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Abstract.

Inhibins and activins are essential for normal reproductive and endocrine function.
Previous literature showed that loss of INHA encoding for inhibin-α subunit in mice
results in development of gonadal (sex-cord stromal) and adrenal tumourigenesis.
However, a strong paradox has emerged regarding the function of INHA in human
tumours primarily due to conflicting studies. A correlation has been found between
the overexpression of activin-A by the tumours in the inhibin-deficient mice and
severe cancer-associated cachexia, which has a profound impact on survival.
Therefore, activin antagonism has been used to modulate the sex-cord stromal tumour
growth rate both in vivo and in vitro. Recent work has shown that activin-C is an
additional activin-A antagonist, despite being considered biologically redundant for
several years. A preliminary study conducted in the inhibin-deficient mouse model,
showed that overexpression of activin-βC has a beneficial effect, modulating sex-cord
stromal tumours development and attenuating the cancer-associated cachexia
phenotype.

The overall objectives of this thesis were to clarify the incongruity regarding the
inhibin-α subunit in human versus mouse and to further explore the biological
function of activin-βC in vivo and in vitro defining its effect on gonadal, adrenal
tumourigenesis and cancer-cachexia. Finally, this thesis wanted to clarify if activin-C
is a tumour suppressor in the inhibin knockout mice.

Initially this thesis re-evaluated the inhibin/activin pathway in human gonadal and
adrenal cancers using contemporary protein and mRNA expression data for pathway
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components rather than inhibin-α alone. Clarification of the inhibin/activin expression
profile in human cancers represented an essential part of the study in order to validate
the in vivo findings described in the mouse model for potential translational
applications. The study also described, for the first time, a comprehensive protein
expression profile of activin-C in reproductive and adrenal cancers and its effect on a
human granulosa cell line (COV434).

The study then proceeded to determine whether overexpression of activin-βC
modulated adrenal tumours in gonadectomised inhibin deficient mice. Male and
female

WT,

ActC++,

α-KO

(INHAKO),

and

α-KO/ActC++

mice

were

gonadectomised and monitored up to 30 weeks of age. Markers of apoptosis and
proliferation were assessed, and survival analyses were conducted in the castrated
animals versus the sham operation control groups.

Finally this thesis identified the potential molecular mechanism by which activin-C
increased survival and modulated cancer-associated cachexia in the α-KO mice.
Western blot analysis for the specific E3 ubiquitin ligase, atrogin-1 and MuRF1,
effectors Smad-2/Smad-3 and myostatin was performed in the gastrocnemius muscle.
Histopathology and survival analysis was conducted in animals from the same
breeding cohort. The study also explored the impact of overexpression of activin-βC
on the serum levels of activin-A, inflammatory cytokines (TNF-α, IL-6 and IF-γ),
hormonal profile and bone density.

Results showed a reduced inhibin-α expression at both protein and mRNA levels in
human testicular and ovarian cancers, and increased activin signalling in human
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testicular and ovarian cancers. Increased expression of inhibin-α was found in
benign versus malignant forms of adrenal cancers and no significant changes were
noted in the inhibin- α mRNA levels between adrenocortical carcinoma and
adrenocortical adenomas versus normal controls. Thus, showing a similar expression
profile as the inhibin deficient mouse model. Comparing the immunoreactivity from
two antibodies raised against different regions of the inhibin-α protein, the current
study suggested that difference in antibodies previously used in the literature
contributed to the biological paradox regarding the activity of INHA in cancer
biology. The study also found that activin-C acts as an activin-A antagonist by
binding to activin receptor IIA and IIB and modulating the canonical Smad pathway.

The study showed that overexpression of activin-βC modulated the progression of
granulosa and Sertoli cell tumours in the α-KO/ActC++ mice versus the α-KO
counterpart. Overexpression of activin-βC also increased survival in the same animals.
However, despite a clear effect on modulating sex-cord stromal tumours and cancerassociated cachexia this thesis showed that overexpression of activin-βC had no effect
on adrenal tumorigenesis. In fact, proliferation, apoptosis and survival evaluated in
gonadectomised animals, were not different in the α-KO versus the α-KO/ActC++
mice.

Finally, the study showed that overexpression of activin-βC in the α-KO mice had an
effect on muscle wasting reducing the activation of transcription factors such as
atrogin-1, MurF-1, and Smad-2 involved in the activation of the muscle protein
degradation pathway. Results confirmed that overexpression of activin-βC reduces
serum levels of activin-A, and showed it also reduces inflammatory cytokines, factors
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recognised to have an essential role in the progression of cancer-associated cachexia
and directly involved in triggering the mechanism of wasting. The study further
validated the importance of the activin signalling pathway in cancer-associated
cachexia and suggested activin-C as a new anti-activin strategy to combat cancer
associated weight loss and prolong survival.

In conclusion, the research conducted in this thesis provided new evidence to explain
part of the INHA dilemma by demonstrating similar inhibin-α expression in human
and mouse tumours. Findings aim to have a significant impact on the way INHA is
considered. The identification of activin-C as an important regulator of gonadal
tumorigenesis and muscle wasting might have implications for the activin field and
should provide the basis for a completely new body of work relevant to reproductive
and cancer biology. Finally, data presented in this thesis showed that activin-C cannot
be considered a tumour suppressor in the inhibin-knockout mice. However, its
overexpression significantly modulated gonadal tumorigenesis, survival and muscle
wasting in the inhibin-knockout mice.
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Chapter 1
Inhibins, activins and the hypothalamic pituitary gonadal axis.
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1.1 Inhibin and activin subunits: discovery and biosynthesis.
	
  
Inhibin and activin were originally discovered and classified as hormonal factors two
decades ago. Their function was originally attributed to the reproductive axis only,
but subsequent studies revealed that they are widely distributed anatomically with
important physiological functions not only limited to reproduction. Several studies
showed the presence of inhibin and activin in different human tissues of both
endocrine and non-endocrine organs. The name inhibin or activin was given based on
the ability of these molecules to suppress (inhibin) or stimulate (activin) the
production of follicle stimulating hormone (FSH) from the anterior pituitary (Figure
1.1).

Inhibin was isolated, using a combination of techniques, in 1985 by four research
groups (Robertson et al., 1985, Ling et al., 1985, Miyamoto et al., 1985, Rivier et al.,
1985). The purification of activin was first reported a year later by two groups (Vale
W, 1986, Ling et al., 1985). Specifically, inhibins are dimers of an α subunit and
either a βA or βB subunit (α:βA and α:βB), whereas activins are homodimers activin-A
(βA:βA), activin-B (βB:βB) or heterodimers activin-AB (βA:βB) of the βA or βB subunits.

After their initial discovery, another subset of activin-β subunits (βC, βD, βE) was
identified, based on homology to the βA and βB subunits (Lau et al., 2000). The βC
subunit dimerises with itself and the βA and βB subunits in vitro to form activin-C: (βC
βC), activin-AC (βAβC) and activin-BC (βB:βC) (Mellor et al., 2000). Although the
formation of inhibin-C (α:βC) requires both cellular co-localisation and dimerisation
of α and βC subunits, two studies in vitro have shown opposing results, one indicates
that the βC subunit does not dimerise with the α subunit (Mellor et al., 2000), while
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the other indicates inhibin-C does form (Fang et al., 1997).The subunits βD and βE
were isolated from Xenopus and mouse cDNA library, respectively (Oda et al., 1995,
Fang et al., 1997). The activin-βE subunit shows close similarity to the activin-βC in
terms of genomic organisation and chromosomal localisation, amino acid sequence
and high expression in liver (Fang et al., 1996)

It has been shown that mice bearing a functional deletion of INHBC and/or INHBE
did not show developmental defects and were phenotypically normal (Lau et al.,
2000). However, in the context of the null mouse, there may be functional
redundancy with other transforming growth factor-β family members. If true, overexpression rather than under-expression is likely to have physiological consequences.
In 2009, a study conducted by Gold and co-workers showed for the first time the
implication of activin-C over-expression in the homeostasis of reproductive tissues
and liver, thus providing the first evidence to re-evaluate its function in biology (Gold
et al., 2009).

	
  

3	
  

	
  

	
  

	
  
Figure 1.1
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Figure 1.1. The Hypothalamic-Pituitary-Gonadal Axis. Solid lines represent a
positive feedback. Dotted lines represent a negative feedback from testis and ovary
on pituitary and GnRH neurons.
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1.2 Inhibin synthesis and expression.
Inhibin synthesis starts with the transcription of genes coding for the α, βA, and βB
subunits. The inhibin gene is highly conserved (Mason et al., 1986) and is located on
chromosome 2 (2q33-q36) (Barton et al., 1989). The structure of the human INHA is
comprised of two exons separated by a 1.7 kbp intron (Stewart et al., 1986). The
INHBA and INHBB genes are located on chromosome 7 (7p15-p13) and
chromosome 2 (2cen-q13), respectively (Mason et al., 1996). The human INHBA
gene comprises three exons and a 2.6 kbp intron region. The human INHBB gene
consists of two exons separated by a 2.5 kbp intron (Mason et al., 1996). The
promoter elements in the 5’ untranslated region (UTRs) of the genes tightly control
subunit expression.

The α and β inhibin and activin subunits are synthesised as full-length precursor
proteins. The inhibin-α subunit precursor protein consists of three regions, Pro, αN,
and αC, whereas the activin-β subunit precursor consist of two portions, Proβ and β
mature region (Robertson et al., 1985). Studies conducted in vitro modifying the
cleavage site in both α and βA subunits by a site-directed mutagenesis highlighted that
the full-length inhibin or activin pro-dimers are inactive in a pituitary cell bioassay,
whereas the truncated dimers are bioactive (Mason et al., 1996).

Structural similarities between inhibin, activin, and other members of the
transforming growth factors (TGF-β) superfamily are based on the conservation of
the cysteine residues and thus the disulphide linkages between two subunits that form
a characteristic cysteine knot. Other similarities relate to dimer formation, the location
of bioactive peptide in the carboxyl-terminal region of the precursor molecule, and
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the similarities in their intracellular signalling mechanism. (Vale W, 1990, Mather JP,
1997).

Inhibin-A and inhibin-B exert their biological functions by antagonising the actions of
activin-A and activin-B. Transcriptional activation of inhibins in the ovary and testis
is modulated by pituitary gonadotrophins, FSH and luteinising hormone (LH)
(Woodruff et al., 1987, Zhiwen et al., 1987, Tsonis et al., 1987). Transcriptional
regulation is better understood for the inhibin-alpha subunit. The mechanism by
which the gonadotrophins promote inhibin-alpha expression is based on G proteincoupled receptor activation, resulting in an increase in intracellular cAMP levels via
the activation of adenylyl cyclase. This stimulation activates the protein kinase A
(PKA) pathway, leading to the phosphorylation of cAMP responsive element binding
protein (CREB) (Mukherjee et al., 1998, Pei et al., 1991). Phosphorylation of CREB
stimulates inhibin transcription via a CREB-mediated interaction with the CRE in the
promoter (Ardekani et al., 1998, Pei et al., 1991). The

Suppression of FSH secretion attenuates the transcription of the inhibin subunits.
Gonadotrophin-releasing hormone (GnRH) from the hypothalamus, testosterone from
the testis, oestradiol and progesterone from the ovaries, androgens, corticosteroids
(Tsonis et al., 1987) gonadal inhibins, activins, and follistatin, all regulate synthesis of
gonadotrophins from the anterior pituitary.

1.3 Inhibin biology and assembly.
The inhibin-α subunit is synthesised as a large precursor protein including a 232amino acid pro-region and 134-amino acid mature region (Mason et al., 1996, Stewart
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et al., 1986). The mature inhibin-α contains seven conserved cysteine residues
forming a cysteine knot motif essential for monomer and dimer assembly. The βA and
βB region comprising a 290-amino acid pro-region and a 116-amino acid mature
region and 264-amino acid pro-region and a 115-amino acid mature region
respectively can interact with the monomeric inhibin-α via 9 cysteine residues
required to form the inter- and intramolecular disulphide bond formation (Figure 1.2).

The N-terminal signal peptide of the monomeric form of inhibin subunits has been
shown to have a crucial function in the inhibin biology because it targets the subunits
to the endoplasmic reticulum (ER). Additionally, recent work clearly showed the
importance of the inhibin-α N-terminal domain interaction with the activin type I
receptor resulting in disruption of activin signalling in the pituitary gland (Zhu et al.,
2012). Hydrophobic residues within the N-terminal portion of the pro-domain and
regions of the mature domain interact non-covalently, maintaining the molecule in a
conformationally competent form for dimerisation. The pro-domains of the inhibin
subunits also dimerise via a C-terminal non-covalent interaction. The pro-domains are
cleaved from the mature dimer by proprotein convertases, but remain non-covalently
associated with the mature growth factor.
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Figure 1.2

Figure 1.2. Mechanism of assembly of inhibin/activin subunits.
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1.4 Inhibin and activin signalling.
Inhibin and activin belong to the TGF-β(transforming growth factors) superfamily.
The TGF-β superfamily comprises of more than 30 ligands, which can be divided into
subfamilies based on their sequence similarity and function. Virtually every cell in the
body produces TGF-βs and has receptors for them. The current model of induction of
signalling response by TGF-β’s factor is a linear signalling pathway from the type II
to the type I receptor kinase to Smad activation resulting in a final event of
transcriptional activation (Derynck and Zhang, 2003) (Figure 1.3). Interestingly, this
pathway presents versatility in receptor interactions and ligand binding. Additional
receptor activation can induce the non-Smad signalling pathways that, in turn, can
regulate Smad signalling or lead to Smad-independent responses (Derynck et al.,
1998).

