
Role of activin C in normal ovaries and granulosa cell
tumours of mice and humans

Karen L. ReaderA,D, Francesco E. MarinoA,C, Helen D. NicholsonA,
Gail P. RisbridgerB and Elspeth J. GoldA

ADepartment of Anatomy, University of Otago, Dunedin 9054, New Zealand.
BConsortium and Cancer Program Biomedicine Discovery Institute, Department of Anatomy and

Developmental Biology, Monash University, Melbourne, Vic. 3800, Australia.
CPresent address: Department of Cancer Biology, Perelman School of Medicine, University of

Pennsylvania, PA, USA.
DCorresponding author. Email: karen.reader@otago.ac.nz

Abstract. Activins and inhibins play important roles in the development, growth and function of the ovary.Mice lacking
inhibin develop granulosa cell tumours in their ovaries that secrete activin A, and these tumours are modulated by

increased activin C expression. The aim of the present study was to identify where activin C is expressed in mouse and
human ovaries and whether overexpression of activin C modulates normal follicular development in mice. Immunohisto-
chemical staining for the activin bC subunit was performed on sections from mouse and human ovaries and human adult
granulosa cell tumours. Stereology techniques were used to quantify oocyte and follicular diameters, and the percentage of

different follicular types in ovaries fromwild-typemice and those underexpressing inhibina and/or overexpressing activin
C. Staining for activin bC was observed in the oocytes, granulosa cells, thecal cells and surface epithelium of mouse and
human ovaries, and in the granulosa-like cells of adult granulosa cell tumours. Overexpression of activin C in mice did not

alter follicular development compared with wild-type mice, but it did modulate the development of abnormal early stage
follicles in inhibin a-null mice. These results provide further evidence of a role for activin C in the ovary.
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Introduction

Activin C is a member of the transforming growth factor b
(TGFB) superfamily and consists of a dimer of two inhibin
bC (INHBC) subunits, also known as activin bC subunits. The

activin bC subunit was first sequenced from a human liver
cDNA library and shown to have 51% and 53% amino acid
homology with the activin bA and bB subunits respectively
(Hotten et al. 1995). Loveland et al. (1996) first demonstrated

the presence of mRNA for activin bC in the human ovary, pla-
centa and testis, as well as in the epididymis, testis, spleen and
liver of mice. ActivinbC protein has been shown to be present in

the female rat reproductive tract (Gold et al. 2004): immuno-
reactivity was observed in the granulosa cells of rat primordial
and primary follicles, with strong staining in the thecal cells and

oviducal epithelium. However, no studies have examined the
expression of activin bC protein in the ovaries of other species.

The role of activin C in the ovary is unknown, but the related
proteins, activin A and activin B, have been shown to be

involved in promoting the survival of germ cells, primordial
follicle formation, granulosa cell proliferation and follicular
growth (for a review, see Knight et al. 2012). Activin bC can

form heterodimers with activin bA and activin bB, termed

activin AC and activin BC respectively (Mellor et al. 2000;
Vejda et al. 2002), and overexpression of activin bC can reduce
the levels of bioactive activin A (Mellor et al. 2003). Mice with

null mutations in activin bC were shown to have normal
reproductive and liver function (Lau et al. 2000), and the authors
of that study concluded that activin bC was not essential for
embryonic development or reproductive function. However,

several studies have determined that overexpression of activin
bC in mice can lead to pathologies in vivo and that activin
C antagonises the function of activin A (Gold et al. 2009, 2013;

Marino et al. 2014). Mice lacking inhibin a (a-KO) develop
Sertoli cell tumours in males and ovarian granulosa cell tumours
(GCTs) in females, as well as severe cancer-associated cachexia

(Matzuk et al. 1992, 1994). These pathologies are most likely
due to increased secretion of activin A, which has been mea-
sured in the serum, liver, testis and ovaries of inhibina-nullmice
(Matzuk et al. 1994; Gold et al. 2013). When these mice were

crossed with mice overexpressing activin bC (a-KO/AC),
tumour development was abrogated in both the testis and ovary,
weight loss was prevented and survival was prolonged (Gold
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et al. 2013). Activin A concentrations in the serum, liver, ovary
and testis were significantly reduced in a-KO/AC mice com-

pared with a-KOmice, indicating that overexpression of activin
C can reduce the production of activin A (Gold et al. 2013).
These authors also reported that although activin AC can bind to

the activin receptor ACVR2B and activate Smad 2 phosphory-
lation, the affinity for the receptor and bioactivity wasmuch less
than that of activin A. Activin A increases the survival of fetal

and early postnatal oocytes and primordial follicle assembly (Li
et al. 1995; Bristol-Gould et al. 2006). Therefore, the presence
of increased activin bC may be expected to disrupt this process.
However, it is not currently knownwhether increased activin bC

expression alters normal ovarian development and whether the
modulation of tumour development ina-KO/ACmice is entirely
due to modulation of activin A function.

