cient mice of both sexes (17) and cachexia symptoms
observed in the majority of female double-knockout
mice at the advanced stage of tumor progression, it
appears that both SMAD2 and SMAD3 or SMAD2
alone are/is required for activin signaling in the liver
and stomach to confer the pathological lesions.

The current findings, combined with our previous
genetic studies, strongly indicate that SMADS3 acts
as the dominant SMAD in the testis whereas both
SMAD2 and SMADS3 appear to be required in the
ovary for activin signaling cascades. These results
illustrate the differences between males and females
in the role of SMAD3 in gonadal tumorigenesis.
Moreover, our findings suggest that the activin-in-
duced cachexia syndrome is potentially mediated
through SMAD2 and SMADS or only through SMAD2
in the stomach and liver. Elucidation of the func-
tional redundancy of SMAD2 and SMAD3 in medi-
ating tumorigenesis depends on the generation of
Smad2, Smad3, and Inha triple knockouts in the
testis and ovary. Furthermore, identification of the
target genes downstream of the SMAD2/SMAD3
signaling pathways that confer tumorigenesis re-
mains one of our future goals.
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MATERIALS AND METHODS

Generation and Genotyping of Inha and Smad3
Compound Mutant Mice

All mice lines used in this experiment were maintained on a
mixed C57BL/6/129S6/SvEv genetic background and han-
dled according to the NIH Guide for the Care and Use of
Laboratory Animals. Generation of inhibin-deficient mice (14)
and Smad3 mutant mice (35) has been previously described.
To generate double mutant mice deficient in inhibin and
SMADS, Inha*’~ mice were mated to Smad3*/~ mice to
produce double heterozygous mice (Inha*’~;Smad3*/~). The
double heterozygous mice were then interbred and double-
knockout mice (Inha ’~;Smad3 /") were obtained from the
offspring. The Inha™’~;Smad3~/~ mice were obtained at the
expected mendelian ratio of 1:16 with similar numbers of
males and females. To facilitate the generation of Inha™';
Smad3~/~ mice, the double heterozygous females were bred
to the double homozygous males to increase the frequency
of double homozygous mice to 1:4.

Genomic tail DNA was used for the genotype analysis.
Genotyping of Inha mutant mice was conducted by Southern
blot using %2P-labeled probes (14) or PCR using primers
(primer 1: 5'-CCT GGG TGG CGC AGG ATA TGG-3'; primer
2: 5’-GGT CTC CTG CGG CTT TGC GC-3’; and primer 3:
5'-GGA TAT GCC CTT GAC TAT AAT G-3’) to identify WT
(primer 1+ primer 2) or Inha mutant allele (primer 1+ primer
3). Genotyping of Smad3 WT (primer A + primer B) and null
(primer A + primer C) allele was performed using PCR with
the following primers including primer A: 5'-TGG ACT TAG
GAG ACG GCA GTC C-3’; primer B: 5'-CTT CTG AGA CCC
TCC TGA GTA GG-3’; and primer C: 5'-CTC TAG AGC GGC
CTACGT TTG G-3'.

Weights and Survival Data

Body weights of the mice were measured and recorded once
a week at 1630-1800 h every Wednesday for a period of 4-26
wk. The development of cachexia symptoms including
weight loss, kyphoscoliosis, sunken eye, etc., was monitored
(15). The mice were counted weekly and killed when overt
signs of cachexia wasting symptoms developed.

Histological Analysis

Ovary, testis, liver, and stomach were collected from mice at
the time of euthanasia and fixed in 10% (vol/vol) neutral
buffered formalin overnight. Samples were then transferred
to 70% ethanol before being embedded and sectioned for
hematoxylin and eosin (liver, stomach, and some ovary and
testis samples) or periodic acid Schiff-hematoxylin (ovary and
testis) staining using standard procedures in the Pathology
Core Services Facility at Baylor College of Medicine.

Superovulation Experiment

Three to 4-wk-old Inha and Smad3 double-knockout females
or WT controls were ip injected with pregnant mare serum
gonadotropin (5 IU/mouse) and followed by an ip injection of
human chorionic gonadotropin (5 IU/mouse; ip) 48 h later.
The next morning, the cumulus oocyte complexes were sur-
gically recovered from the oviduct, and the oocytes were
counted after the cumulus cells were removed by enzymatic
treatment.

Hematocrit Analysis

Periorbital blood was collected from isoflurane-anesthetized
mice into heparinized microhematocrit capillary tubes (Baxter
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Healthcare Corp., Deerfield, IL). The blood was spun for 15
min in a microhematocrit centrifuge, and the hematocrit was
read on a microcapillary reader and recorded.

Hormone Analyses

Blood samples were collected from mice anesthetized with
isoflurane inhalation into serum separator tubes (Becton
Dickinson, Franklin Lakes, NJ) by cardiac puncture at the
time of euthanasia. Blood was allowed to clot at room tem-
perature, and serum was then separated by centrifugation
and kept at —20 C. Total activin A was measured using a
specific ELISA (63) according to the manufacturer’s instruc-
tions (Oxford Bio-Innovations, Oxfordshire, UK) with modifi-
cations (64). The average intraplate coefficient of variation
(CV) was 9.0% and the interplate CV was 8.6% (n = 4 plates).
The limit of detection was 0.01 ng/ml. Serum FSH, E,, and
testosterone were analyzed by the Ligand Assay and Analysis
Core at the Center for Research in Reproduction, University
of Virginia. The limit of detection for FSH and E, was 2 ng/ml
and 10 pg/ml, respectively. The limit of detection for testos-
terone was 10 ng/dl (detailed information regarding the
method including antibodies used is available at http://
www.healthsystem.virginia.edu/internet/crr/ligand.cfm).

RNA Isolation and Quantitative Real-Time RT-PCR

Total RNA was isolated from testes using RNeasy Mini Kit
(QIAGEN, Inc., Valencia, CA) according to the manufacturer’s
instructions. Two hundred nanograms of total RNA was re-
verse transcribed using Superscript Ill reverse transcriptase
(Invitrogen, Carlsbad, CA) and oligo(dT),,_4g primers (Invitro-
gen) in a 20- ul reaction system. Real-time PCR was per-
formed as previously described (65) using the ABI Prism 7500
Sequence Detection System (Applied Biosystems, Foster
City, CA) with a program consisting of 40 cycles of 95 C for
15 sec and 60 C for 1 min. Briefly, Tagman assay (Inhbb,
Mm01286587) was performed in 20 ul reaction volume using
the TagMan Universal PCR Master Mix (ABI). The reactions
were set up in duplicate in a 96-well plate (ABI). Expression of
Inhbb was normalized relative to that of the endogenous
control (Gapdh) mRNA and AACT method was used for the
calculation (66). Negative controls of reverse transcription
reactions in which reverse transcriptase was omitted from
reactions were included in the analysis to monitor potential
genomic DNA contamination.

Statistical Analysis

Differences among groups were assessed by ANOVA, and
the mean between individual groups was further compared
using Tukey’s test. Data were reported as mean * sem, and
P < 0.05 was considered to be statistically significant.
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