The TGF-β family of receptors consists of two “type II” and two “type I”
transmembrane serine/threonine kinase receptor subunits (Massague, 2000). These
receptors are structurally the same but the type I receptor has a Glycine-Serine-rich
“GS sequence” immediately upstream from the kinase domain. Binding of the ligand
to the receptor subunits allows the formation of a stable receptor complex consisting
of two receptors of each type; this leads to the phosphorylation of the GS sequences
in the Type I receptor by the type II receptor kinases. This phosphorylation activates
the type I receptor kinases resulting in auto-phosphorylation of the type I receptor and
Smad proteins (Derynck and Zhang, 2003). The Smad proteins are the classical
intracellular effectors of the TGF-β signaling, acting as ligand-induced transcriptional
regulators of TGF-β responses. They activate transcription through the assembly of a
large nucleoprotein complex of Smad-binding DNA elements, DNA-binding
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transcriptional factors and the transcriptional conservators (Feng and Derynck, 2005).
Smad-2 and Smad-3 act downstream of TGF-β; Smad-1, Smad-5 and Smad-8 are
phosphorylated by BMP type I receptors. The recruitment of Smad proteins in the
receptor complex is mediated by auxiliary proteins, such as Smad anchor for receptor
activation (SARA). Activated Smad proteins form a complex with Smad-4, which is
common to all TGF-β family members, and this complex translocates to the nucleus
to regulate the transcription of target genes. Control of this intracellular mechanism is
in part due to negative regulatory activity implemented by the inhibitory (I)-Smad
proteins (Smad-6 and Smad-7). These (I)-Smads bind to activated receptors and
compete with Smad activator proteins for binding to the type I receptors, therefore
inhibiting Smad phosphorylation. These include interaction with Smad-4, preventing
the receptor activated Smad-Smad-4 complex, degradation or direct repression of
Smad-induced transcriptional responses (Itoh and ten Dijke, 2007). Smad-4 is a
common mediator for the TGF-β, activin/inhibin/Nodal and BMP pathway. Some
studies have shown that Smad-4, is rate-limiting, and when one of the two pathways
is activated, it can negatively influence the other pathway (Akhurst and Hata, 2012).

In this context inhibin plays a crucial role in antagonising activin signalling, this
mechanism is dependent on competition for binding to type II activin receptors
(Mathews and Vale, 1991). Activin and inhibin share the same binding site on the
type II activin receptor, supporting the idea that both proteins bind ActRII via their
respective β-subunits. However, inhibin binds ActRII with an affinity ten times lower
than that of activin (Mathews and Vale, 1991), and, interestingly, in some tissues and
cells inhibin does not antagonise activin, which suggests that additional components
are required for inhibin action (Lewis et al., 2000). Lewis and co-workers identified a
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TGF-β III receptor called betaglycan as a co-receptor of inhibin. Betaglycan binds
inhibin with high affinity, and this binding affinity increases about 30-fold in cells coexpressing ActRII and betaglycan.
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Figure 1.3 	
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Figure 1.3. Schematic representation of activin signalling and its control by inhibin.
Activins bind and activate a type II receptor (ActRII), resulting in recruitment and
phosphorylation of a type I receptor (ActRI). ActRI phosphorylates Smad-2/3. Activated
Smad-2/3 forms a complex with co-Smad (Smad-4) and translocates to the nucleus,
where the complex initiates gene transcription (Derynck et al., 1998). Inhibin
antagonises the activin signalling pathway interfering at the receptor type II level
(Harrison et al., 2005a).
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1.5 Expression profile of inhibin and activins in human tissues.

Inhibin-A, inhibin-B and activins are produced by the ovaries, testis, human placental
and foetal membranes (Florio et al., 2004). Inhibin-A and B are produced by the Sertoli
cells (Steinberger, 1979) and granulosa cells (Woodruff et al., 1987). Within the gonads,
inhibin regulates spermatogenesis and oogenesis.

Inhibin α-subunit expression is consistent in follicles of all sizes. The β-subunit
expression can alter in relation to the different inhibin isoforms secreted by the ovary
during the reproductive cycle. From an anatomical perspective, the small antral follicles
produce mainly inhibin-B, while the dominant follicles and corpus luteum secrete
inhibin-A (Welt and Schneyer, 2001). Follicle stimulating hormone (FSH) and
luteinising hormone (LH) play a crucial role in the regulation of the various inhibin
isoforms secreted in the ovaries (Groome et al., 1996). Inhibin-B rises across the lutealfollicular transition, reaching a peak in the mid-follicular phase and a second peak on the
day after the LH surge. A decline of inhibin-B evident during the luteal-follicular
transition phase correlates with an increase in FSH (Burger et al., 1999, Welt and
Schneyer, 2001)Inhibin-A begins to rise in the late follicular phase, peaking at ovulation
and is at its maximal level in the mid-luteal phase (Groome et al., 1996) (Welt, 2004).

In males, the major form of inhibin production is inhibin-B and the main source of
production is the Sertoli cells of the testes (Grootenhuis et al., 1990, Hancock et al.,
1992, Illingworth et al., 1996, Marchetti et al., 2003). Sertoli cells produce inhibin-α
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mRNA (Bicsak et al., 1987) but detectable levels were also been described in Leydig
cells (Risbridger et al., 1989).
Extra-gonadal expression of the inhibin subunit mRNAs have been described in a variety
of adult human tissues, including the placenta, endometrium, pituitary gland, prostate
(Thomas et al., 1997), breast (Di Loreto et al., 1999), adrenal gland (S J Spencer, 1992),
lung, liver and bone (Centrella M, 1994). Interestingly, the same tissues express activin
receptors and betaglycan, suggesting that inhibin could act in an autocrine or paracrine
manner to regulate activin signalling in these tissues. Several studies demonstrated the
importance of inhibin-α subunit, βA and βB subunit mRNAs during pregnancy,
describing a peak in their expression in the third trimester (Petraglia et al., 1990).
Specifically, inhibin-A and betaglycan are maximally expressed in the pregnant uterus
and their expression antagonises activin-mediated steroidogenesis.

1.6 Inhibin in human diseases.
	
  
	
  
Considering that inhibin and activin regulate the male and female reproductive system, it
is not surprising that most of the diseases associated with abnormalities of the inhibin
and activin genes are focused on reproductive disorders and reproductive cancers.

An important correlation has been established between serum levels of inhibin and
Premature Ovarian Failure (POF), a disease characterised by ovarian dysfunction
leading to a menopause-like state in women younger than 40 years of age (Chand et al.,
2010). Women with POF have low serum levels of inhibin-A and -B compared to the
age-matched fertile women (Munz et al., 1999).
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A correlation between pre-eclampsia (PE) and a variant (Ala257Thr) of the inhibin gene
was found in 2005 (Ciarmela, 2005). The variant described by Ciarmela and colleagues
was not reported as a casual phenomenon associated with the disease, but more likely as
a polymorphism in the Italian population analysed in the study.

Loss of inhibin-α subunit expression was reported in patients with high-grade prostate
cancer (Mellor et al., 1998); this data was supported by evidence of promoter
methylation and loss of heterozygosity of the INHA gene, consistent with its tumour
suppressing function, in prostate cancer cell lines (Balanathan, 2009).

Loss of inhibin activity promotes gonadal tumourigenesis, this is almost certainly a
consequence of increased activin signalling due to an unopposed feedback in the HPG
axis. This evidence was provided for the first time in 1992 by Matzuk and co-workers
using an inhibin-deficient mouse model (Matzuk et al., 1992). Mice lacking the inhibin
gene developed aggressive gonadal tumours and when gonadectomised adrenal tumours.
This evidence suggested that INHA is a tumour suppressor with gonadal and adrenal
specificity in mice (see chapter 3 and chapter 4). In humans considerable attention has
been given to the contribution of inhibin in the pathogenesis of ovarian and testicular
cancers (Burger et al., 1996, Robertson et al., 2004b). However, the behaviour of the
INHA gene in humans is not as clear as in the mouse model leading to a paradox in
cancer biology. This is primarily due to conflicting studies published in the literature and
will be fully explored in chapter 3.
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1.7 Activin in human diseases.
	
  
	
  
Activin function was originally described in a number of reproductive organs including
the gonads, uterus, pituitary with essential function for folliculogenesis, spermatogenesis
and pregnancy regulation (Welt and Schneyer, 2001). Subsequently, activin has been
found to have various activities in different biological systems, and it is now clear that it
influences a wide variety of cellular events such as proliferation, differentiation and
apoptosis. Thus meaning rather than a reproductive hormone, activin is now considered
a growth factor that has tissue-specific effects.

The crucial function of activin in development and reproduction was described using a
mouse model lacking INHBA, the genetic elimination of the activin-βA subunit resulted
in lethality within 24h of birth with craniofacial and other significant defects (Matzuk et
al., 1995) while mice lacking INHBB survived to become fertile adults. Offspring of
INHBB knockout females died perinatally, perhaps as a result of insufficient lactation
(Vassalli et al., 1994).

To explore the role of activin-A in female reproduction and specifically in ovarian
follicle development, granulosa cell-specific conditional βA subunit knockout mice
were produced, resulting in significant subfertility (Pangas et al., 2007). These results, in
combination with the observations that replacement of mature βA with mature βB results
in subfertility (Brown et al., 2000), indicates that both activin-A and -B have an essential
role within the ovaries with activin-A being functionally dominant over activin-B
(Pangas et al., 2007).
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In male reproductive biology activin-A and B plays an important function in testis size
and fertility regulation, as smaller testes and reduced fertility were observed in mice
when activin signalling was downregulated (Matzuk et al., 1995, Guo et al., 1998, Xia et
al., 2004). The mechanism whereby activin might control testis size was suggested to be
based on the activin regulation of Sertoli cell proliferation (Mather et al., 1990).

Activins plays a crucial role in the homeostatic maintenance of several biological
systems. Therefore, its deregulation is associated with the aetiology and pathogenesis of
a variety of diseases (Tsuchida et al., 2009). These effects are outlined below.

Effects on cell growth: Activin-A can antagonise cell growth in the early stage of
prostate cancer (Zhang and Ying, 1995), breast cancer (Liu et al., 1996), B-cell
leukaemia (Nishihara et al., 1993), in vascular endothelial (McCarthy and Bicknell,
1993), vascular smooth muscle (Kojima et al., 1993), peripheral blood granulocytemacrophage colony-forming unit progenitors (Mizuguchi et al., 1993), fetal adrenal
(Sidis et al., 1998) and HS-72 mouse B-cell hybridoma (Hashimoto et al., 1998),
whereas growth promoting effects of activin are evident in pituitary cells, ovarian,
adrenal and testicular tissue. The expression of activin-βA and -βB subunits at the RNA
level, strongly increases in keratinocytes and stromal cells after skin injury in mice and
humans indicating an essential role in wound healing (Antsiferova and Werner, 2012).
Many tumour cells escape the growth inhibitory effect of activin-A by acquiring
mutations in activin receptors or in Smad signalling molecules. Thus, in most tissues
activin inhibits the development of cancer and blocking its action would be detrimental.
However, activin induces a proliferative response in fibroblasts, keratinocytes and
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additional gonadal cell types, and in the absence of antagonists, could be oncogenic in
these tissues (Harrison et al., 2005b)

Apoptosis and differentiation: Activin-A is important for the activation of programmed
cell death in several cell types through two mechanisms: 1) activating the caspases
(Chen et al., 2002) and 2) causing the cell cycle arrest (Ishisaki, Yamato et al. 1998).
The function of activin, and in particular, activin-A as a differentiation factor was first
described in 1990 (Smith et al., 1990) and since then its role in differentiation and in
establishing the body plan in vivo have been well recognised (Green et al., 1992, Davis
et al., 2000).

Development: The activin signalling pathway is particularly important in the regulation
of metabolic diseases. In human embryonic stem cells, for example, activin-B mediates
the induction of homeoprotein Pdx1, a key regulator for pancreas development
(Frandsen et al., 2007). Additionally, ActRIIA mutant mice develop hypoplasia of the
pancreas and diabetes (Kim et al., 2000).

Regulation of brain activity: Activin-A and -B and activin receptors have a crucial role
in neuronal development. Activin-A increases the number of synaptic contacts by
modulating actin dynamics in the spine of neurons (Shoji-Kasai et al., 2007). Several
lines of evidence point towards the neurotrophic and neuroprotective effects of activin-A
on selective neurons (Foster et al., 2004) and treatment with recombinant activin
following ischemic injury rescues neurons from damage (Wu et al., 1999).
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Activin and embryonic stem cells: Activin-A is a potent mesoderm inducer in Xenopus
embryos and numerous tissues can be differentiated from Xenopus animal cap cells and
embryonic stem cells in response to treatment with activin-A (Asashima et al., 2008).
Activin signalling is also necessary to maintain self-renewal in human embryonic stem
cells and ability to specialise (Xiao et al., 2006). Activin signalling sustains the
expression of pluripotency-associated genes, such as Nanog, and inhibits BMP
signalling, which is responsible for the self-renewal of human embryonic stem cells (Xu
et al., 2008).

1.8 Conclusion.
This chapter described the importance of inhibin and activin, two members of the TGF-β
superfamily. After their initial discovery, there have been tremendous advances in the
understanding of the complex biology of this superfamily. Inhibin and activin have an
intricate relationship, they have a crucial role in regulating fundamental physiological
processes, and as a direct consequence, defects in their signalling and/or aberrant
expression results in alteration of homeostasis and cancer progression.

1.9 Scope of the thesis.
The background of this thesis is based on the inhibin-α-deficient mouse model
(described in chapter 4). Mice deficient in inhibin develop ovarian and testicular sex
cord-stromal tumours of granulosa and Sertoli cell origin with 100% penetrance, and
when gonadectomised, adrenal tumours. A correlation has been found between the
overexpression of activin-A by these tumours and severe cancer associated cachexia
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which impacts on survival. Overexpression of the activin antagonists modulates gonadal
tumour development and cancer associated cachexia. Recent work has shown that
activin-βC subunit is an activin-A antagonist (Gold et al., 2009, Gold et al., 2013).
Transgenic mice over-expressing the activin-βC subunit have lowered circulating
activin-A levels when compared to wild-type littermates. This thesis aimed to further
clarify activin-C function in cancer biology, reproduction and muscle wasting in the
inhibin-α deficient mouse model.