Marino et al. (2014) have reported positive immunostaining
for the activin bC subunit in ovarian cancer tissue microarrays
that included GCTs, epithelial, thecoma and germ cell tumours.

Activin bC protein has been detected in normal human secretory
endometrial tissue, endometrioid adenocarcinomas and endo-
metrial cancer cell lines (Käufl et al. 2010; Kimmich et al.

2010). The potential role for activin bC in cancer progression

was recently highlighted by two studies that demonstrated an
association between single nucleotide polymorphisms (SNPs) in
the INHBC gene and ovarian cancer risk, and an increased risk of

brain metastasis from non-small cell lung cancer (Yin et al.

2011; Li et al. 2012). A further study has also demonstrated an
oncogenic role for activin C in colorectal cancer (Bi et al. 2016).

Further research is required to identify the role of activin bC

in normal ovaries and to determine whether it has potential as a
therapeutic agent for GCT in humans. The first aim of the

present study was to examine where activin bC protein is
expressed in wild-type (WT) mouse ovaries, in premenopausal,
non-cancerous human ovaries and in human adult GCT
(AGCT). The second aim of the present study was to identify

any differences in ovarian follicular development between WT,
activin C-overexpressing (AC), a-KO and a-KO/AC mice.

Materials and methods

Experimental animals and mouse ovary collection

Animal experiments were approved by the University of Otago
Animal Ethics Committee and these experiments were con-
ducted in accordancewith theNewZealandAnimalWelfareAct
1999.Micewere housed under a 12-h light–dark cycle with food

and water available ad libitum. Mice from a C57BL/6 back-
ground were originally purchased from Jackson Laboratories
and a-KO mice were kindly provided by Professor Martin

Matzuk (Baylor College of Medicine). Double heterozygous
mice overexpressing activin C and a-KO/AC mice were pro-
duced and their genetic status confirmed using competitive

genomic polymerase chain reaction (PCR) screening, as
described previously (Gold et al. 2009, 2013). Ovaries were
collected frommice during gonadectomy experiments described

previously by Marino et al. (2015), and bodyweights were
recorded at the time of gonadectomy. One of each pair of ovaries
was snap frozen in liquid nitrogen and subsequently stored at
�808C, while the contralateral ovary was fixed in Bouin’s

solution for 4–6 h and then washed in 70% ethanol for 12–24 h.
Fixed ovaries were embedded in paraffin and 5-mm sections

were cut andmounted on Superfrost microscope slides (Menzel-
Glaser).

Human non-cancerous ovary and GCT tissue

Formalin-fixed, paraffin-embedded premenopausal human
ovaries and human AGCT tissues with different International
Federation of Gynaecology and Obstetrics (FIGO) stages (i.e.

Stage 1a, n¼ 3; Stage 1c, n¼ 4; Stage 3a, n¼ 2; Stage 3c, n¼ 1)
were sectioned at a thickness of 3mm. The premenopausal, non-
cancerous ovaries were donated by a patient with a family his-
tory of ovarian cancer following prophylactic removal of her

ovaries. Ethics approval for the use of this tissue was obtained
from the University of Otago Human Ethics Committee, Health.
There was no evidence of abnormal pathology. The AGCT tis-

sue was kindly provided by Professor Andrew Shelling (Uni-
versity of Auckland). Ethics approval for the collection of GCT
tissue and the use of patient clinical information was obtained

from the Multi-Region Ethics Committee, Ministry of Health,
New Zealand.

Immunohistochemistry

Sections from WT mouse (5–6 weeks of age) ovaries (n¼ 3),
non-cancerous human ovaries (n¼ 1 pair) and human AGCT
(n¼ 10) were dewaxed in xylene (2� 5min) and rehydrated in

an ethanol series (100%, 90% and 70%; 5min in each) and then
immersed in water. Immunohistochemical staining was per-
formed using antibodies against the activin bC subunit

(0.5 mgmL�1; AbCam; Antibody Registry: AB_2125986) fol-
lowingmicrowave antigen retrieval at 1000W in 10mMsodium
citrate buffer, pH 6.0, for 14min. Slides were cooled, washed
three times in phosphate-buffered saline (PBS) and exogenous

peroxidase activity was quenched using hydrogen peroxidase
blocking reagent (AbCam) for 20min, followed by CAS
blocking reagent (Invitrogen) for 30min. Sections were incu-

batedwith the primary antibody overnight at 48C in a humidified
chamber. The slides were then washed three times with PBS for
5min each time before secondary antibody detection with the

