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Abstract Activins are members of the TGF-β superfamily
and have been linked to prostate cancer. There are four mam-
malian activin subunits (βA, βB, βC, and βE) that dimerize to
form functional proteins. The role of activin-A (βA-βA) has
been relatively well characterized and has been shown to gen-
erally inhibit growth in the prostate. In contrast, little is known
about the biological function of the βC and βE subunits.
Previous work indicated activin-C (βC-βC) to be an antagonist
of activin-A. This is important because resistance to activin-A
growth inhibition occurs during prostate cancer progression.
This paradox is not currently well understood. Hence, we
hypothesize that local expression of the activin-βC subunit
antagonizes activin-A-dependent growth inhibition and repre-
sents a key factor contributing to acquired insensitivity to
activin-A observed in prostate cancer progression. To test
our hypothesis, we characterized the ventral prostate lobes of
9-month-old transgenic mice over-expressing activin-βC and
examined the expression of activin-βA, activin-βC, and the
activin intracellular signaling factor, Smad-2, in human pros-
tate diseases. Prostate epithelial cell hyperplasia, low-grade
prostatic intraepithelial neoplasia (PIN) lesions, alterations in
cell proliferation, and reduced Smad-2 nuclear localization
were evident in mice over-expressing activin-βC. Increased

activin-βA and -βC subunit immunoreactive scores and de-
creased Smad-2 nuclear localization were also evident in hu-
man prostate cancer. This study suggests that over-expression
of activin-βC is associated with murine and human prostate
pathologies. We conclude that the activin-βC subunit may
have therapeutic and/or diagnostic implications in human
prostate disease.

Introduction

In the USA, UK, Australia, and New Zealand, prostate cancer
is one of the most commonly diagnosed male cancers and one
of the leading causes of cancer deaths [1]. At the time of
diagnosis, the majority of men have localized disease and
treatment options include radiotherapy, radical prostatectomy,
or active surveillance. About one third of these men will de-
velop an aggressive form of the disease. Androgen deprivation
therapy (ADT) is commonly used as standard care for the
aggressive form because it induces a rapid atrophic response,
reducing tumor size. However, as the tumor progresses, it
becomes castration-resistant, evading the androgen depriva-
tion therapy. This is mainly due to the ability of prostate can-
cer cells to adapt to low systemic androgens by activating
androgen receptor mutations and utilizing other sources of
androgens [2]. Tumor adaptation to ADT represents a major
clinical challenge for prostate cancer treatment.

Both endocrine and paracrine factors are essential for the
normal maintenance of tissue homeostasis within the prostate
[3]. Activins, members of the TGF-β superfamily, are known
to play a pivotal role in prostate homeostasis. Activins take the
form of either homo (βA-βA, βB-βB)- or heterodimers
(βA-βB) of the βA or βB subunits linked by a disulfide bridge.
Activin-A (βA-βA) is a potent growth regulator that inhibits
the proliferation of prostate epithelial cells [4]. Following
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binding of activins, or other TGF-β superfamily members
(including growth differentiation factor-1 and nodal) [5, 6]
to one of the two type 2 receptors (ACVR2A or ACVR2B),
a type 1 receptor (ACVR1B) is recruited and phosphorylated
[1]. This in turn phosphorylates the intracellular signaling
molecules Smad-2 and Smad-3 which complex with Smad-4
and translocate to the nucleus. This results in the activation or
repression of target genes.

After the initial discovery of activin-A, another subset of
activin-β subunits (βC, βD, βE) was identified, based on their
homology to the βA and βB subunits. It has been shown that
mice bearing a functional deletion of the activin-βC and/or -βE

subunit genes do not show developmental defects and are
phenotypically normal [7]. This evidence was used to con-
clude that activin-βC was not biologically relevant. In 2009,
our group proposed the hypothesis, that in the context of the
null mouse, there may be functional redundancy with other
transforming growth factor-β family members and that over-
expression of activin-βC, rather than under-expression, is
more likely to have physiological consequences. Recent work
has shown that activin-C antagonizes activin-A both in vivo
and in vitro [8–10]. In these studies, we clarified the biological
mechanism by which activin-C antagonizes activin-A, and we
suggested that activin-C should be placed in the same domain
as well-characterized regulators of activin-A, such as
follistatin.