Specifically, the aims of this thesis were:
1. To clarify the discrepant results reported in the literature between human and
mouse in relation to inhibin-α acting as a tumour suppressor
2. To determine if development of adrenal tumours in gonadectomised inhibindeficient mice is delayed when activin-C is over-expressed
3. To identify the mechanism by which activin-C abolishes cancer associated
cachexia in the inhibin-deficient mice

This thesis contains three inter-related studies. Chapter 3 is focused on the biological
function of the inhibin-α and activin-βC subunits and aims to clarify a biological paradox
related to the function of inhibin-α in human versus mouse. Chapter 4 describes the
effect of over-expression of activin-βC on the onset of gonadal and adrenal
tumourigenesis in the inhibin-α-deficient mouse model. Chapter 5 describes a novel role
of activin-C in cancer cachexia, muscle wasting and inflammation. Summary and
significance of the study are outlined in chapter 6. Each chapter has been structured as a
scientific paper. Chapters 2, 3 and 4 have been published during the PhD candidature
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and the original papers (chapter 2 and chapter 3) are included in the Appendix. Chapter 5
has been accepted for publication in the Journal of Cachexia, Sarcopenia and Muscle.
Marino, F.E., G. Risbridger and E. Gold (2013). “ The therapeutic potential of blocking
the activin signalling pathway.” Cytokine & Growth Factor Reviews 24(5): 477-484.
Marino, F.E., G. Risbridger and E. Gold (2014). “The inhibin/activin signalling
pathway in human gonadal and adrenal cancers.” Molecular Human Reproduction
20(12): 1223-1237
Marino, F.E., G. Risbridger and E. Gold (2015). “Activin-βC modulates cachexia by
repressing the ubiquitin-proteasome and autophagic degradation pathways.” Journal of
Cachexia, Sarcopenia and Muscle. In press

A statement of contribution for each publication is included in the appendix of this
thesis.
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Chapter 2
The therapeutic potential of blocking the activin signalling pathway
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Abstract.
Members of the transforming growth factor β (TGF-β) family regulate fundamental
physiological processes, such as cell growth, differentiation and apoptosis. As a result,
defects in this pathway have been linked to uncontrolled proliferation and cancer
progression. This chapter covers the signal transduction mechanism of TGF-β focusing
on therapeutic intervention in human diseases. Like TGF-β, another member of the TGFβ superfamily, activin has been proven to play an important role in maintenance of tissue
homeostasis and dysregulation leads to disease. Several studies showed elevated levels
of activin are responsible for the development of gonadal tumours and a cachexia-like
weight loss syndrome. Discussing the recent advances in approaches developed to
antagonise the activin pathway and the encouraging results obtained in animal models,
this chapter presents a therapeutic rationale for targeting the activin pathway in
conditions such as cachexia, neuromuscular and/or musculoskeletal disorders.
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2.1 Introduction: TGF-β and tissue homeostasis.
	
  
Normal homeostasis in human tissues requires a complex and balanced interaction
between cells and the network of secreted protein known as the extracellular matrix.
These interactions involve the action of numerous cytokines and growth factors through
specific cell-surface receptors. When the balance between these cells and the
extracellular matrix is disrupted, disease can result. In particular, growth factors regulate
a plethora of biological process modulating or orchestrating the developmental program,
growth and differentiation profile and maintaining physiological conditions in most cell
types (Bilezikjian et al., 2006). The first part of this chapter will focus on the mechanism
by which TGF-β mediates its cellular function, focusing on its role in disease. The
second part will outline the importance of the activin pathway focusing on the
correlation with gonadal tumours and cancer-associated cachexia, finally presenting an
overview of the main therapeutic strategies used recently to antagonise the activin
signalling.
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2.2 Association of aberrant TGF-β1 expression with human disease and
cancer development. Is TGF-β1 a tumour suppressor or a tumour
promoter? TGF-β1 and human cancer.
	
  
The effect of TGF-β1 on cell-cycle regulation, proliferation, metastasis, angiogenesis
and its immunosuppressive effects can easily explain why TGF-β1 plays an important
role in human cancer progression. In the majority of epithelial, endothelial and
hematopoietic cells TGF-β is a potent inhibitor of cell proliferation. It acts on the cell
cycle arresting in the G1 phase by stimulating the production of the cyclin-dependent
protein kinase inhibitor p15 and by inhibiting the production of essential cell regulators.
In cancer cells, mutations in the TGF-β pathway have been described that confer
resistance to growth inhibition by TGF-β, resulting in an uncontrolled proliferation of
the cells (Blobe et al., 2000).

An important function of	
   TGF-β is the regulation of the production and deposition of
extracellular matrix. It stimulates fibroblasts and other cells to produce extracellularmatrix proteins and cell adhesions proteins; it also decreases the production of enzymes
able to degrade the extracellular matrix such as collagenase, and it increases the
production of proteins that inhibit enzymes that degrade the extracellular matrix, such as
the plasminogen-activator inhibitor type I and tissue inhibitor of metalloprotease.

Deregulation in relation to these changes can lead to cancer progression. An important
feature of cancer progression is angiogenesis, which can feed the tumour, promoting its
growth: TGF-β1 directly stimulates angiogenesis in vivo and this stimulation can be
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blocked by TGF-β antibodies (Pepper, 1997). Several lines of evidence showed
decreased vasculogenesis in cancer progression can be achieved by targeted deletion of
either TGF-β1 or type II TGF-β receptors (Oshima et al., 1996).

However, the role of TGF-β in cancer biology is complex and involves aspects of
tumour suppression as well as tumour promotion. Indeed, many advanced tumours are
refractory to TGF-β1 mediated growth inhibition and overexpress TGF-β1, which appear
to induce tumour cells to become more invasive and metastasise to distant organs. The
tumour suppressor role of TGF-β is supported by the loss of mutation of members of the
TGF-β signalling pathway in human cancers, particularly colon and pancreatic cancers,
where a correlation between resistance to TGF-β and malignant progression is evident.
The tumour-promoting effect is supported by elevated levels of TGF-β1 found in
patients in the latter stages of cancers, with increased production correlated with a poorer
prognosis (Elliott and Blobe, 2005). This discrepancy can be resolved with the
prevailing theory accepted in literature, being that during tumourigenesis TGF-β
functions as both an early tumour suppressor and a late-stage tumour promoter. This
duality/pleiotropic nature of the TGF-β signalling represents an important challenge that
must be considered in drug development programmes.

2.3 TGF-β and human diseases.
	
  
The role of TGF-β1 is not only limited to human cancer, but it also has an important
function in human diseases. Examples of diseases correlated with aberrant TGF-β
expression or deregulation of its activity are outlined below.

	
  

28	
  

	
  

Hereditary haemorrhagic telangiectasia is an important autosomal dominant disease with
a primary defect in vascular dysplasia, resulting in telangiectasia and arteriovenous
malformation. The pathologic lesions associated with this disease consist of dilated
vessels lined by a single layer of endothelium attached to a continuous basement
membrane. Genetic-linkage studies undertaken in families with this disease identified
the genes for two receptors in the TGF-β family, endoglin and ALK-1, as the genes
responsible for this disease (Ventura et al., 2004).
Overproduction of TGF-β can result in excessive deposition of scar and fibrosis and in
an animal model overexpression is associated with fibrosis of the kidney, liver and lung.
As previously described in this chapter, TGF-β is a potent regulator of the production
and deposition of the extracellular matrix, and for this reason the levels of mRNA are
significantly high in fibrotic organs (Blobe et al., 2000).
TGF-β1 plays an important function in the atherosclerotic process: High apolipoprotein
A is a well-known independent risk factor for cardiovascular disease. The expression of
apolipoprotein A inhibits the proteolytic activation of TGF-β1 in mice, promoting
proliferation of smooth-muscle cells and the development of fatty lesions (Grainger et al.,
1994). Grainger et al. in parallel studies showed that treating mice with tamoxifen
increases serum TGF-β1 levels and suppresses the formation of lipid lesions in the aorta
suggesting that TGF-β could act as an inhibitor for atherosclerosis. This hypothesis was
validated by low serum levels of TGF-β in patients with atherosclerosis (Grainger et al.
1995). Other evidence showed that mice lacking TGF-β2 have cardiac, lung, craniofacial
and urogenital defects (Sanford et al., 1997) and polymorphisms in the gene for TGF-β3
have been identified as risk factors for the development of cleft palates in humans
(Proetzel et al., 1995).
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2.4 Inhibition of TGF-β in clinical practice.
	
  
	
  
Therefore, the TGF-β signalling pathway represents an important target for the
development of novel therapeutic agents for treatment against cancer progression and
several drugs have been developed and tested clinically.

Three major classes of TGF-β-based therapeutics have been developed in preclinical and
clinical trials: a) inhibition of translation using oligonucleotides that can be engineered
into immune cells or delivered directly into tumours b) inhibition of the ligand-receptor
interaction using monoclonal antibodies and c) inhibition of receptor-mediated
signalling (Nagaraj and Datta, 2010).

Ap-12009, a specific phosphorothiotate antisense oligonucleotide directed against the
mRNA of TGF-β represents an example of large molecule inhibitors. This molecule
impacts cancer cells combating the immunosuppression, invasion, migration,
proliferation and angiogenesis, features of malignant tumours. This molecule has been
used in phase I/II studies in advanced pancreatic carcinoma, metastatic melanoma and
metastatic colorectal carcinoma. A study using AP-12009 in high-grade glioma patients
showed a significant survival benefit compared to standard chemotherapy treatment
(Hau P et al., 2007).

Small molecule inhibitors such as SD-093 and LY580276 have been shown to block
EMT (epithelial-mesenchyme transition) and tumour cell migration in pancreatic cancer
and mouse mammary epithelial cells (Peng et al., 2005, Subramanian et al., 2004).
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Interestingly some of these inhibitors such as SB-431542, SB-505124 and LY580276
can also inhibit activin receptor-like kinase ALK-4 and ALK-7, which indicates that
they could inhibit activin-mediated activation of Smad-2 and Smad-3 (Mead et al., 2003).

The benefits of blocking TGF-β activity in head and neck tumours has recently been
examined (Bedi et al., 2012). Bedi and co-workers showed that tumour cell expression
of TGF-β can exert a prolonged inhibitory effect of Cetuximab-mediated antibodydependent cellular cytotoxicity (ADCC) of tumour cells. Therefore their TGF-βblocking antibody counteracts the selection of TGF-β1 overexpressing tumour cells and
immune suppression in tumour-bearing animals treated with Cetuximab, restoring
ADCC and enhancing the inhibitory efficacy of Cetuximab in vivo.

Our understanding of TGF-β signalling has increased enormously in recent years, and
evidence to date about its aberrant expression associated with human cancers, and
diseases have been used to develop therapeutic drugs. Like TGF-β1 another member of
the TGF-β superfamily, activin controls proliferation, differentiation, embryonic
development, angiogenesis and wound healing. Indeed, in some tissues activin presents
the same duality/pleiotropic behaviour as TGF-β1 in cancer progression. There is a
general presumption that TGF-β1 and activin have overlapping activities in some tissues
such as the mammary gland, primarily because these growth factors use the identical
intracellular signalling pathway. However, specificity exists at the initiation of the
signalling cascade. The emerging view is that activins regulate the function of cells in
multiple ways, however the complete repertoire of their actions in health and disease is
still under investigation.
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2.5 Increased activin levels associated with cancer-associated cachexia
and gonadal tumours: the inhibin knockout model.

Despite being broadly a negative growth regulator, like the dual roles of TGF-β1,
activin-A can enhance tumour formation and/or progression, in particular, interacting
with the tumour microenvironment and activating bone disruption in late stage of some
human cancers such as prostate and breast cancer. Studies conducted in animal models
suggest elevated levels of activin-A leads to cancer-associated weight loss (cachexia)
and gonadal tumours.

Cancer-associated cachexia is a multifaceted syndrome of complex aetiology frequently
under-diagnosed as a likely consequence of the complexity of its clinical manifestation.
The pathophysiology of cachexia is complicated, and it seems to involve a coordinated
series of mechanisms such as neuroendocrine changes, leading to anorexia and
metabolic chaos. It has been estimated that approximately 50% of all cancer patients
suffers from cachexia. This figure rises to 80% in patients with advanced disease
(Argilés et al., 2011). Cachexia still represents a major health issue because there is no
standard and effective protocol to treat this disease and improve the quality of life (see
chapter 5).

The inhibin knockout mouse, or inhibin-deficient mouse, was the first animal model to
show that increased levels of activin are responsible for the cachexia symptoms, and to
date it represents an excellent in vivo animal model to assess the contribution of the
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INHA gene and elevated levels of activins in gonadal tumours and cancer cachexia-like
wasting syndrome.

Deleting the INHA gene Matzuk et al. showed loss of inhibin-α induced the
development of sex cord-stromal tumours (granulosa cell tumours in female and Sertoli
cell in male) with 100% penetrance causing death by 12 and 17 weeks in males and
females respectively.

The onset of gonadal tumours was followed by a cachexia-like wasting syndrome
involving severe weight loss and necrosis in the stomach and liver (Matzuk et al.,
1992). Gonadectomy (removal of testes or ovaries) prevented death of these mice
from gonadal tumour-induced cachexia. However, these mice succumbed to similar
wasting syndrome secondary to the development of adrenal cortical tumours leading
to death at 32 and 37 weeks for males and females respectively (Matzuk, Finegold et
al. 1994).