DAKO EnVisionþDual Link System-HRP Rabbit/Mouse and
counterstaining with haematoxylin. Negative mouse IgG1
(DAKO) was used as a negative control in place of the primary
antibody and at the same concentration. Immunohistochemical

staining was also blocked by preincubation of the primary
antibody (0.5 mgmL�1) with recombinant activin C (5mgmL�1;
produced in the Reader laboratory) for 4 h at 48C with agitation

(see Fig. S1, available as Supplementary Material to this paper).
All sections from the same species or tissue type were stained at
the same time so staining intensity could be compared between

samples.

Western blotting

To confirm that the primary antibody detected activin bC in

mouse ovary protein extract and did not cross-react with activin
bA, western blotting was performed according to the methods
described by Marino et al. (2015). Briefly, frozen WT mouse
ovaries were homogenised in RIPA buffer containing protease
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inhibitors, centrifuged at 13 000g for 15min at 48C and 40mg
protein subjected to electrophoretic separation on a 12% sodium

dodecyl sulfate–polyacrylamide gel (SDS-PAGE) under non-
reducing conditions. Recombinant activin A, activin AC and
activin C (R&D Systems; 10ng each) were separated on a 15%

gel under reducing conditions. Following transfer to nitrocellu-
lose membranes and blocking with Odyssey Blocking buffer
(LI-COR Biosciences), membranes were incubated overnight

with a 1 : 1000 dilution of anti-activin bC antibody. Secondary
antibody detectionwas performed using IRDye 800CWgoat anti-
mouse IgG1 (LI-COR Biosciences) and imaged with an Odyssey
Classic scanner and Image Studio Lite software (LI-COR).

Stereology of mouse ovaries

One paraffin embedded ovary from each of fiveWT, AC, a-KO
and a-KO/AC mice, 5–6 weeks of age, was sectioned at a
thickness of 5mm. Sections 100mm apart through the entire

ovary were stained with haematoxylin and eosin and imaged
using an Olympus AX70 compound microscope with a QIma-
ging Micropublisher 5.0 camera (Diagnostic Instruments) at a
magnification of�10. Images from each sectionweremontaged

using the MosaicJ plugin in Fiji (Thevenaz and Unser 2007;
Schindelin et al. 2012). Follicles were classified as primordial if
the oocyte was surrounded by a single layer of squamous

granulosa cells. Primary follicles were those with between one
and less than two layers of predominantly cuboidal granulosa
cells. Follicles with between two and four layers of granulosa

cells were classified as secondary, and those withmore than four
layers and no sign of antral fluid were classified as preantral
follicles. Antral follicles were those with more than four layers

of granulosa cells and visible antral fluid or spaces. Any follicles
with more than eight pyknotic nuclei or apoptotic bodies visible
in the granulosa cells were classified as atretic. The a-KO and
a-KO/AC mouse ovaries also contained small abnormal folli-

cles that were ,80mm in diameter with irregularly arranged
granulosa cells and no visible oocyte. These were classified as
nodules. As well as the nodules, a-KO and a-KO/AC mice had

abnormal primary and secondary follicles in which the granu-
losa cells were arranged unevenly around the oocyte. These
were counted separately from those primary and secondary

follicles that had evenly arranged granulosa cells and combined
into one group termed ‘abnormal follicles’.

Ovary and GCT volumes were determined using the Cava-
lieri method (Mayhew 1991) by overlaying a grid onto the

montaged image with ImageJ. Points on the ovary (50 000-mm2

grid), granulosa cells and haemorrhagic portions of the GCTs
(5000-mm2 grid) and nodules (1000-mm2 grid) were counted and

the volumes calculated using the formula V¼P� a(p)� d,
where P is the total number of points on the feature of interest,
a(p) is the area equivalent of one test point and d is the distance

between sections (Mayhew 1991). In six montaged sections,
100 mm apart, from each ovary, follicles with a visible oocyte
were classified and counted and the oocyte and follicular

diameters were measured in those follicles where the oocyte
nucleus was visible. The greatest diameter (a) and the diameter
at right angles to it (b) were measured, and the diameter (D)
calculated using the formula D¼Oab (Williams 1977).

Because not all the serial sections were collected, total numbers
of follicles could not be counted accurately; instead, the per-

centage of each follicular type counted in six sections from each
ovary was calculated.