The identification of activin-C as a new antagonist of
activin-A has important implications because deregulation of
the activin-A signaling pathway is associated with prostate
disease development [11]. Many tumor cells, including those
of prostate cancer, escape the growth inhibitory effects of
TGF-β by acquiring mutations in the TGF-β receptors and
intracellular signaling molecules. Similarly, some tumor cells
develop a mechanism to evade the growth inhibitory effects of
activin-A. Resistance to activin-A-induced growth inhibition
becomes evident during prostate tumor progression [12] and
represents an acquired capability of cancer cells [1, 13].
Activin-A has been shown to inhibit proliferation in the hu-
man prostate cancer cell lines LNCaP (low-grade, androgen-
dependent) and DU145 (medium-grade, androgen-indepen-
dent) but not in high-grade, androgen-independent PC3 cells
[4, 14, 15]. The addition of PC3 conditioned media to LNCaP
cells blocks activin-A-mediated growth inhibition of these
cells indicating PC3 cells secrete an inhibitor of activin-A.
Circulating levels of activin-A have been shown to signifi-
cantly increase in high-grade metastatic prostate cancer [16,
17]. While the majority of studies have shown activin-A to be
growth inhibitory in prostate cancer, some groups have shown
that activin-A has the ability to promote growth [18, 19]. The
mechanisms by which high-grade metastatic prostate tumors
evade the growth inhibitory effects of activin-A are not well
understood but are likely to involve activin-A antagonists
such as follistatin and/or the novel antagonist activin-C.

Further clarification of activin-A function in prostate and pros-
tate cancer is needed.

The current study aimed to test our hypothesis that local
expression of the activin-βC subunit antagonizes activin-A-
dependent growth inhibition and is a factor mediating insen-
sitivity to the growth inhibitory effects of activin-A during
prostate cancer progression. We have examined the effect of
activin-βC over-expression on the ventral prostate of aged
transgenic micemeasuring changes in proliferation, apoptosis,
and morphology. Levels of activin-βA, activin-βC, and the
activin signaling molecule Smad2 were compared between
normal and diseased human prostate biopsy sections. The re-
sults demonstrate a role for activin-βC in prostate cancer
progression.

Materials and Methods

Experimental Animals

All experiments were approved by the Animal Ethics
Committee of the University of Otago and conducted in ac-
cordance with the New Zealand code of practice in adherence
with the NIH Guide for the care and use of laboratory animals.
All animals were housed under a 12:12 h light-dark cycle,
with food and water available ad libitum. Human-activin-βC

over-expressing mice (ActβC++) were obtained from
Monash University, Australia, as previously described [8]
and bred at the University of Otago, New Zealand. In our
previous study [8], three independent lines were established
and crossed with wild-type (WT) C57BL/6 mice and hetero-
zygous littermates to obtain single-heterozygous (SH) haploid
and double-heterozygous (DH) diploid transgenes. Southern
blot and semi-quantitative polymerase chain reaction (PCR)
were used to determine the transgene copy number. SH1 had
2–5 copies of the transgene, SH2 5–10 copies, and SH3 20–30
copies. The double-heterozygous (DH2) line was used for the
current study. In the same study [8], we also demonstrated that
the transgene mRNA expression showed the highest expres-
sion in the testis and the ventral prostate of the independent
line 2 (SH2), whereas the independent line 3 showed the
highest expression in the liver. We also determined that
over-expression of human activin-βC did not alter endoge-
nous mouse activin-βC expression levels.