Evidence showing contribution of activin to cancer-associated cachexia arose from
homozygous mutant mice deficient in both α-inhibin and ActRII. Despite the
continued development of gonadal sex cord-stromal tumours and elevated serum
levels of activin-A, these mice suffered no unusual weight loss, and stomachs and
livers in the majority of mice were histologically normal (Coerver et al., 1996).

Further experiments showed tumour development in the α-KO mice can be modulated
by blocking or knocking out the activin receptor (ActRIIA) or the intracellular
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signalling molecule, Smad-3 (Coerver et al., 1996, Li et al., 2007a) providing
evidence of an important correlation between activin, its signalling and the
cancer/cachexia phenotype (see chapter 4).

Similarly, disruption of activin-A bioactivity, by overexpressing the activin-binding
protein, follistatin, in α-KO mice, increased survival time and modulated tumour
development and differentiation (Cipriano et al., 2000). Recently Gold et al.
described a novel mechanism of activin antagonism, providing evidence that activinβC antagonises activin-βA in α-KO mice reducing the progression of sex cord-stromal
tumours and block cachexia (Gold et al., 2013). Thus, antagonism of activin-A in the
𝛼 -KO mice produces a consistent phenotype regardless of whether the ligand,
receptor
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Figure 2.1

Figure 2.1. Benefits of activin antagonism. Abbreviated diagram of shifted balance
towards catabolic factors and muscle wasting leading to the weight loss, weakness and
fatigue that characterise cancer cachexia. Elevated levels of activins (specifically
Activin-A) can enhance tumour formation and lead to cancer-associated weight loss.
Strategies to antagonise the activin pathway in animal disease models suggest the
potential biological application to treat cancer cachexia shifting the balance towards
anabolic factors, fat and muscle weight.
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2.6 Strategies to antagonise the activin pathway and improve the
cachexia weight loss.

Several strategies have been described to antagonise the activin pathway in animal
disease models. Below are reported recent advances in activin antagonism (Figure 2.2)
and their potential biological applications to treat cancer-associated weight loss (Figure
2.3).

Activin type I receptor antagonists: Small molecule inhibitors that control the
pathogenic effects and/or modulate effects of activin in normal responses may offer
clinical utility for cancer-associated weight loss. Two molecules with similar
characteristics have been described: SB-431542 and SB-505124, both of which
antagonise the activin type I receptor (Inman et al., 2002, DaCosta Byfield et al., 2004).
SB-50124 is a more potent inhibitor when compared to SB-431542, it selectively
inhibits ALK4, ALK5, and ALK7-dependent Smad-2 and Smad-3 with activation in a
concentration-dependent manner but does not alter ALK1, ALK2, ALK3, ALK-6induced Smad signalling. Experiments performed using SB-50124 showed that this
compound is not only selective but also not toxic and water soluble, favourable
characteristics for a therapeutic agent to modulate the pathogenic effects of excess
activin.

Activin type II receptor antagonists: Harrison and co-workers used a mutagenesis
strategy to identify activin-A mutants that could bind ActRII but not ALK4, being
therefore, a specific type II receptor antagonist. The mutant identified in their study,
M108A was unable to form a cross-linked complex with ALK4 in the presence of
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ActRII indicating that its ability to bind ALK4 was disrupted. The M108A mutant
antagonised activin-A and myostatin, but not TGF-β, signalling in 293T cells
suggesting its possible selectivity to block ligands that signal via ActRII/IIB, thus
providing the opportunity for therapeutic intervention in human diseases involving
activin type II receptors, including muscular dystrophy, cachexia, wound healing, liver
regeneration, and cancer (Harrison et al., 2004).

Other studies conducted by Donaldson and co-workers demonstrated that a soluble
form of the extracellular domain of the type II activin receptor is sufficient for highaffinity ligand binding. The soluble form of the ActRII (ActRII ECD) was functionally
active, suggesting it could be used as a tool to modulate the effects of activin in animals
and in human (Donaldson et al., 1999). Later Leal and colleagues showed treatment of
cultured rat anterior pituitary cells with the ActRII ECD or adenovirus-mediated
overexpression of the ActRII ECD attenuates secretion of FSH in response to
exogenous activin-A or endogenous activin-B (Leal et al., 2002).

Generation of a specific activin antagonist by modification of the activin-A pro-Petide:
Recently Makanji and colleagues modified the activin-A pro-peptide to generate a
specific activin antagonist. Interestingly by linking the C-terminal region of the TGFβ1
pro-petide to the N-terminal region of the activin-A pro-petide, they generated a
chimeric molecule (activin/TGFβ1-AT pro-peptide) with increased affinity for activinA. The AT pro-petide was 30 times more potent than the activin-A pro-peptide at
suppressing activin-induced FSH release by the LβT2 pituitary gonadotrope cells
(Makanji et al., 2011). The identification of this AT pro-petide represents the first
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specific activin- antagonist, which is likely to be an effective reagent for blocking
activin actions in vivo.

Decoy receptor to antagonise the activin pathway and rescue cachexia: Increased
signalling by the ActRII pathway and in particular ActRIIB has been described in many
cancers (Harada et al., 1996, Thomas et al., 1997, Petraglia et al., 1998, Otani et al.,
2001, Wildi et al., 2001, Costelli et al., 2008). Therefore, several research groups have
tried to target ActRII to define the mechanism by which the ActRIIB pathway may
modify the course of cancer cachexia and the wasting of skeletal muscle. Many studies
have clarified that the ubiquitin-proteasome proteolytic pathway plays a major role in
the degradation of muscle proteins during cachexia (Lecker et al., 1999).

The

expression of the two important muscle-specific ubiquitin ligases is essential for the
ubiquitination and degradation of myofibrillar proteins: MuRF1 and Atrogin-1.

In a recent publication Zhou et al. examined the potential of blocking the ActRIIB
pathway on muscle wasting and survival using an ActRIIB decoy receptor (sActRIIB)
in several mouse models of cachexia (Zhou et al., 2010). The promising results from
this study were that treatment of mice with the sActRIIB not only prevents further
skeletal muscle wasting, but also restores previous muscle loss, with no effect on the fat
mass. An important feature investigated in this study was the effect of the sActRIIB on
the cardiac atrophy treatment completely blocked atrophy of the cardiac muscle, with
no change in expression of the atrophy-specific ubiquitin ligase, MuRF1 or atrogin-1,
or stimulation of stem cell proliferation. This study showed an increase in the survival
time of the treated animals even though tumour growth was not inhibited, reflecting the
importance of cachexia in determining the survival of patients with cancer.
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Activin-C subunit, a new mechanism of antagonism: A study conducted by Gold and
colleagues provided the first evidence that activin-βC is an antagonist of activin A both
in vitro and in vivo (Gold et al., 2009). Based on this evidence, mice overexpressing
activin-βC crossed with inhibin α-subunit knockout mice (α-KO/actC++) were used to
assess any biological effect of the activin-βC overexpression on the onset of gonadal
tumours and cancer-associated cachexia. The α-KO/actC++ mice showed no significant
weight loss and the tumour formation was modified.

Increased apoptosis was evident in the livers of α-KO/actC++ mice compared to WT
controls but this was significantly less compared to the α-KO group. An increase in the
proliferation in the α-KO/actC++ partially restored liver weight compared to the α-KO
group.

Serum levels of activin-A in the α-KO/actC++ mice were significantly lower compared
to the α-KO. Therefore, this, like other strategies to antagonise activin-A, abolished
cancer-associated cachexia and modulated gonadal tumour development.
Soluble form of activin receptor type IIB (ActRIIB) to promote muscle growth in
humans:

Lee and co-workers provided for the first time genetic evidence that

signalling through the ActRIIB could regulate muscle growth in vivo (Lee et al., 2005).
Additionally, further demonstration that soluble receptor could prevent cancer cachexia
was provided by Klimek and co-workers (Benny Klimek et al., 2010).
Based on this evidence, Attie and colleagues showed interesting results using ACE-031,
a soluble form of activin receptor IIB (ActRIIB), to increase muscle mass in postmenopausal women. This study represented the first-in-human, randomised phase 1
study and provided evidence that the compound ACE-031 was generally well-tolerated
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in healthy postmenopausal women and its biological activity was consistent with that
observed previously in animal studies. Data from this study support the possibility to
develop a compound able to antagonise the activin receptor, with potential application
not only to increase muscle strength and to treat cachexia but eventually to be used to
improve strength in patients with neuromuscular diseases (Attie et al., 2013).
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Figure 2.2

	
  

41	
  

	
  

Figure 2.2. Schematic representation of activin signalling and its control by
antagonists. Using an antagonist of activin receptors: ActRII (M108A), follistatin, inhibin,
CRIPTO, BAMBI, a soluble receptor ActRII ECD, Activin-C or small-molecule inhibitors
of ActRI (SB-431542 and SB-505124) induce a blockade of activin signalling pathway
(Harrison et al., 2004, DaCosta Byfield et al., 2004, Inman, 2002, Cheng et al., 2003).
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Figure 2.3

Figure 2.3. Schematic representation of activins/myostatin mediated effects on cancercachexia and tumour development. High levels of activin and myostatin binding the
receptor type II induce an activation of the intracellular signalling molecules, which cause
gene transcription and FOXO3A to be activated. This results in muscular atrophy, cancerassociated weight loss and development of gonadal tumours (A). Treatment with activin
receptor antagonists (Follistatin, sActRII, Activin-C) leads to decreased activin signalling,
thereby preventing muscular atrophy, cancer associated-weight loss and modulating
gonadal tumour phenotype in the inhibin α KO mouse (Cipriano et al., 2000, Zhou et al.,
2010, Gold et al., 2013).
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2.7 Conclusion.
Antagonising TGF-β signalling is a promising therapy against cancer. Pre-clinical and
clinical trials using TGF-β antagonists are underway and show the efficacy of these
factors in animal models and in human cancers. Due to the high homology between
TGF-β and activin, including tissue regulation, proliferation, apoptosis control and a
dichotomous role in tumour progression, human diseases may benefit from treatment
with activin antagonists.

Exciting recent results provide the rationale for anti-activin therapies (Zhou et al., 2010)
and raise the possibility for modulating the activin pathway in diseases such as cachexia
and cancer, which result from a deregulated activin pathway. Additionally, since
inhibition of the activin receptor has been proven to help combat muscle loss in animal
models and in a study conducted on healthy volunteers (Attie et al., 2013), antagonists of
the activin pathway could be used in catabolic conditions such as neuromuscular
disorder and/or musculoskeletal disorders.

In conclusion, pre-clinical studies showed exciting results for, the possibility of
antagonising the activin signalling pathway. However, it is of fundamental importance to
better understand the conflicting data reported in the literature regarding the
inhibin/activin signalling pathway in mouse versus human.

In fact, loss of the inhibin gene expression with a consequent up-regulation of the activin
signalling has been well reported in the mouse model. Discrepant results have been
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published in the last two decades, reporting that inhibin is pro-tumourigenic in humans,
leading to a paradox in the understanding of human gonadal and adrenal cancer biology
and in the possibility of beneficial therapeutics effects in humans.

Clarification of this paradox is extremely important because the identification of factors
and pathways involved in human gonadal and adrenal tumourigeneis is the prerequisite
for the development of novel therapeutic options that results in the control of tumour
initiation and/or proliferation.
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Chapter 3
The inhibin/activin signalling pathway in human gonadal and adrenal
cancers
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Abstract.
	
  
The biological function of the inhibin-α subunit in gonadal tumourigenesis is different in
human compared with mouse. The inhibin-α subunit is up regulated in most human
ovarian and testicular cancers but knock-out studies in mice showed the inhibin-α
subunit is a tumour suppressor with gonadal and adrenal specificity. The inhibin-α
subunit is a component of the inhibin/activin signalling pathway which includes activin
receptors ActRIIA/IIB and intracellular Smads-2/3. To resolve the incongruity in human
versus mouse, this study re-evaluated the inhibin/activin pathway in human gonadal and
adrenal cancers using contemporary protein and mRNA expression data for pathway
components rather than inhibin-α alone. An inhibin-α antibody raised against the Nterminal domain was used to compare immunoreactivity with the more commonly used
antibody raised against the C-terminal domain. This study also described, for the first
time, a comprehensive protein expression profile of activin-C in reproductive and
adrenal cancers, and its effect on a human granulosa cell line, providing evidence of a
role in ovarian, testicular and adrenal tumour biology. Findings showed reduced inhibinα expression at both protein and mRNA levels, and increased activin signalling in
human testicular, ovarian and malignant versus benign forms of adrenal cancer. The
study also found that activin-C acts as an activin-A antagonist by binding to activin
receptor subunits IIA and IIB and modulating the canonical Smad pathway. In
conclusion, analysis of the inhibin/activin signalling pathway helps to explain
discrepancies arising from studies of only one hormone or subunit and suggests that
altered expression is associated with reproductive and adrenal cancer biology.
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3.1 Introduction.
	
  

Activin and inhibin are dimeric glycoprotein hormones with opposing actions on the
hypothalamic pituitary axis and gonads, like other members of the transforming growth
factor (TGF-β) superfamily, and they exert a multitude of functions during
embryogenesis, in tissue homeostasis and tumourigenesis. Activin is a disulphide-linked
dimer of inhibin-β subunits (βA or βB) whereas inhibin is formed as a combination of the
inhibin-α subunit with one of the β subunits. Inhibins have a largely endocrine role,
mainly produced by the gonads inhibin acts as a negative regulator of pituitary follicle
stimulating hormone (FSH) synthesis and secretion from the anterior pituitary. Gonad
specificity is evident in castrated animals where a reduction of circulating inhibin
induces a rise in serum FSH. However, inhibin also acts locally on a number of tissues
(Vale et al., 1990b).