Statistical analysis

All statistical analyses were performed using SPSS Statistics

version 22 (IBM Corp.). Bodyweight and stereology data were
analysed by one-way analysis of variance (ANOVA), except for
tumour and nodule volumes, which were compared between

a-KO and a-KO/AC mice only and were analysed by an inde-
pendent samples t-test. Tukey’smultiple comparisons tests were
performed when the overall ANOVA indicated a significant
difference. P values , 0.05 were considered significant.

Results

Specificity of the activin bC antibody

Immunostaining was blocked by preincubation of the antibody

with recombinant activin C (Fig. S1). Western blots of protein
extracted from WT mouse ovaries and separated under non-
reducing conditions detected a single 50-kDa band and a weaker

band at double this size (Fig. S2a). Members of the TGFB family
can exist in various molecular forms consisting of combinations
of monomers and dimers of the proregion and mature chain. The

antibody used in the present study was made to a region of the
mature chain and therefore the band detected is likely to consist of
a proregion subunit and a dimer of the mature protein (expected

molecular mass 50.1 kDa). This antibody also detected bands at
around 12 kDa in commercially available recombinant activin C
and in activin AC heterodimer, corresponding to the expected
size of the mature chain monomer and did not cross-react with

activin A (Fig. S2b). These recombinant proteins consist only of
the mature region of the protein with no proregion present.

Activin bC staining in mouse and human ovaries and human
AGCT

Immunoreactivity for the activin bC subunit was present
throughout the mouse ovaries, with the most intense staining
observed in the cytoplasm of the granulosa cells and oocytes of

primordial and primary follicles (Fig. 1a) and the thecal cells of
secondary to antral follicles (Fig. 1b). Surface epithelial cells
were strongly stained (Fig. 1c), whereas the corpora lutea were

moderately stained, stromal cells had weak staining and the one
atretic follicle observed was unstained (Fig. 1d). The columnar
epithelial cells and laminar propria of the mouse oviduct were

moderately stained, while connective tissue layers were
unstained (Fig. 1e). Therewas no staining in the negative control
sections apart from localised non-specific staining in the blood

vessels due to the presence of mouse IgG recognised by the
secondary antibody (Fig. 1f ).

Several primordial and primary follicles were observed in the
non-cancerous human ovaries (Fig. 2a, b). These early follicles

exhibited weak to strong staining for activin bC in the oocyte
cytoplasm and nuclei, and weak to moderate staining of
the granulosa cell cytoplasm. Some areas of stromal tissue were

weakly or moderately stained, while other areas remained
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unstained. Most granulosa cells of the two large antral follicles
observed were moderately stained and many of these cells also
exhibited strong nuclear staining (Fig. 2c). The theca interna of

these antral follicles had weak to moderate cytoplasmic staining
and strong nuclear staining, whereas the theca externa was

relatively unstained. The strongest staining for activin bC in
these human ovaries was observed in the surface epithelium
(Fig. 2d).

Human granulosa cell tumours of different FIGO stages
exhibited a range of morphologies as seen in Fig. 3. These

(f )

(a)

p

lp

(c) (d)

(b)

(e)

cl

b

Fig. 1. Immunohistochemical staining of the activin bC subunit (brown) in wild-type mouse ovaries and oviduct. (a) Moderate

staining can be seen in the cytoplasm of the oocytes and granulosa cells of all follicles, with more intense staining in the granulosa cells

of a primordial follicle (arrow) and primary follicle (p). (b) Thecal cells (arrows) surrounding an antral follicle are stained more

intensely than the granulosa cells. (c) Epithelial cells on the surface of the ovary (arrowheads) also stain strongly for activin bC, while a

layer of cells below the epithelium are unstained. (d) Corpora lutea (cl) show weak to moderate staining, whereas an atretic follicle

(arrow) is unstained. The bursa (b) is visible. (e) The columnar epithelium (arrowheads) and laminar propria (lp) of the oviduct are also

stained, with no staining observed in the connective tissue. ( f ) Negative control. Scale bars¼ 50mm.
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morphologies included diffuse, trabecular, microfollicular and

sarcomatoid (Young 2011). Moderate to strong activin bC

subunit staining was observed in the granulosa-like cells of all
tumours, with less or no staining in the surrounding fibrous cells.
In one tumour, cells in the periphery of the tumour remained

unstained and these cells had smaller, condensed nuclei com-
pared with the majority of the tumour, which was positively
stained and had large, pale, grooved nuclei (Fig. 3a).