Tissue Collection

Animals were anesthetized and euthanized by cervical dislo-
cation. A tail biopsy was obtained and snap-frozen to confirm
genotype using a competitive genomic PCR screening strate-
gy with specific primers [8]. Wild-type (WT) and transgenic
(ActβC++) mice aged 9 months were used for the study with
4–7 mice included in each group. The ventral prostate (VP)

HORM CANC (2017) 8:100–107 101



lobes were removed under a dissecting microscope, weighed,
and immersion-fixed in Bouin’s solution for 4–6 h. Tissues
were washed in 70% ethanol, embedded in paraffin, and sec-
tioned at 4 μm onto Superfrost microscope slides (Menzel-
Glaser) to obtain a total of 100 sections for each animal.

Pathological Assessment

Hematoxylin and eosin-stained sections of the ventral pros-
tates from WTand ActβC++ mice were evaluated for pathol-
ogy using the Bar Harbor classification system of mouse pros-
tate pathology [20].

Human Tissue Microarrays

Human tissuemicroarrays, which included normal control and
prostate disease biopsies, were purchased from US BIOMAX
(PR805, PR807, and T194). Samples were classified in rela-
tion to the histopathological features of the tumor as follows:
benign prostatic hyperplasia (BPH), n = 41; organ-confined
prostate cancer (T1-2N0M0), n = 38; and extracapsular pros-
tate cancer (T3-4N1M1), n = 35. Normal controls, n = 14.

Immunohistochemistry

Immunohistochemistry was performed on the mouse VP sec-
tions for proliferating cell nuclear antigen (PCNA) and Smad-
2, and human tissue microarrays for activin-βA, activin-βC,
and Smad-2. Sections were subjected to microwave antigen
retrieval (1000 W for 12 min) in buffers as follows: PCNA, in
0.01 M citrate buffer (pH 6.0); activin-A and Smad-2 in
0.01 M sodium citrate buffer (pH 6.0); and activin-C in
0.01 M glycine buffer (pH 4.5). After cooling, slides were
washed three times in PBS, and endogenous peroxidase activ-
ity was quenched using peroxidase-blocking solution (DAKO
Real S2023). The sections were treated with CAS-blocking
reagent (Invitrogen 00-8120) and primary antibodies incubat-
ed overnight at 4 °C. The primary antibodies used were the
following: activin-βA (1:70, abcam 56057); activin-βC

(1:250, abcam 73904); Smad-2 (1:200, cell signaling 3122);
and PCNA (1:500, DAKOM0879). The secondary antibodies
used were polyclonal goat anti-rabbit or anti-mouse
immunoglobulins/biotinylated (DAKO E0432 and E0433).
Negative controls included secondary antibodies only or
immnunoglobulin matched to the primary antibody. The spec-
ificity of all the antibodies used for the immunohistochemical
evaluation was tested by Western blot (data not shown) and
has been previously published [10]. Antibodies were detected
with avidin-biotin complex for 15 min at room temperature,
and then color reacted with 3,3′-diaminobenzidine tetrahydro-
chloride for 5 min. Reactions were stopped in water, and sec-
tions counterstained with Gill’s hematoxylin, dehydrated, and
mounted.

Apoptosis was evaluated in mouse VP tissue sections by
DNA fragmentation with the terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay [21] using the
ApopTag® peroxidase in situ apoptosis detection kit accord-
ing to the manufacturer’s instructions (Millipore S7100).

Immunoreactive Score of Human Tissue Microarrays

The intensity and distribution patterns of staining were evalu-
ated for each tissue core by two blinded, independent, experi-
enced observers, using the semi-quantitative immunoreactive
score (IRS) [22]. The IRS was calculated by multiplication of
the optical staining intensity (graded as follows: 0 = none,
1 = weak, 2 = moderate, and 3 = strong staining) by the
percentage area of positively stained cells (0 = 0%,
1 = <10%, 2 = 11–50%, 3 = 51–80%, and 4 = >81%).