The importance of inhibin in reproductive biology has been clearly shown in mice with
homozygous deletion of the inhibin-α subunit (INHA) (Matzuk et al., 1992) and it will
be discussed in details in chapter 4.

Despite the clear role of inhibin in mice, in recent years a strong paradox has emerged
regarding its role in human cancer biology. This is primarily due to conflicting studies.
Some reports described up regulation of inhibin-α in the tissue and serum of human
ovarian cancers, Sertoli cell tumours, adrenocortical carcinomas and placental tumours
(Risbridger et al., 2001, Cobellis et al., 2001, Robertson et al., 2004a) whereas other
studies reported its down regulation (Gurusinghe et al., 1995, Yamashita et al., 1999)
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Additionally, further investigations failed to provide evidence of loss of heterozygosity
in the chromosomal region harbouring the INHA gene (Watson et al., 1997) or casual
single nucleotide polymorphisms (SNPs) in the INHA gene (Purdue et al., 2008). Up
regulation of INHA has been reported in epithelial ovarian cancers and previous studies
aimed to clarify the source of elevated serum inhibin in patients with ovarian cancer
(Gurusinghe et al., 1995, Yamashita et al., 1999, Arora et al., 1997, Rishi M, 1997).
Results from these studies led to further discrepancies with some findings suggesting
that no inhibin-α was detected in serous epithelial ovarian cancers (Gurusinghe et al.,
1995, Yamashita et al., 1999) and other findings suggesting the opposite (Rishi M, 1997,
Arora et al., 1997) with the more recent study suggesting that the stromal compartment
of the tumour is the only source of inhibin-α in this specific subset of cancers (Zheng et
al., 2000).

Ball and co-workers in 2004 in order to resolve the inhibin-α dilemma in cancer biology,
proposed the hypothesis regarding the INHA gene that, like TGF-β1, it may have a dual
role in carcinogenesis as both a tumour suppressor and pro-metastatic factor (Ball et al.,
2004). Despite significant research efforts and clinical studies, conflicting data made it
difficult to reconcile the demonstration of INHA as a tumour suppressor in mice versus
an up regulation in similar human cancers leading to considerable debate about the role
of the inhibin-α subunit in human gonadal and adrenal tumourigenesis.

Activins and inhibins are mutually antagonistic regulators of reproductive and other
organs, and their temporal expression is a biological event of pivotal importance for
normal cellular biology. The majority of studies conducted in the last decade exploring
the role of inhibins and activins were based on the analysis of only one hormone or
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subunit, representing a considerable limitation to the understanding of the intricate
relationship between inhibins, activins and their effect both in vitro and in vivo. A novel
approach including analysis of multi-pathway expression both at the mRNA and protein
levels was therefore warranted.
3.2 Aim of the study.
Accordingly, the first part of this study was designed to investigate the inhibin/activin
signalling pathway in human tissues. The analysis re-evaluated the protein expression of
inhibin-α and components of the inhibin/activin signalling pathway including activin
receptors ActRIIA/IIB, the activin antagonists: follistatin and activin-C, and intracellular
effectors Smads-2/3. The mRNA expression profile of INHA was also investigated using
the Oncomine database.

Considering the recent focus on the importance of the inhibin-α N-terminal domain (Zhu
et al., 2012), an inhibin-α antibody raised against this domain was used to compare
immunoreactivity with the more commonly used antibodies raised against the C-terminal
domain. The second part of this study was focused on the effect of activins on the human
COV434 granulosa cell line clarifying the mechanism of action of activin-C.
3.3 Material and Methods.
	
  
3.3.1 Human Tissue Samples.
	
  
Samples of ovarian, adrenal and testicular cancers with normal controls, benign diseases
and hyperplasia were purchased from US BIOMAX (micro arrays ID: OV483, OV1002,
T231, TE808, AD2081). Samples were classified in categories in relation to the
histopathological features of the tumour. Ovarian Cancers. Epithelial ovarian cancer (n =
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35): Mucinous papillary cystoadenocarcinoma, adenocarcinoma and serous papillary
adenocarcinoma, sex cord stromal tumour (n = 30): thecoma and granulosa cell tumour,
germ cell tumour (n = 35) included: yolk sac tumour, teratoma and dysgerminoma.
Testicular Cancers. Germ cell tumour: seminoma (n = 34) and non-seminoma (n = 33,
embryonal carcinoma, teratoma, yolk sac tumour and choriocarcinoma). Adrenal
Cancers. Cancer of adrenal cortex (n = 89) included: adrenocortical carcinoma and
adrenocortical adenoma, cancer of the adrenal medulla (n = 63): neuroblastoma and
pheochromocytoma. Each array also included normal controls ovary (n=8), testis (n=13)
and adrenal (n = 16).

The antibodies used were: activin-βA (H-120 Santa Cruz Biotechnology-50288), activinβB (H110 Santa Cruz Biotechnology-50287), activin-C (C-20 Santa Cruz Biotechnology6888), follistatin (H-110 Santa Cruz Biotechnology-30194), two different inhibin-α
antibodies were used to evaluate differences in cross-reactivity within the tissues
analysed, as previous reports showed antibody specific results (Risbridger et al., 2001):
monoclonal inhibin-α (Serotec MCA951ST) generated against the synthetic peptide
composed of amino acids 1-32 and polyclonal inhibin-α (abcam 81234) generated
against synthetic peptide corresponding to a region within N-terminal amino acids 109158 of human INHA (NP_002182), activin receptor IIA and IIB (R&D System AF-340
and AF-339), Smad-2 (#3122 Cell Signalling) and Smad-3 (51-1500 Invitrogen).
Immunohistochemistry was performed after microwave antigen retrieval (1000 Watts for
14 minutes) in buffers as follows: inhibin-α, activin Receptor IIA and IIB, smad-2
(10mM Sodium Citrate Buffer pH 6.0), activin-βA, activin-βB, activin-βC, follistatin and
Smad-3 (10mM Glycine Buffer pH 4.5). After cooling, slides were washed three times
in phosphate-buffered saline (PBS), and endogenous peroxidase activity was quenched
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using the Peroxidase-Blocking solution (DAKO Real S2023). Sections were treated with
CAS blocking reagent (Invitrogen 00-8120). All the antibodies, except for the activin
receptor IIA and IIB antibodies (detected using the secondary polyclonal rabbit AntiGoat immunoglobulin-HRP Dako P0160) were detected with DAKO Real EnVision
Detection System (DAKO K5007). Negative controls included secondary antibodies
only or immunoglobulin matched to the primary antibody. To assess the specificity of
the antibodies, evaluation of the staining was performed using appropriate positive
controls and western blots were undertaken using human testis lysate (Appendix Figure
3.1).
3.3.2 Immunohistochemical evaluation.
	
  
The intensity and distribution patterns of staining were evaluated by two blinded,
independent, experienced observers, using a semi-quantitative, immunoreactive score
(IRS) (Remmele W, 1987). The IRS was calculated by multiplication of the optical
staining intensity (graded as 0=no, 1=weak, 2=moderate and 3=strong staining) and the
percentage of positively-stained cells (0=no staining, 1=<10% of the cells, 2=11-50% of
the cells, 3=51-80% of the cells and 4= >81% of the cells). Nuclear localisation of
Smad-2/3 was estimated based on a method that allowed an unbiased semi-quantitation
of the percentage of positive cells. Random fields were systematically selected using
Spot software version 3.5.4 (Spot Imaging Solution) and sampling was conducted using
an unbiased 10 x 10 cm counting frame. Frame counting was performed on sections
uniformly spaced throughout the tissue, 150 frames and 100x magnification, with an
average of 1,000 cells counted per section using ImageJ (Gold et al., 2005).
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3.3.3 Ovarian metastatic granulosa Cell line COV434.
	
  
The COV434 cell line, derived from a metastatic granulosa cell tumour obtained from a
27-year-old female (Zhang et al., 2000), was purchased from Sigma-Aldrich and tested
to exclude mycoplasma contamination. These cells retain the morphological appearance
of luteinised granulosa cells and are gonadotropin-responsive. COV434 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heatinactivated foetal bovine serum (FBS) and 1% Antibiotic/Antimycotic (Invitrogen,
Australia) in 75-𝑐𝑚! culture flasks at 37ºC in a humidified atmosphere of 5% C𝑂! in air.
To determine the effect of activins A (Cat. #338-AC-010 R&D), B (Cat. #659-AB-005
R&D), C [produced using Chinese hamster ovary cells stably transfected with full-length
human activin-βC (Gold et al., 2009), see appendix for methods details, and follistatin
(Cat. #4889-FN-025 R&D), on cell viability, three independent growth assays were
performed. COV434 cells were plated at a density of 10,000 cells/well in DMEM-5%
FBS for 24 hours and allowed to attach. Medium was replaced with DMEM-2% FBS
containing follistatin (200, 400 ng/ml) or activin-C (100 ng/ml), buffer or empty vector
controls. After 4-6 hours, 10 ng/ml of activin-A, activin-B or buffer control were added
and incubated for a total of 72 hours. Cell viability was measured with the CellTiter96
Aqueous Assay (Promega). All experiments were conducted between passage number
12 and 20.
3.3.4 Co-Immunoprecipitation and Western Blotting.
	
  
The Pierce co-immunoprecipitation (co-IP) Kit (Cat. #26149 Thermo Scientific) was
used according to the manufacturer’s instructions. Briefly, two columns were used: one
containing the activated AminoLink Plus Coupling resin and the other containing the
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agarose control (crosslinked 4% beaded agarose) as a negative control. 30 µg of affinitypurified antibody (Inhibin β-C C-20 Cat. # sc-6888 Santa Cruz Biotechnology, Inc.) was
used for antibody immobilisation. COV434 were seeded as previously described and
when 70% confluence was achieved medium was replaced with DMEM-2% FBS
containing 100 ng/ml of activin-C for 24 hours. After 24 hours the cell suspension was
centrifuged at 1000 g for 5 minutes to pellet the cells. After 2 washes in cold PBS, icecold IP Lysis/Wash Buffer, provided with the kit, was used for protein extraction. The
lysate was incubated on ice for 5 minutes with periodic mixing and protein concentration
determined as previously described. A total of 1mg/ml of protein was used to perform
the co-IP elution step and the resulting pull-down washes were evaluated to exclude
protein content in the final wash solution. The elution from co-IP was analysed for
protein content and samples were prepared for the SDS-PAGE analysis. Briefly, 5X
Sample Buffer was added to samples to a 1X final concentration. Samples were heated
at 95-100 °C and applied to a 12% polyacrylamide gel, and blots incubated using
antibodies raised against the activin receptors IIA (human activin RII A Cat. # AF340
R&D), IIB (human activin RIIB Cat. # AF340 R&D) and activin-C (Inhibin β-C C-20
Cat. # sc-6888 Santa Cruz Biotechnology, Inc.). IRDye 800CW Donkey Anti-Goat IgG,
H+L dilution 1:15000 (Li-cor Cat. # 926-32211) was used as secondary antibody. Blots
containing positive controls with receptors only or activin-C were used to demonstrate
antibody capture specificity.
3.3.5 In-Cell Western assay.
	
  
The In-Cell Western (ICW) assay was performed to analyse signalling effectors in
response to pathway stimulation (Coevoets et al., 2009). Potential cross talk between the
Smad pathway (p-Smad-2/Smad-2, p-Smad-3/Smad-3 and Smad-4) and non-Smad
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pathway p-ERK1-2/ERK1-2 were investigated to compare the effect of activin-A and C
on the downstream signalling in COV434 cell line. COV434 cells were plated as
described above for 24 hours and allowed to attach. After 24 hours, medium was
replaced with DMEM-2% FBS containing activin-C (100 ng/ml). After 4-6 hours, 10
ng/ml of activin-A or buffer control were added and incubated for a total of 24 hours.
After 24 hours, cells were fixed with 4% paraformaldehyde in PBS for 10 minutes at
room temperature. Cells were then permeabilised using 70% ethanol and 0.1% Triton X100 in PBS. After permeabilisation 30 µl of blocking solution (Odyssey Blocking Buffer
Licor # 927-40000) was added to each well and cells were incubated for 1 hour at room
temperature with gentle shaking. After an hour, the blocking solution was removed and
diluted primary antibodies were added to each well (Smad-2 abcam # 47083, p-Smad2
abcam # 53100, Smad-3 abcam # 40854, p-Smad3 abcam 51451, p-ERK 1/2 abcam #
47339, ERK 1/2 cell signalling # 4695 and Smad-4 cell signaling # 9515 ) except to the
negative control wells (all the antibodies used were tested for specificity and validated
by Western Blots). After an overnight incubation at 4ºC, secondary antibodies were
added (Li-Cor # 926-32211, # 32350). DRAQ5 (abcam # 108410) was used to normalise
for differences in cell number in each well. Secondary antibodies were detected at 800
nm and DRAQ5 at 700 nm. Plates were scanned using the Odyssey Li-Cor Infrared
Imaging System (Li-Cor) and signal intensities quantified using the Odyssey application
software (version 3.0). All values were adjusted for background using the Odyssey
application software.
3.3.6 RT-PCR Analysis.
Total RNA was extracted from mouse testis, ovary and COV434 cell pellet using Trizol
and the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Reverse
transcription was performed using the Superscript III reverse transcriptase (Cat. #
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18080044 Life Technologies). INHA mRNA expression was analysed with primers that
amplified mouse and human mRNA. β-actin (mouse-specific primers) and β2
Microglobulin (human-specific primers) were used as housekeeping genes for block
PCR. Mouse testis and ovary were used as positive controls. Primers sequences (all 5’ to
3’) were designed using Primer-BLAST:
INHA, forward: CGCCCCTGCTAGATCTTCTG; reverse:
CAAAAACAGGGGCTGAACCG;
β-actin, forward GCCTTCCTTCTTGGGTATGG; reverse:
CAGCTCAGTAACAGTCCGCC;
β2Microglobulin, forward CCGTGTGAACCATGTGACTT; reverse:
CAAACATGGAGACAGCACTC.
The PCR program was 94°C for 5 min; 35 cycles of 30 s at 94°C, 30 s at 58°C and 30 s
at 72°C; 72°C for 7 min. All PCR products were run on 1.5% (w/v) agarose gels.
3.3.7 Oncomine Database interrogation.
The Oncomine cancer microarray database was used to analyse inhibin-α (INHA)
mRNA expression profiles (Rhodes DR, 2004). Differential INHA mRNA expression
was investigated in cancer tissues versus normal controls (filtering criteria) or across
cancer subsets (filtering criteria). Gene-centric analysis with graphical representation of
the microarray data was exported from Oncomine™ (Compendia Bioscience, Ann
Arbor, MI, USA). The following datasets were used: Korkola Seminoma (GEO
accession number GSE 3218) (Korkola et al., 2006), Hendrix Ovarian (GEO accession
number GSE 6008) (Hendrix et al., 2006), Bittner Ovarian (GEO accession number GSE
2109), and Giordano Adrenal (GEO accession number GSE10927) (Giordano et al.,
2003).
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3.3.8 Statistical analysis.