Mouse ovarian and tumour volumes

The mean (� s.e.m.) bodyweight of the WT, AC, a-KO and
a-KO/AC mice was 14.8� 0.5, 15.8� 0.4, 15.9� 0.6 and

15.5� 0.6 g respectively. There were no significant differences
in the mean bodyweight between genotypes. The mean ovarian
volumes were not different between the WT and AC mice,

whereas a-KO mouse ovaries were larger than the ovaries of
both WT and AC mice (P¼ 0.032 and 0.026 respectively;
Fig. 4a). The mean volume of the ovaries from the a-KO/AC
micewas intermediate to that of theWT and a-KOmice, but was

not significantly different compared with ovaries in any of the
other groups. Ratios of ovarian volume to bodyweight showed a

similar pattern to the overall ovarian volumes, with the ratios

being greater in the a-KO thanWT and ACmice (Fig. 4b).When
tumour volume, including GCT, haemorrhagic portion and
nodules, was subtracted from total ovarian volume, there were no
significant differences in the remaining ovarian volume between

any of the groups (Fig. 4c). This indicates that the differences in
total ovarian volume are due to the presence of tumour in the
ovary. Neither the volume of the granulosa cell portion of the

GCT nor the entire GCT, including the haemorrhagic portion of
the tumour, differed significantly between the a-KO and a-KO/
AC mice, although volumes in the a-KO/AC mice were less

variable than volumes in a-KO mice (Fig. 4d). The a-KO/AC
mouse ovaries trended towards a lowermean nodule volume than
the a-KO mice (P¼ 0.054; Fig. 4d).

Oocyte and follicle diameters

There were no significant differences in mean follicular diam-
eter of each follicle type between any of the genotypes, apart
from secondary follicles, whichwere significantly smaller in the

a-KO compared with WT and AC ovaries (P¼ 0.038 and 0.032
respectively). There were also no significant differences in

(d)

((b)(b)

(c) (d)(d)(d)

(a)

gc

gc

ti

ti

te

Fig. 2. Immunohistochemical staining of the activin bC subunit (brown) in premenopausal, non-cancerous human ovaries. (a) Weak

staining can be seen in the cytoplasm of the oocyte andmoderate staining is seen in the squamous granulosa cells of a primordial follicle

(arrow). (b) Strong staining of the oocyte nucleus andmoderate staining in the cytoplasm of the oocyte and granulosa cells in a primary

unilaminar follicle. (c) Two adjacent large antral follicles exhibit moderate to strong staining in the cytoplasm and nuclei of the

granulosa cells (gc) and theca interna (ti). The theca externa (te) is relatively unstained. (d) The cells of the surface epithelium are

strongly stained (arrowheads). Scale bars¼ 50 mm.
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oocyte diameter between WT and AC follicles, or between
a-KO and a-KO/AC follicles, within each follicular type
(Table 1). Mean oocyte diameter was significantly smaller in

primary and antral follicles from a-KO and a-KO/AC compared
with WT ovaries, whereas preantral follicle oocytes appeared
smaller but were not significantly different (Table 1). The
oocyte diameters of secondary follicles in the a-KO mice were

significantly smaller than inWTmice, butwere not significantly
different between a-KO/AC and WT mice. Only between one
and three primordial follicles were observed in sections from

only two a-KO and two a-KO/AC mouse ovaries. The primary
and secondary follicles in this dataset included abnormal folli-
cles with irregularly arranged granulosa cells.

Percentage of follicle type

When the percentage of each follicle type was compared, there
were no significant differences betweenWT and AC ovaries for

any type of follicle (Table 2). Both the a-KO and a-KO/AC

ovaries had a significantly lower percentage of primordial and
secondary follicles, and a greater percentage of abnormal pri-
mary and secondary follicles, as well as nodules, compared with

WT ovaries. The a-KO ovaries also had a lower percentage of
primary follicles thanWT ovaries. The percentage of nodules in
the a-KO/AC ovaries was significantly lower than in the a-KO
ovaries (P¼ 0.004). The total number of follicles counted in the

six sections from each ovary, including the abnormal primary
and secondary follicles and nodules, did not differ between
groups.