Stereological Assessment of the Human and Mouse
Prostate Tissue

The mouse VP lobe sections stained for PCNA, ApopTag, or
Smad-2 and human prostate cancer tissue microarrays
(TMAs) stained for Smad-2 were assessed stereologically.
Sections were examined at ×40 magnification on an
Olympus BX-51 microscope from the beginning, middle,
and end of the serially sectioned prostate block to acquire a
representative sample through the entire prostate [8, 23].
Random systematic sampling was used to obtain images of
each prostate section (Prior OptiScan, Spot Advanced soft-
ware, and camera) with an average of 30 images taken per
animal/patient. ImageJ software was used to count positive
and negative epithelial nuclei staining via random placement
of a 10 × 10 cm counting grid. The content of a single grid was
counted per photograph, with an average of 1000 nuclei
counted per animal.

For volumetric analysis, a point counting grid was overlaid
randomly on six mouse VP sections from each of fiveWTand
seven ActβC++ mice. Points were counted on epithelial cells,
stromal cells, or luminal space and expressed as a percentage
of total points counted to estimate the volume density of each
partition. An average of 440 total points was counted per
animal.

Statistical Analysis

For the mouse, the data for ventral lobe weight, volume den-
sity, proliferation (PCNA), apoptosis (ApopTag®), and Smad-
2 nuclear staining were analyzed with Student’s t test
(GraphPad Prism version 5). For the human prostate cancer
tissue microarrays, the IRS for each tissue was treated as
ranked data and analyzed with the Mann-Whitney U test for
two independent groups using IBM SPSS 20 statistic soft-
ware. Significant differences were assumed at p < 0.05.
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Results

Over-Expression of Activin-βC Increased Lobe Weight
and Epithelial Cell Volume Density in the Mouse Prostate

The VP lobes of WT animals exhibited acini with normal
lumina lined with a single layer of epithelial cells. In contrast,
transgenic mice over-expressing activin-βC showed evidence
of luminal epithelial cell hyperplasia, characterized by in-
creased stratification in the form of tufting, papillary in-fold-
ing, and an increase in hyper-chromatically stained nuclei

(Fig. 1a, b). Mouse pathological analysis revealed no evidence
of prostate cancer in mice aged 9 months, but prostatic
intraepithelial neoplasia (PIN) lesions were observed
(Fig. 1c). The hyperplasia was reflected in an increase in
mouse VP lobe weight (p < 0.01) in the ActβC++ mice com-
pared to that of the WT controls as shown in Fig. 2a. An
independent validation of this was evident in Fig. 2b, where
the epithelial, stromal, and luminal volume densities were
evaluated by point counting in the mouse VP lobe.
Epithelial cell density increased (p < 0.001), luminal density
decreased (p < 0.001), and no difference was observed for
stromal cell density in ActβC++ compared to WT animals.

Over-Expression of Activin-βC Increased Proliferation
and Reduced Apoptosis in the Mouse Prostate

To assess cell proliferation and apoptosis, the percentage of
PCNA and ApopTag® positive epithelial nuclei were estimat-
ed. There was a significant increase in PCNA-positive epithe-
lial nuclei (p < 0.05) (Fig. 3a) and a significant decrease in
ApopTag®-positive epithelial nuclei in over-expressing
activin-βC compared to the WT mice (p < 0.05) (Fig. 3b).
Smad-2 levels were assessed to examine possible changes to
activin-A signaling when activin-βC was over-expressed. The
percentage of Smad-2-positive nuclei decreased in mice over-

Fig. 1 Examples of ventral prostate histology inWTand ActβC++mice.
a In WT mice, a single layer of epithelial cells lining the lumen is evident
(arrows). However, in the ActβC++ mouse b, evidence of epithelial
hyperplasia was common (arrows). c Cells indicative of prostatic
intraepithelial neoplasia (PIN) were evident in the VP lobes from
ActβC++ mice including cribiform pattern (*), nuclear elongation
(arrowheads), and hyperchromatic nuclei (arrows) [20]. Scale bars
=50 μm