The IRS for each tissue was treated as ranked data and analysed with Mann-Whitney-U
test for two independent groups using IBM SPSS 20 statistic software; fold change was
calculated based on the mean IRS of disease versus normal control. Percentage positive
Smad-2/3 nuclei and ICW results were analysed with Students-T-Test (GraphPad Prism
version 5). Cell proliferation assays were analysed using ANOVA with Tukey’s posthoc test. Significant differences were assumed at p ≤ 0.05.

3.4 Results.
3.4.1 Activin-βC expression in human ovarian, adrenal and testicular
cancer.

Within the ovarian cancer specimens activin-βC expression was confined to the epithelial
cells and papillary structures of the tumour (epithelial cancers), to the germ cells
characteristic of the tumour (granulosa Cell Tumours), to the connective tissue and
cytoplasm of the theca cells (thecoma cell tumours) and to the cystic structures
characteristic of the germ cell tumours; in normal ovarian controls staining in primordial
follicles and stromal areas was also recorded (Figure 3.3). Within the testicular
specimens activin-βC was confined to primary spermatocytes and spermatogonia in a
limited number of samples. Within the morphologically heterogeneous non-seminoma
cancers immunostaining was detected in the solid sheets of large undifferentiated cells
(embryonal carcinoma and yolk sac tumour) and in the tubular and papillary structures
of the tumours (embryonal carcinoma). In normal testicular tissues activin-βC staining
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was also confined to the germ cells: round spermatids and spermatogonia, with less
staining in interstitial cells (Figure 3.13).

Staining within the adrenocortical carcinoma was predominately concentrated in the
connective tissue with less staining in malignant cells. The area stained in the
pheochromocytoma was the medulla, whereas the staining was extended to the cells
aggregated in the rosette-shaped feature characteristic of the neuroblastoma cancers.
Within the normal adrenal tissue activin-βC staining was mainly distributed in the intra
nuclear spaces with minimal extension to the nuclei (Figure 3.20).

3.4.2 Immunoreactive Score.
Ovary.
	
  

Positive

immunostaining

for

activin-βA,

activin-βB,

activin-βC,

follistatin,

ActRIIA/ActRIIB and Smad-2/3 was apparent in all the specimens analysed. Inhibin-α
subunit was not detected in all specimens, including normal tissue controls, using the
monoclonal inhibin-α antibody (Figure 3.4); however staining with the polyclonal
inhibin-α antibody was evident in all the specimens analysed, with less staining in the
cancer tissues versus normal control (Figure 3.5). The immunostaining for activin-βA
and activin-βC (except for the thecoma cell tumour) was increased in all ovarian cancers.
ActRIIA immunoreactivity was increased in thecoma and granulosa cell tumour (Table
3.1A, Figure 3.1 - Figure 3.11).
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Testis.
Positive immunostaining for activin-βA, activin-βB, activin-βC, inhibin-α subunit,
follistatin, ActRIIA/ActRIIB and Smad-2/3 was detectable in all the specimens analysed.
The immunostaining for activin-βA and activin-βC was increased in seminoma and nonseminoma specimens. A decrease in the inhibin-α subunit staining (with no difference of
staining recorded using the monoclonal versus polyclonal inhibin-α antibodies) was
detected in all the cancer tissues (Figure 3.14). The number of positive cell nuclei
stained with Smad-2/Smad-3 antibodies was significantly increased in seminoma and
non-seminoma cancers (Table 3.1B, Figure 3.12 - Figure3.17).

Despite an increase in the antagonists activin-βC (increased in all ovarian and testicular
cancer analysed except for the thecoma cell tumour) and follistatin, the activin signalling
cascade was activated as shown by the increase in the number of positive cell nuclei
stained with Smad-2/3. However, the IRS represents an overall tissue staining
assessment; therefore based on data published by Gold and co-workers (Gold et al.,
2013), where overexpression of activin-βC modulated Sertoli and granulosa cell tumours
in mice, the activin-βC/activin-βA expression ratio where the two subunits where coexpressed in the same cell type was assessed, and as expected a negative correlation
between these two variables was evident [r = -0.7075, p < 0.0001 (Figure 3.29G); r = 0.7324, p < 0.0001 (Figure 3.29H)] with activin-βC antagonising activin-βA signalling as
indicated by a reduction in Smad-2 positive nuclei (Figure 3.29).
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Adrenal.
Positive immunostaining for activin-βA, activin-βB, activin-βC, inhibin-α subunit,
follistatin, ActRIIA/ActRIIB and smad-2/3 was detectable in all the specimens analysed.
Activin-βA subunit was increased in adrenocortical carcinoma and pheochromocytoma.
Activin-βB subunit staining was decreased in neuroblastoma and adrenocortical
adenoma. Staining for inhibin-α (with no difference of staining recorded using
monoclonal versus polyclonal inhibin-α antibodies) subunit was increased in
adrenocortical adenoma, adrenocortical hyperplasia and normal tissue adjacent to the
cancer (Figure 3.21, 3.22). Follistatin immunostaining was reduced in both
adrenocortical carcinoma and neuroblastoma (Table 3.1C, Figure 3.18 - Figure 3.28).
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Adrenocortical Carcinoma
n=13
Neuroblatoma
n=6
Pheochromocitoma
n=57
Adrenocortical Adenomas
n=76
Hyperplasia
n=8
Cancer Adjacent Normal Tissue
n=13

C

Seminoma
n=34
Non Seminoma
n=33

B

Epithelial Ovarian Cancer
n=35
Granulosa Cell Tumour
n=15
Thecoma Cell Tumour
n=15
Germ Cell Tumour
n=35

A

ns

ns

+1.64
*
ns

+1.59
*
ns

Activin- A

+4.36
***
+4.19
***

Activin- A

+ 3.07
***
+3.50
***
+1.44
*
+5.05
***

Activin- A

ns

-1.30
*
ns

ns

-1.94
*
ns

ns

ns

ns

ns

ns

Activin- C

+2.28
***
+1.53
*

Activin- C

+1.84
*
+3.34
***

+3.18
***
ns

Activin- C

ns

Activin- B

ns

ns

Activin- B

ns

-1.56
*
+2.77
*
ns

Activin- B

+1.83
***
+1.68
***
+1.64
*

ns

ns

ns

InhibinAbCam

-1.83
***
-1.82
***

InhibinAbCam

-2.41
***
-2.53
***
-2.76
***
-4.05
***

InhibinAbCam

Table 3.1	
  

+1.83
***
+1.68
***
+1.64
*

ns

ns

ns

InhibinSerotec

-1.83
***
1.82
***

InhibinSerotec

Not
detected
Not
detected
Not
detected
Not
detected

InhibinSerotec

ns

ns

ns

-1.52
*
-1.88
*
ns

Follistatin

ns

ns

Follistatin

ns

ns

ns

ns

ns

ns

ActRIIA

ns

ns

ActRIIA

+2.65
***
+1.8
*
ns

+2.67
***
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ActRIIA

ns

Follistatin

ns
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ns

ns

ns

ns

ActRIIB

ns

ns

ActRIIB
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ActRIIB
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ns

Smad-2

+3.46
**
+2.91
*

Smad-2

+2.75
**
+1.85
*
+2.31
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+2.71
**

Smad-2

ns
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ns

Smad-3

+2.66
***
+2.59
***

Smad-3

ns

ns

ns

ns

Smad-3

	
  

	
  
Table 3.1. Immunoreactive scores (IRS) for immunohistochemical evaluation of the
activin/inhibin signalling pathway in human ovarian, testicular and adrenal tissues.
Fold difference (shown in table) calculated on the mean IRS or percentage of positive
cells (Smad-2 and Smad-3) of the disease ovary (A), testis (B) and adrenal (C) was
compared to the normal controls: ovary (n=8), testis (n=13) and adrenal (n = 16).
ActRIIA indicates Activin Receptor IIA, ActRIIB indicates Activin Receptor IIB. The
IRS for each tissue was treated as ranked data and analysed with Mann-Whitney-U test
for two independent groups. * p value < 0.05, ** p value < 0.01, *** p value < 0.001, ns
not significant.
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Figure 3.1

	
  

63	
  

	
  
Figure 3.1. Immunostaining for activin-A in ovarian tissues. Tissues are from
patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour
(C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.2
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Figure 3.2. Immunostaining for activin-B in ovarian tissues. Tissues are from
patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour
(C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.3
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Figure 3.3. Immunostaining for activin-C in ovarian tissues. Tissues are from
patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour
(C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.4
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Figure 3.4. Immunostaining for inhibin-alpha (Serotec) in ovarian tissues. Tissues
are from patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell
tumour (C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X
Objective.
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Figure 3.5
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Figure 3.5. Immunostaining for inhibin-alpha (Abcam) in ovarian tissues. Tissues
are from patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell
tumour (C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X
Objective.
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Figure 3.6
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Figure 3.6. Immunostaining for follistatin in ovarian tissues. Tissues are from
patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour
(C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.7
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Figure 3.7. Immunostaining for activin receptor IIA in ovarian tissues. Tissues are
from patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell
tumour (C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X
Objective.
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Figure 3.8
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Figure 3.8. Immunostaining for activin receptor IIB in ovarian tissues. Tissues are
from patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell
tumour (C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X
Objective.
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Figure 3.9
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Figure 3.9. Immunostaining for Smad-2 in ovarian tissues. Tissues are from patients
with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour (C), germ
cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.10
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Figure 3.10. Immunostaining for Smad-3 in ovarian tissues. Tissues are from
patients with epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour
(C), germ cell tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.11

	
  

83	
  

	
  
Figure 3.11. Negative controls from ovarian tissues. Tissues are from patients with
epithelial ovarian cancer (A), thecoma cancer (B), granulosa cell tumour (C), germ cell
tumour (D), normal ovarian tissue (E). Scale bar 100 µM, 20X Objective.
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Figure 3.12
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Figure 3.12. Immunostaining for activin-A and activin-B in testicular tissues.
Tissues are from patients with seminoma (A-D), non-seminoma (B-E), normal testicular
tissue (C-F). Scale bar 100 µM, 20X Objective.
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Figure 3.13
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Figure 3.13. Immunostaining for activin-C and inhibin-alpha (Serotec) in
testicular. Tissues are from patients with seminoma (A-D), non-seminoma (B-E),
normal testicular tissue (C-F). Scale bar 100 µM, 20X Objective.
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Figure 3.14
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Figure 3.14. Immunostaining for inhibin-alpha (Abcam) and follistatin in
testicular tissues. Tissues are from patients with seminoma (A-D), non-seminoma (BE), normal testicular tissue (C-F). Scale bar 100 µM, 20X Objective.
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Figure 3.15
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Figure 3.15. Immunostaining for activin receptor IIA (ActRIIA) and activin
receoptor IIB (ActRIIB) in testicular tissues. Tissues are from patients with
seminoma (A-D), non-seminoma (B-E), normal testicular tissue (C-F). Scale bar 100
µM, 20X Objective.
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Figure 3.16
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Figure 3.16. Immunostaining for Smad-2 and Smad-3 in testicular tissues. Tissues
are from patients with seminoma (A-D), non-seminoma (B-E), normal testicular tissue
(C-F). Scale bar 100 µM, 20X Objective.
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Figure 3.17
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Figure 3.17. Negative controls from testicular tissues. Tissues are from patients with
seminoma (A), non-seminoma (B), normal testicular tissue (C-F). Scale bar 100 µM,
20X Objective.
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Figure 3.18

	
  

97	
  

	
  

Figure 3.18. Immunostaining for activin-A in adrenal tissues. Tissues are from
patients with adrenocortical carcinoma (A), neuroblastoma (B), pheochromocitoma (C),
adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.19
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Figure 3.19. Immunostaining for activin-B in adrenal tissues. Tissues are from
patients with adrenocortical carcinoma (A), neuroblastoma (B), pheochromocitoma (C),
adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.20
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Figure 3.20. Immunostaining for activin-C in adrenal tissues. Tissues are from
patients with adrenocortical carcinoma (A), neuroblastoma (B), pheochromocitoma (C),
adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.21
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Figure 3.21. Immunostaining for inhibin-alpha (Serotec) in adrenal tissues. Tissues
are

from

patients

with

adrenocortical

carcinoma

(A),

neuroblastoma

(B),

pheochromocitoma (C), adrenocortical adenoma (D), adrenocortical hyperplasia (E) and
normal adrenal tissue (F). Scale bar 100 µM, 20X Objective.
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Figure 3.22
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Figure 3.22. Immunostaining for inhibin-alpha (Abcam) in adrenal tissues. Tissues
are

from

patients

with

adrenocortical

carcinoma

(A),

neuroblastoma

(B),

pheochromocitoma (C), adrenocortical adenoma (D), adrenocortical hyperplasia (E) and
normal adrenal tissue (F). Scale bar 100 µM, 20X Objective.
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Figure 3.23
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Figure 3.23. Immunostaining for follistatin in adrenal tissues. Tissues are from
patients with adrenocortical carcinoma (A), neuroblastoma (B), pheochromocitoma (C),
adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.24
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Figure 3.24. Immunostaining for activin receptor IIA (ActRIIA) in adrenal tissues.
Tissues are from patients with adrenocortical carcinoma (A), neuroblastoma (B),
pheochromocitoma (C), adrenocortical adenoma (D), adrenocortical hyperplasia (E) and
normal adrenal tissue (F). Scale bar 100 µM, 20X Objective.
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Figure 3.25
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Figure 3.25. Immunostaining for activin receptor IIB (ActRIIB) in adrenal tissues.
Tissues are from patients with adrenocortical carcinoma (A), neuroblastoma (B),
pheochromocitoma (C), adrenocortical adenoma (D), adrenocortical hyperplasia (E) and
normal adrenal tissue (F). Scale bar 100 µM, 20X Objective.