Abnormal small follicles and nodules in a-KO mice of
increasing age

Histological sections through ovaries from a-KO mice at 5–6

weeks (n¼ 5), 7–8 weeks (n¼ 6) and 12–15 weeks (n¼ 4) of
age were examined to observe the progression of the abnormal
primary and secondary follicles and nodules with age. The

ovaries of 5- to 6-week-old a-KO mice contained primary and

(a)

(d)(c)

(b)

50.00 μm 100.0 μm50.00 μm

100.00 μm

Fig. 3. Immunohistochemical staining of the activin bC subunit (brown) in human adult granulosa cell tumours. (a) Stage 1a diffuse

pattern tumour showing unstained cells with a different morphology to the stained cells; negative control (inset). (b) Stage 1a tumour

with a trabecular pattern. (c) Stage 1c tumour with a microfollicular pattern. (d) Stage 3c tumour showing a sarcomatoid pattern. Scale

bar¼ 50mm in (a) and 100mm in (b-d).
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secondary follicles with irregularly arranged granulosa cells and
abnormally small oocytes, as well as nodules with no oocyte at
all (Fig. 5b). By 7–8 weeks of age, most of these small follicles

appeared to have no oocyte present (Fig. 5c). The small follicles
and nodules appeared to be breaking down and the granulosa
cells coalescing to form tumour foci (Fig. 5c). In ovaries from
12- to 15-week-old a-KO mice, no nodules or small follicles

were observed, only large granulosa-like tumours containing
mitotic figures (Fig. 5d).

Discussion

The present study demonstrates for the first time that activin bC

protein is present throughout the premenopausal, non-cancerous
human ovary and in the WT mouse ovary and oviduct, sug-
gesting that this factor has an important role in the reproductive
tract. A similar staining pattern was observed in the ovaries of

both species, with staining present in the oocytes and granulosa
cells, and the highest expression exhibited by the thecal and
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Fig. 4. (a) Total ovarian volume, (b) ratio of ovarian volume to bodyweight and (c) total ovarian volume excluding tumour and

nodule volume in ovaries from wild-type (WT), activin C-overexpressing (AC), inhibin a-knockout (a-KO) and a-KO over-

expressing activin C (a-KO/AC)mice. (d) Volumes of granulosa cell tumour (GCT), GCTwith haemorrhagic portion (GCTþHaem)

and nodule volume in a-KO and a-KO/AC mice. Horizontal bars indicate mean values and whiskers indicate the s.e.m. Different

letters indicate significant differences between genotypes (P, 0.05).

Table 1. Oocyte diameter in ovaries from wild-type (WT), activin C-overexpressing (AC), a-knockout (a-KO) and a-KO overexpressing activin C

(a-KO/AC) mice (n5 5 mice per genotype)

Data are given as themean� s.e.m., with the number of oocytesmeasured (range) for each ovary given in parentheses.Within rows, different superscript letters

indicate significant differences (P, 0.05)

Follicle type Oocyte diameter (mm) P-value (ANOVA)

WT AC a-KO a-KO/AC

Primordial 12.56� 0.44a (10–28) 12.34� 0.74a (17–28) 14.61� 0.19ab (0–3) 17.93� 3.09b (0–1) 0.034

Primary 24.79� 2.38a (6–20) 22.39� 2.35a (7–30) 14.99� 0.35b (6–23) 15.37� 0.36b (2–42) 0.001

Secondary 59.07� 1.26a (6–18) 58.74� 1.63a (4–27) 30.60� 9.89b (0–7) 36.58� 8.10ab (0–6) 0.005

Preantral 66.18� 0.67 (2–11) 64.22� 1.99 (1–6) 47.43� 11.84 (0–3) 49.47� 2.28 (0–3) 0.077

Antral 69.10� 0.69a (1–7) 65.94� 2.23ab (1–12) 57.21� 4.32bc (0–8) 57.20� 0.45c (1–9) 0.002
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surface epithelial cells. Activin bC protein is also highly
expressed in human AGCTs and may therefore play a role in the

progression of this disease. Marino et al. (2014) reported that
immunostaining for activin bC was not different between GCTs

and normal control ovary. Unfortunately, the normal ovary
cores available on the tissue microarray slides used in the study

of Marino et al. (2014) consisted predominantly of stromal and
connective tissue and rarely contained normal follicles with

Table 2. Percentage of each follicle type in ovaries from wild-type (WT), activin C-overexpressing (AC), a-knockout (a-KO)

and a-KO overexpressing activin C (a-KO/AC) mice (n5 5 mice per genotype)

Data are given as the mean� s.e.m. Within rows, different superscript letters indicate significant differences (P, 0.05)

Follicular type Genotype ANOVA P-value

WT AC a-KO a-KO/AC

Primordial 19.2� 2.2a 22.8� 2.8a 0.8� 0.6b 1.0� 0.8b 0.000

Primary 21.0� 5.4a 18.4� 2.9ab 5.6� 2.7b 11.2� 2.4ab 0.029

Secondary 29.8� 2.9a 27.6� 1.5a 0.2� 0.2b 2.0� 0.8b 0.000

Preantral 9.2� 2.7 7.4� 1.3 2.6� 1.2 8.4� 3.6 0.258

Antral 8.2� 2.2 10.6� 3.4 6.2� 3.0 12.2� 3.8 0.565

Atretic 12.4� 3.0ab 13.6� 1.9a 3.8� 1.8b 4.2� 1.8b 0.007

Abnormal 0.0a 0.0a 12.4� 3.8b 15.8� 3.3b 0.000

Nodules 0.0a 0.0a 68.4� 5.2b 45.6� 5.9c 0.000

n

(a)