Fig. 2 Mouse prostate weights and volume densities. a VP lobe weights
(mg) were obtained from WT (n = 4) and ActβC++ (n = 6) mice. b
Volume densities of epithelial cells, stromal cells, and luminal spaces
for WT (n = 5) and ActβC++ (n = 7) mice. Values are mean ± SEM,
** p < 0.01 with a Student’s t test
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expressing activin-βC compared to that of the WT counter-
parts (p < 0.001) (Fig. 3c).

In Human Prostate Cancer, Increased Activin-A,
Activin-C, and Alterations in Smad-2 Were Evident

Activin-A staining was significantly increased in all prostate
diseases compared to normal controls (p < 0.001) (Fig. 4a).
No statistically significant changes were noted for activin-C in
patients with benign prostatic hyperplasia (BPH) and organ-
confined prostate cancer. However, activin-C staining was
significantly increased in patients with prostate cancer

presenting with extracapsular spread (p < 0.01) compared to
normal controls (Fig. 4b).

The percentage of Smad-2-positive nuclei was significantly
up-regulated in tissues from patients with BPH and organ-
confined prostate cancer (p < 0.01). Interestingly, in tissues
from patients with prostate cancer presenting extracapsular
spread, no changes were noted compared to those of normal
controls (Fig. 4c).

Discussion

Previous work has highlighted a novel and previously unap-
preciated function of activin-C as an antagonist of activin-A
bioactivity both in vivo and in vitro [8–10]. Additionally,
over-expression was associated with the development of a
range of pathologies in 3-month-old mice, which included
hyperplasia in the ventral prostate. Hence, the aims of the
present study were twofold; firstly, to assess whether in-
creased exposure to elevated levels of activin-C in mice was
sufficient to cause malignancy, and secondly, to investigate
the expression and role of activin-C in human prostate disease.

Activin-A generally acts as a negative growth regulator—
promoting apoptosis and inhibiting cancer progression [24]—
favorable characteristics for impeding prostate cancer progres-
sion. However, if cells become insensitive to activin-A-
induced growth inhibition, cancer progression can occur.
Three plausible mechanisms could underlie this loss of
activin-A growth inhibition. Firstly, inactivating mutations
of activin signaling molecules, including the activin receptor
and Smad signaling proteins, have been identified in colon,
pancreas, and prostate cancer [25–27]. Secondly, alterations to
the isoform of follistatin and follistatin-related gene have been
demonstrated in liver and breast cancer [28, 29]. Thirdly, other
local factors that block the activity of activin-Amay be present
or over-expressed [1, 11, 30].

Popular candidates for local activin-A inhibitors include
follistatin, inhibin, and activin-C, but no prostate phenotype
is exhibited when follistatin or inhibin is over-expressed in
mice [31, 32]. Prostate hyperplasia is observed, however,
when activin-C is over-expressed in mice [8].

Here, we present further evidence for the potential biolog-
ical relevance of activin-C in mice and men. Over-expression
of activin-C was sufficient to antagonize known effects of
activin-A in mice aged 9 months. A reduction in the levels
of nuclear, and thus activated Smad-2, was observed in the VP
of mice over-expressing activin-C indicating a reduction in
activin-A signaling. Correspondingly, staining for PCNA, a
marker of proliferation, was increased and apoptosis was de-
creased in the VP of these mice when compared to that of WT
mice. The evidence of decreased apoptosis noted within the
current study differs from our previous study [8], where no
significant effect on apoptosis was observed in 3-month-old