	
  

112	
  

	
  

Figure 3.26
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Figure 3.26. Immunostaining for Smad-2 in adrenal tissues. Tissues are from
patients with adrenocortical carcinoma (A), neuroblastoma (B), pheochromocitoma (C),
adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.27
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Figure 3.27. Immunostaining for Smad-3 in adrenal tissues. Tissues are from
patients with adrenocortical carcinoma (A), neuroblastoma (B), pheochromocitoma (C),
adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.28
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Figure 3.28. Negative controls from adrenal tissues. Tissues are from patients with
adrenocortical

carcinoma

(A),

neuroblastoma

(B),

pheochromocitoma

(C),

adrenocortical adenoma (D), adrenocortical hyperplasia (E) and normal adrenal tissue
(F). Scale bar 100 µM, 20X Objective.
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Figure 3.29. Activin subunit immunoreactivity and activin signalling is increased in
human ovarian and testicular human cancers. Immunoreactive score for activin-βA
(A) subunit and activin-βC (B) subunit in ovarian cancers versus normal tissue. EC
indicates epithelial ovarian cancer n = 35, GCT indicates granulosa cell tumour n = 15,
GC indicates germ cell tumour n = 35, TC indicates thecoma tumour n = 15. (C)
Immunoreactive score for activin-βA subunit and (D) activin-βC subunit in testicular
cancers versus normal tissue. SGCT indicates seminoma germ cell tumours n = 48,
NSGCT indicates non-germ cell seminoma tumours n = 19. (E) Smad-2 positive nuclei
in ovarian cancers and (F) testicular cancers. Data were analyzed using ANOVA
statistical test. Correlation between Smad-2 and Activin-C/A ratio in ovary (G) and testis
(H). Values are mean ± SEM. ns = p > 0.05 * p < 0.05 ** p < 0.01 *** p < 0.001.
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3.4.3 Effects of Activins on the human COV434 granulosa Cell Line and
INHA expression.
	
  

Activin-A (10 ng/ml) and activin-B (10 ng/ml) increased COV434 cell number by 18%
(activin-A p < 0.01 versus media control) and 22% (activin-B p < 0.01 versus media
control), whereas activin-C (100 mg/ml) alone reduced cell number by 33% (p < 0.0001
versus media control). Activin-A in the presence of follistatin (400 ng/ml) or activin-C
(100 ng/ml) did not increase cell number; cell viability was reduced by 24% (p < 0.0001
follistatin versus

activin A) and 41% (p < 0.0001 activin C versus

activin A)

respectively. Similarly, activin B in the presence of follistatin (200 ng/ml) or activin C
(100 mg/ml) reduced cell viability by 21% (p < 0.01 follistatin versus activin A) and
52% ( p < 0.0001 activin C versus activin B ) respectively; indicating that both activin C
and follistatin antagonised the growth-promoting effect of activin A and B in the
COV434 cell line (Figure 3.30A). RT-PCR analysis revealed no expression of INHA
mRNA in the COV434 cancer cell line whereas positive expression was revealed as
expected in mouse testis and ovary (Figure 3.30B).
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Figure 3.30	
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Figure 3.30. Effects of activins and antagonists in vitro in the human ovarian
COV434 cell line. COV434 cell viability after treatment with activins and antagonists
(A). Percentage change in cell number was calculated relative to media control. Results
are mean ± SD from replicates of 6 in three independent experiments. Groups were
compared using ANOVA followed by Tukey’s post-hoc correction. ns = p > 0.05; * p ≤
0.05; ** p ≤ 0.01; **** p ≤ 0.0001. Inhibin-α (INHA) expression in mouse testis, ovary
and COV434 cell line (B).
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3.4.4 Activin-C binds to activin receptors IIA and IIB.
	
  
	
  
When COV434 cells were incubated with activin-C and the elution from co-IP analysed
for protein content, results showed that the activin receptor IIA (ActRIIA) directly
interacted with activin-C (activin receptor IIA can be visualized at 58 kDa and activin -C
at 38 kDa (pre-protein) and 17 KDa (reduced form of the protein). A similar interaction
between activin-C and the activin receptor IIB (ActRIIB) was also observed. Flow
through from negative control and positive control for ActRIIA/IIB and activin-C
confirmed specificity of the antibodies used (Figure 3.31).
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Figure 3.31
	
  

Figure 3.31. Activin-C binds to activin receptor IIA and IIB in vitro. Western blot of
co-Immunoprecipitation flow through demonstrated activin-C interacted with activin
receptors IIA and IIB directly.
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3.4.5 Effect of activin-C on downstream signalling.

Increased Smad-2 (p < 0.0001 versus media control) phosphorylation was evident in
COV434 cells treated with activin-A versus media control, with no effect on Smad-3,
ERK 1/2 phosphorylation or total Smad-4 (Figure 3.32A, 3.32B). Treatment with
activin-C alone did not affect any of the analysed pathways (Figure 3.33A, 3.33B). Pretreatment of COV434 cells with activin-C followed by activin-A abolished the activin-A
mediated Smad-2 phosphorylation and also reduced Smad-3 phosphorylation (p < 0.001)
(Figure 3.34A, 3.34B).
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Figure 3.32
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Figure 3.32. Effects of activin-A on the Smad and ERK1/2 pathway. 96 well
microplates were loaded with COV434 cells seeded at a density of 20,000 cells/well and
treated with activin-A for 24 hours. Signal from p-Smad-/Smad2, p-Smad-3/Smad3, pERK 1-2/ERK1-2 and Smad-4 appear as green fluorophores, 800nm. Signal from cell
dyes (cell number normalization) appear as red fluorophores, 700nm (A). Quantification
of signals (K. Counts Integrated Intensity) are shown in panel A. Normalised values are
expressed as relative intensities (800 nm channel / 700nm channel). Groups were
compared using the Students-T-Test. Results are mean ± SD from replicates of 4; ns = p
> 0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001 (B).
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Figure 3.33
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Figure 3.33. Effects of activin-C on the Smad and ERK1/2 pathway. 96 well
microplates were loaded with COV434 cells seeded at a density of 20,000cells/well and
treated with activin C for 24 hours (A). Refer to Figure 3.4 legend for experimental
details (B).
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Figure 3.34. Effects of activin-C and activin-A on the Smad and ERK1/2 pathway.
96 well microplates were loaded with COV434 cells seeded at a density of 20,000
cells/well and pre-treated with activin-C for 6 hours and then treated with activin-A for
24 hours (A). Refer to Figure 3.4 legend for experimental details (B).
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3.4.6 Oncomine Database.
	
  

Oncomine interrogation for the Hendrix ovarian cancer database showed that INHA is
down regulated in ovarian epithelial samples relative to normal controls (Figure 3.35A).
Next, the study looked at INHA expression in a variety of ovarian cancer subsets
available on the Bittner ovarian database where the expression was analysed among the
different subtypes of cancer and the majority of cancers showed a down regulation of
INHA expression except for a cohort of borderline ovarian mucinous tumours and
malignant ovarian granulosa cell tumours (Figure 3.35B). Interrogation of the Korkola
testicular seminoma database showed a significant down regulation of INHA expression
in all the cancers analysed compared to normal controls (Figure 3.36). Interrogation of
the Giordano Adrenal database showed comparable INHA expression between adrenal
cortical adenoma, carcinoma and hyperplasia versus normal control (Figure 3.37).
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Figure 3.35
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Figure 3.35. INHA mRNA expression in Hendrix (A) and Bittner (B) Ovarian
database exported from the Oncomine platform.

Gene-centric analysis with

graphical representation of the cancer microarrays versus normal controls (A) or versus
subset of cancers (B) showed:
(A) 0. Controls (4), 1. Ovarian Clear Cell Adenocarcinoma (8), 2. Ovarian Endometrioid
Adenocarcinoma (37), 3. Ovarian Mucinous Adenocarcinoma (13), 4. Ovarian Serous
Adenocarcinoma (41). Cancer Res 2006/02/01 mRNA Human Genome U133A Array
103 Samples, 12.624 measured genes.
(B) 1. Adult Type Ovarian granulosa Cell Tumour (1), 2. Borderline Ovarian Mixed
Epithelial Neoplasm (1), 3. Borderline Ovarian Mucinous Tumour (4), 4. Borderline
Ovarian Serous Surface Papillary Neoplasm (5), 5. Malignant Ovarian granulosa Cell
Tumour (2), 6. Ovarian Adenocarcinoma (13), 7. Ovarian Carcinoid Tumour (1) 8.
Ovarian Carcinoma (6), 9. Ovarian Clear Cell Adenocarcinoma (16), 10. Ovarian
Dysgerminoma (3), 11. Ovarian Endometrioid Adenocarcinoma (29), 12. Ovarian
Mixed Epithelial Tumour (2), 13. Ovarian Mucinous Adenocarcinoma (8), 14. Ovarian
Mucinous Cystadenocarcinoma (1), 15. Ovarian Serous Adenocarcinoma (24), 16.
Ovarian Serous Cystadenocarcinoma (9), 17. Ovarian Serous Cystadenoma (2), 18.
Ovarian Serous Surface Papillary Carcinoma (106), 19. Ovarian Sex Cord-Stromal
Tumour (1), 20. Ovarian Signet Ring Cell Carcinoma (1), 21. Ovarian Teratoma (1),
22. Ovarian Transitional Cell Carcinoma (2), 23. Poorly Differentiated Ovarian SertoliLeydig Cell Tumour (1), 24. Undifferentiated Ovarian Carcinoma (2). Not published
2005/01/15 mRNA Human Genome U133 Plus 2.0 Array 241 Samples, 19.574
measured genes.	
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Figure 3.36
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Figure 3.36. INHA mRNA expression in Korkola Seminoma database exported
from the Oncomine platform. Gene-centric analysis with graphical representation of
the cancer microarrays versus normal controls. 0. Controls (6), 1. Choriocarcinoma (2),
2. Embryonal Carcinoma, NOS (15), 3. Mixed Germ Cell Tumour, NOS (45), 4.
Seminoma, NOS (12), 5. Teratoma, NOS (16), 6. Testicular Seminoma with High
Mitotic Index (1), 7. Yolk Sac Tumour, NOS (10). Cancer Res 2006/01/15 mRNA
Human Genome U133A Array, Human and genome U133B Array 107 Samples, 17.779
measured genes. NOS = non otherwise specified.
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Figure 3.37

	
  

138	
  

	
  
Figure 3.37. INHA mRNA expression in Giordano adrenal database exported from
the Oncomine platform. Gene-centric analysis with graphical representation of the
cancer microarrays versus normal controls. 0. Controls (10),

1. Adrenal Cortex

Adenoma (22), 2. Adrenal Cortex Carcinoma (33). Clin Cancer Res 2009/01/15 mRNA
Human Genome U133 Plus 2.0 Array, 65 Samples, 19.574 measured genes.
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3.5 Discussion.
Although INHA acts as a tumour suppressor in mice, discrepant results from the human
studies have emerged creating a dilemma in the understanding of inhibin/activin
signalling in human cancer biology. Therefore, a study to clarify the expression of
inhibin-α, activins and the signalling cascade in human cancers was warranted.

Data from the present study showed reduced inhibin-α protein and mRNA expression in
the majority of human gonadal cancers. The investigation, integrating protein and
mRNA data with the use of two inhibin-α antibodies raised against the C and N-terminal
domain, showed the advantage derived from a full comprehensive pathway analysis
compared to single-molecule studies to elucidate the function of inhibin-α/activin(s) in
cancer biology. Additionally, the study described, for the first time, the activin-C
expression profile in human ovaries, testes and adrenals and the effect of recombinant
activin-C in vitro on a human granulosa cell line.

3.5.1 Inhibin-α in ovarian, testicular and adrenal cancer.

Re-evaluation of inhibin-α in ovarian specimens showed reduced protein expression in
cancers versus normal tissues. Reduced inhibin-α mRNA expression was also evident in
patients with epithelial ovarian cancers versus

normal control (Hendrix Ovarian

database). Interrogation of the Bittner database for the inhibin-α expression profile
revealed elevated mRNA levels in a cohort of patients with borderline ovarian mucinous
tumours and malignant granulosa cell tumours. A possible explanation to this difference
is due to the patients age, in fact when a dataset filter was used for the interrogation
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(dataset detail: grouped by age) the mRNA expression profile levels were elevated in the
cohort of patients (age 30-40 years; n=10) compared to the cohort of postmenopausal
women (age 40-50 years; n=35 and 50-60 years n=67). However, no clinical data are
available to confirm the percentage of women in menopause. It is in fact known that the
inhibin expression profile in postmenopausal women is greatly reduced compared to
younger women (Healy et al., 1993) and this was also evident in this study. Within the
same subsets of cancers, the present analysis noted reduced inhibin-α protein levels in
the cohort of patients (age 49.67 years ± 3.60; n=15) versus controls (age 21.50 years ±
2.96; n=8). The difference in age between the disease and control group could represent
a contributing factor to the difference in these findings.