(d)

(b)

oo

as

n

n

n

(c)

*

*

Fig. 5. Images of sections through mouse ovaries. (a) Five-week old wild-type (WT) mouse ovary showing two primordial follicles

(arrowheads), a primary follicle (arrow) and a preantral follicle containing an oocyte (oo). (b) Ovary from a 5-week-old inhibin a-
knockout (a-KO) mouse containing abnormal primary or secondary follicles (as) with small oocytes (arrow) and nodules (n) devoid of

oocytes. (c) Ovary from a 7-week-old a-KO mouse with many nodules and very few secondary follicles with oocytes (arrow) visible.

The nodules and their granulosa cells appear to be coalescing (arrowheads) into a larger mass (asterisk). (d) Ovary from a 12-week-old

a-KOmouse with no visible nodules and a large granulosa cell tumour (asterisk) containing mitotic figures. Scale bars¼ 50 mm (a–c);

100mm (d).
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granulosa cells. It is therefore possible that activinbC expression
may be altered in GCT and further research is needed to deter-

mine this. It should also be noted that the human ovaries
examined in the present study were from only one woman and
the pattern of activin bC staining should be confirmed in more

healthy ovaries in future.
The function of activin C in the normal ovary is as yet

unknown. Because activin C has been shown to antagonise

activin A signalling (Gold et al. 2009, 2013;Marino et al. 2014),
its colocation with activin A in the ovary may be significant.
Activin bA subunit protein is primarily localised to the granu-
losa and thecal cells of adult human (Arora et al. 1997; Pangas

et al. 2002) and mouse (Weng et al. 2006) ovaries. It is also
present in the oogonia of human fetal ovaries (Rabinovici et al.
1991;Martins da Silva et al. 2004) and Postnatal Day (PND) 0–4

mouse ovaries (Bristol-Gould et al. 2006). The activin receptors
ACVR2A, ACVR2B and ACVR1, as well as their Smad2
and Smad3 signalling molecules, are also present in human

and mouse follicular cells (Knight et al. 2012). Thus, autocrine
and paracrine signalling by activins can occur. The colocation of
activin bA and bC subunit proteins in the granulosa and thecal
cells of mouse and human follicles means there is the potential

for these subunits to form activin AC heterodimers, which have
less affinity for the ACVR2B receptor and less bioactivity than
activin A (Gold et al. 2013). It is not clear whether heterodimers

can form after secretion of the subunit proteins or homodimers
from the cell, and further research is needed to clarify this.
Activin C can also compete for binding to the activin receptors

and inhibit activin A function in this way (Marino et al. 2014).
Despite this, overexpression of activin C in 5- to 6-week-old
mice appeared to have no effect on follicular development.

There were no differences in ovarian volume, oocyte and
follicular diameters, percentage of each follicular type and
representative number of follicles between WT mice and mice
overexpressing activin C. Activin A is known to be involved in

the formation of primordial follicles and promotes granulosa
cell proliferation and follicular development (Knight et al.

2012). We found no evidence that activin C overexpression

disrupted follicular development in these mice and therefore
there does not appear to be an effect on activin A-regulated
follicular development. However, further research to quantify

actual follicle numbers in WT mice and those overexpressing
activin C is needed to confirm this.

The decrease in the percentage of primordial, primary and
secondary follicles in the a-KO compared with WT mice

supports the hypothesis that a lack of inhibin accelerates entry
of the follicles into the growing pool (Myers et al. 2009).
However, in a-KO/AC mice, the percentage of normal primary

follicles was intermediate between WT and a-KO mice, but not
significantly different to either, suggesting that increased activin
C slows the accelerated development of follicles in mice lacking

inhibina. The nodules and abnormal follicles with small oocytes
and irregularly arranged granulosa cells observed in the a-KO
and a-KO/AC mouse ovaries in the present study appeared to

have similar numbers of granulosa cells to primary or early
secondary follicles but with a smaller diameter. This is most
likely due to the smaller diameter, or complete lack, of the
oocyte and indicates oocyte growth has been affected by the lack

of inhibin a. The ratio of oocyte to follicle diameter in normal
ovaries means the majority of primary or early secondary