Fig. 3 Stereological assessment of PCNA, ApopTag®, and nuclear
Smad-2 in WT and ActβC++ mice. Positive nuclear localization of
staining was calculated as a percentage of total epithelial nuclei. The
percentage of positive nuclei is presented for PCNA (a), ApopTag®
(b), and Smad-2 (c). Values are mean ± SEM * p < 0.05, ***
p < 0.001, with a Student’s t test, n = 4–6 animals with a mean of 1000
cells counted per animal
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mice over-expressing activin-C. This difference could be at-
tributed to aging, especially when considering that the mouse
VP is more sensitive to age-related differences in apoptosis
compared to other prostate lobes and organs [33]. While the
aforementioned results are consistent with the notion that
activin-C is antagonizing activin-A-induced apoptosis, it must
be noted that these effects may not be attributed to activin-A
only. Indeed, it is possible that over-expression of activin-C
could be antagonizing other members of the TGF-β superfam-
ily that also utilize Smad-2 such as growth differentiation
factor-1 (GDF-1), nodal, and TGF-β [5, 6].

Given that in our previous study, hyperplasia was observed
in 3-month-old ActβC++ mice, we predicted that increased
aging to 9 months would be sufficient to allow malignancy to
develop. Pathological analysis in the experimental mice re-
vealed no evidence of frank malignancy, however, low-grade
PIN lesions were present throughout the VP lobe in transgenic

mice indicating early development of prostate cancer
(Fig. 1c). Hyperplasia was evident to the extent that mouse
VP lobe weights were significantly increased in the transgenic
mice compared to WT counterpart (Fig. 2a). Additionally,
evidence of epithelial hyperplasia is also reflected in the vol-
umetric analysis, where increased epithelial and decreased
luminal volume densities were observed (Fig. 2b). It is likely
that the increased epithelial volume density contributed to an
increased VP lobe weight in the transgenic mice, despite a
decrease in the luminal volume density, because the cells
and tissue would weigh more than luminal fluid. It is also
possible that there is an increase in the number of glands,
but this could not be quantified in this study.

In the human tissue microarrays, a statistically significant
up-regulation of activin-A staining in all prostatic diseases
examined compared to normal controls was evident.
Interestingly, statistically significant up-regulation of activin-

Fig. 4 Human tissue microarray
assessment. Immunoreactive
score (IRS) and representative
images for activin-A (a), activin-
C (b) and Smad-2-positive nuclei
(c) staining in human biopsy
cores from patients are the
following: normal controls, n = 14
(A-C2); benign prostatic
hyperplasia (BPH), n = 41 (A-
C3); organ-confined prostate can-
cer (T1-2N0M0), n = 38 (A-C4);
and extracapsular prostate cancer
(T3-4N1M1), n = 35 (A-C5).
Values are mean ± SEM. **
p < 0.01, *** p < 0.001. Mann-
Whitney U test was used for the
activin-A/C IRS data and a
Student’s t test for the Smad-2
data. Scale bars =100 μm
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C was only observed in tissue cores from patients with pros-
tate cancer with extracapsular spread. Accordingly, only in
tissue cores from patients with extracapsular spread the per-
centage of Smad-2-positive nuclei was not statistically differ-
ent compared to that of normal controls. This suggests that
activin-C is an important modulator of the activin-A signaling
pathway in human advanced prostate cancer.

Conclusions

In conclusion, this study further supports the hypothesis that
local expression of activin-C antagonizes activin-A-mediated
negative growth regulation during the development of prostate
cancer. In the mouse, increased exposure to elevated levels of
activin-C led to the development of low-grade PIN lesions,
prostate epithelial cell hyperplasia, increased proliferation, de-
creased apoptosis, and decreased activation of Smad-2.
Similarly in human prostatic tissues, increased activin-C
corresponded to decreased Smad-2 signaling in the aggressive
form of prostate cancer. The selective up-regulation of activin-
C in aggressive prostate cancer only, suggests that activin-C
may play a role in the advanced stages of the disease.
Therefore, activin-C could represent a new diagnostic tool in
advanced prostate cancer.
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