follicles would normally have at least a portion of the oocyte
visible. The abnormal small follicles and nodules are unlikely to
be sections through the edge of larger follicles for the following

reasons: theywere present in close proximity to each other in the
outer cortex of the ovary, they had abnormally arranged gran-
ulosa cells and they were never observed in WT or AC mouse

ovaries. Similar structures have been described previously in
PND 12 inhibin a-null (a-KO) mice (Myers et al. 2009). In that
study, the authors attributed this morphology to a loss of the
synchronised growth of the oocyte and granulosa cells, due

potentially to a decrease in expression of oocyte growth factors
such as bone morphogenetic protein (BMP) 15, growth differ-
entiation factor 9 and KIT ligand. However, the reduced

expression of these factors may be a result of the reduced growth
of the oocytes rather than the cause. These oocyte-secreted
factors normally increase granulosa cell proliferation (McNatty

et al. 2005a, 2005b) and a decrease in oocyte size or the loss of
the oocyte would therefore be expected to prevent follicular
growth.

In the present study, the percentage of nodules was signifi-

cantly lower in a-KO/AC mouse ovaries than in a-KO mouse
ovaries, and nodule volume trended to being lower, suggesting
that the overexpression of activin C has reduced or delayed the

development of these nodules. Similar structures have also been
observed in Inverdale sheep with a homozygous mutation in the
BMP15 gene (Braw-Tal et al. 1993). Juengel et al. (2000)

proposed that in Inverdale sheep these nodules develop from
secondary follicles in which the oocyte has degenerated and that
these nodules may grow into tumours that consist of granulosa-

like cells due to prolonged exposure to high concentrations of
FSH. By 7–8 weeks of age, most of the small follicles in the
a-KO mouse ovaries had no oocyte present and these nodules
appeared to be coalescing into tumour foci. By 12–15 weeks of

age, no small follicles or nodules were present. This suggests
that the degeneration of oocytes in the small follicles is followed
by the breakdown of these follicles, which allows the granulosa

cells to coalesce into tumour foci that continue uncontrolled
growth and potentially develop into the large GCTs observed in
these mice. This is supported by the review of Pitman et al.

(2012), which describes how premature oocyte loss can lead to
ovarian tumour formation, using examples such as BMP15-null
sheep (Inverdale) and deleted in azoospermia-like (Dazl)-KO
and Fanconi anemia complementation group D2 (Fancd2)-KO

mice. However, it seems that overexpression of activin C in the
a-KO mice extends the survival of the primary oocytes and
follicles and delays nodule development in some way, which

may also delay the formation of GCT. Antral follicles are
present in a-KO ovaries, but these are likely to be ones that
had initiated growth before puberty and appear to become

haemorrhagic after puberty.
Activin C overexpression has been shown to reduce GCT

growth in a-KOmice that are.8weeks of age (Gold et al. 2013;

Marino et al. 2015). In the present study, mice were aged
between 5 and 6 weeks and GCT volumes appeared to be lower
in the a-KO/AC than a-KOmice, but these differences were not
statistically significant. The a-KO mouse ovaries had a
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significantly greater mean volume than ovaries from WT and
ACmice, whereas those from the a-KO/ACmice were interme-

diate in volume. These data indicate that modulation of the large
tumours is only beginning to become apparent in these mice.
Matzuk et al. (1994) reported that activin A levels in the serum

of inhibin-deficient mice were not elevated until sometime after
6 weeks of age. Therefore, modulation of the GCT appears to be
occurring once the levels of activin A secreted from the tumour

cells begin to increase. This provides further support for the idea
that overexpression of activin C modulates GCT growth by
inhibiting the action of activin A secreted by these tumours
(Gold et al. 2013; Marino et al. 2015). The delay in oocyte loss

from abnormal early stage follicles in a-KO/AC mice may also
be due to activin C inhibition of activin A, because levels of
activin A secreted by the granulosa cells of primary and

secondary growing follicles may be increased, but not measur-
able, in the absence of inhibin a.

The present study provides evidence that overexpression of

activin C does not alter normal follicular development in mouse
ovaries. However, we have shown that increased activin C does
modulate early follicular growth in mice lacking inhibin a and
provide further evidence that activin C modulation of GCT

development is likely to be due to alteration of activin A
signalling. We have observed that the loss of the oocyte, and
thus oocyte-secreted factors, appears to lead to the uncontrolled

growth of granulosa cells and the development of GCT. For the
first time, activin C has been shown to be highly expressed in
healthy ovaries of mice and humans, as well as in adult GCTs,

but further research is needed to determine the role of activin C
in both the normal ovary and ovarian cancer.
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