Discrepant results using a polyclonal antibody generated against the synthetic peptide
corresponding to a region within N-terminal amino acids 109-158 of human inhibin-α
(NP_002182), and a monoclonal antibody generated against the synthetic peptide
composed of amino acids 1-32 of human inhibin-α represents an important problem to
consider when assessing inhibin-α expression in the ovary and may explain
discrepancies from previous studies. Recent work suggested the importance of the
inhibin-α N-terminal region regarding its ability to antagonise activin function and FSH
production (Zhu et al., 2012). Therefore, evaluation of human inhibin-α subunit in
cancers using an antibody produced against the N-terminal is likely to be more useful
and indicative of inhibin-α activity, in particular activin/FSH antagonism, which has
been shown to be associated with gonadal cancer development and progression (Coerver
et al., 1996). Findings from this study agree with previous reports assessing inhibin-α
protein expression and using antibodies raised against the amino terminus domain of the
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inhibin-α subunit (Gurusinghe et al., 1995, Yamashita et al., 1999) but differ from those
using a C-terminal antibody (Arora et al., 1997, Zheng W and Steinhoff M, 1997).

The role of inhibin-α in human testicular cancer is unclear. Studies aimed to investigate
SNPs in inhibin and activin pathway genes failed to provide any evidence of causal
SNPs (Purdue et al., 2008). Some reports described strong inhibin-α expression in
testicular germ cell tumours (Cobellis et al., 2001, Taniyama et al., 2001) but Dias and
co-workers described reduced inhibin-α protein expression in a limited number of
seminoma and non-seminoma samples using an antibody raised against the C-terminal
domain (Dias et al., 2009). Within this study the levels of inhibin-α were low in
seminoma and non-seminoma cancers compared to normal testis controls and in the
INHA mRNA expression profile reported in the Oncomine Korkola seminoma database.

There have been very few published reports concerning the expression of inhibin-α in
human adrenal tumours. The current study showed INHA was among the genes which
had elevated expression in adrenocortical carcinomas versus normal controls and no
different expression in adrenocortical adenomas when compared to normal controls.
Thus, identifying inhibin-α as a suitable immunohistochemical marker in the histological
evaluation for the differentiation of adrenocortical carcinoma from non-adrenocortical
tumours, such as pheochromocytomas or renal cell carcinomas (Cho, 2001). The data
reported in the current work showed no significant changes in inhibin-α expression in
adrenocortical adenomas, neuroblastoma and pheochromocitoma but up regulation in
adrenocortical carcinoma and agreed with results previously reported in micro-array
studies of human adrenocortical tumours (de Fraipont et al., 2005). INHA mRNA
expression in the cancer subsets analysed versus normal tissue in the Giordano adrenal
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database showed no significant changes between adrenocortical adenoma, carcinoma
and hyperplasia, however the number of samples analysed in this database was very
limited due to the rarity of these tumours.

Additionally INHA mRNA expression conducted in the human COV434 cell line
revealed no inhibin-α expression consistent with the hypothesis of INHA being down
regulated in advanced stages of ovarian cancer.

In summary, these findings indicate that inhibin-α expression is reduced in the majority
of human gonadal cancers leading to unopposed activin expression and signalling.
3.5.2 Activins in ovarian, testicular and adrenal cancers.

Inhibin and activin have an intricate relationship in human cancer biology and elevated
activins are evident in ovarian granulosa cells, follicular fluid (DePaolo et al., 1991),
Sertoli and Leydig Cells (Anderson et al., 1998). Activin-βA and βB subunit mRNA and
protein have been detected in germ cell tumors, granulosa cell tumours, sex cord
tumours, Sertoli cell and Leydig cells tumours (Roberts et al., 1993, Anderson et al.,
1998). This study found increased levels of activin-βA in all the ovarian and testicular
cancers analysed, whilst activin-βB subunit expression was increased in thecoma cell
tumours only and down regulated in epithelial ovarian cancers. This data confirms
previous reports describing high secretion of activin-βA in ovarian and testicular cancers
(Lambert-Messerlian GM, 1999 , Cobellis et al., 2004). Using the COV434 granulosa
Cancer cell line this study showed that activin-βA and activin-βB are growth promoting,
demonstrating the importance of activins in human granulosa cell tumours.
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Hofland and colleagues reported decreased levels of activin-βA subunit in adrenocortical
carcinoma compared to normal and hyperplastic adrenal cortex (Hofland et al., 2006).
However, the present assessment showed increased expression in adrenocortical
carcinoma and pheochromocitoma and decreased expression of activin-βB in
neuroblastoma and adrenocortical adenoma versus normal tissue.

These results therefore validated the importance of activins in all the subsets of cancers
analysed, supporting the hypothesis that these tumours secrete high levels of activin.
Heterodimerisation of the inhibin-α subunit with the activin-β subunits decreases the
level of homodimeric activins, therefore reduced expression of inhibin-α in these cancers
is likely to be a major mechanism leading to increased activins and may represent an
early event, resulting in increased proliferation.
3.5.3 Follistatin and activin-βC.

Both follistatin and activin-βC are activin-A antagonists. Activin-βC was recently
identified as an activin-A antagonist both in vitro and in vivo (Gold et al., 2009). Some
studies described more pronounced follistatin expression in ovarian clinical conditions,
such as cancer (Ren et al., 2012), endometriosis (Florio et al., 2009) and non-seminoma
and spermatocytic seminomas (Van Schaik et al., 1997), but once again a significant
discrepancy emerges from the literature with other studies describing its down regulation
(Chan et al., 2009). Follistatin expression in adrenal glands has been well described
(Suzuki et al., 2004) and its analysis in a variety of adrenal cancers showed down
regulation versus normal tissues (Hofland et al., 2006). The histological assessment
undertaken within the current study found follistatin overexpression in thecoma cell
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tumours only and reduced expression in adrenocortical carcinoma and neuroblastoma
confirming data previously reported by Hofland and co-workers (Hofland et al., 2006).

This study is the first description of the expression patterns of activin-βC in human ovary,
testis and adrenal tissue. The presence of activin-βC in normal ovary, testis and adrenal
tissue and altered expression in cancers implies a role in maintenance of homeostasis in
these tissues. Decreased activation of the activin signalling cascade was evident in cells
overexpressing both activin-βA and activin-βC, providing evidence of a role for activinβC as an activin-A antagonist and therefore its importance in gonadal tumours. Further
evidence of activin-βC antagonism was described in the COV434 cell line where activinC (Gold et al., 2009, Gold et al., 2013) had a significant inhibitory effect on cell growth
and antagonised the growth promoting effects of activin-A and -B.

In the present study, the effect of activin-A on the canonical TGF-β/activin signalling
pathways was also studied, focusing on the effect mediated by pre-treatment of COV434
cell line with activin-C. The non-canonical pathway was also analysed. Of the mitogenactivated protein kinase molecules, ERK 1/2 was investigated as it is expressed in the
Granulosa cells and it has been most closely associated with the regulation of these cells
(Moore et al., 2001). As expected, activin-A induced activation of Smad-2, whereas
activin-C had no effect on the canonical and non-canonical pathways. When activin-C
was used in combination with activin-A, it antagonised the Smad pathway, having no
effect on the non-canonical ERK pathway, or total levels of Smad-4. These results, taken
together with previous work (Gold et al., 2009), support the hypothesis that activin-C
reduced cell growth by antagonising the high levels of activin-A secreted by the
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COV434 and by binding to activin receptors and antagonising activation of the Smad
pathway.

Data obtained from a co-IP assay, showed for the first time that activin-C can bind to the
activin receptors IIA and IIB, thus clarifying the antagonistic effect on COV434. By
binding to the receptor and therefore antagonising activin-A binding, activin-C reduced
Smad-2 activation. Additionally, based on data previously published by our group, a
further mechanism of activin-C antagonism is based on the ability of activin-βC subunit
to form heterodimers with the activin-βA subunit to form Activin-AC with a
concomitant reduction in the formation of activin-A; this mechanism may have also been
active in the human cancers when both the activin-βA and activin-βC subunits were
expressed within the same cell type.
3.5.4 Activin receptors and Smad-2/3.

Previous reports analysing activin receptor expression in the ovary and ovarian cell lines
reported down regulation of these receptors, suggesting a role in the pathogenesis of
ovarian cancer (Ramachandran et al., 2009). However, this study found increased
ActRIIA expression in thecoma and granulosa cell tumours, in agreement with studies
conducted by Fuller et al. (Fuller et al., 2002). Dias and colleagues described increased
ActRIIA expression in seminoma samples versus normal (Dias et al., 2009) but in the
current study no statistically significant difference was noted. The only study analysing
activin receptor mRNA in human adrenal cancers reported reduced expression of
ActRIIA mRNA in carcinomas compared to normal tissue (Hofland et al., 2006),
whereas the current study did not record any significant differences. However, the
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detection of ActRIIA and IIB in the cancers and normal tissues reported herein indicate
full potential for activin signalling in these tissues (Hofland et al., 2006).

Smad-2 and Smad-3 are important downstream effectors of the activin receptor pathway.
Enhancement of Smad-2 in ovarian cancers and ovarian cancer cell lines suggests activin
may stimulate the production of the Smad-2 protein in order to enhance its own effect in
ovarian cancers (I Ito, 2000). Findings obtained within this study support this hypothesis,
in fact increased Smad-2 positive nuclei in all ovarian cancers analysed versus normal
tissues were recorded. The assessment in seminoma and non-seminoma cancers showed
increased Smad-2 and Smad-3 positive nuclei confirming the involvement of Smad-2/3
signalling in the pathogenesis of gonadal tumourigenesis (Li et al., 2007a). To the best
of the writer’s knowledge this study represented the first assessment of Smad-2 and
Smad-3 activity in a variety of adrenal cancers where no statistical differences versus
normal controls were noted.
3.6 Conclusions and future prospective.
Most of the effects of inhibin are associated with its antagonism of activin formation and
signalling (Fuller and Chu, 2004, Walton et al., 2012). Therefore, to understand the role
of inhibin in cancer biology its expression cannot be considered in isolation. Based on
this study it is suggested that reduced expression of inhibin-α in gonadal and aggressive
forms of adrenal cancers led to unopposed activin expression and signalling.
Additionally this data provides compelling evidence to consider activin-βC as a regulator
of gonadal and adrenal tissue homeostasis. This study also demonstrates the importance
of temporal expression of activin(s) and inhibin, rather than the actions of any one
component, for final biological outcome.
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Chapter 4
Overexpression of activin-βC modulates sex cord-stromal tumours but has
no effect on adrenal tumourigenesis in the inhibin-deficient mice.
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Abstract.
	
  
Activins and inhibins are involved in the regulation of several biological processes,
including reproduction, development and fertility. Deregulation of the inhibin/activin
signalling pathway has been implicated in the progression of reproductive cancers.
Deletion of the inhibin-α subunit results in up regulation of the circulating levels of
activins and this leads to the development of sex cord-stromal tumours in mice. When
gonadectomy is performed, development of adrenocortical carcinomas is also observed.
It is proposed that overexpression of activin-βC, by antagonising the activin signalling
pathway, modifies the development of sex cord-stromal tumours. In order to test this
hypothesis, inhibin-deficient mice (α-KO) were crossed with mice overexpressing
activin-βC (ActC++) and histological assessment of the gonads was performed. The
impact of activin-βC on the onset of adrenal cancers was also investigated in
gonadectomised versus sham-operated mice, evaluating markers of apoptosis and
proliferation.
The current study showed that overexpressing activin-βC delayed the development of
reproductive tumours by antagonising the activin-A signalling pathway, but had no
effect on adrenal tumourigenesis.
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4.1 Introduction
4.1.1 The inhibin-α knock out mice develop gonadal tumours and, when
gonadectomised, adrenal tumours.
	
  
The elegant study published by Matzuk and co-workers (Matzuk et al., 1992) represents
a landmark in the understanding of the inhibin-α subunit in cancer biology. Matzuk and
colleagues targeted the inhibin-α gene in murine ES (embryonic stem) cells using a
positive negative selection strategy (Mansour et al., 1988). A particular ES cell clone α1-B2 was used to generate chimeric mice by blastocyst microinjection, and both male
and female offspring heterozygous for the deleted inhibin-α allele were detected among
the progeny of the chimaeras, proving that animals heterozygous for a deleted inhibin-α
allele were viable. Homozygous mice were then produced; these animals were initially
normal with normal genitalia, however, when used for breeding and crossed with wild
type (C57BL/6) mice, they displayed an infertile phenotype.

Investigation of the possible causes leading to infertility using micro-dissection of the
testes and ovaries showed that every homozygote animal analysed had macro- or
microscopic evidence of gonadal tumours. Characterisation of these tumours revealed
that they represented a mixed or incompletely differentiated gonadal stromal tumours
specifically, granulosa cell tumour of the ovary and Sertoli cell tumour of the testis
(Telium, 1976, Young and Talerman, 1987). The tumours were evident as early as 4
weeks of age in both sexes as microscopic foci of nodular proliferation, and they
appeared to be clonal. Tumours were 100% penetrant, and in male mice enlargement and
visible foci of haemorrhage were usually evident by 5 weeks of age.

Normal

spermatogenesis was initially active in the male mice but from 5-7 weeks of age
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regression occurred and the number of Leydig cells was greatly reduced compare to the
age-matched control animals.

Analysis of the ovaries revealed an analogous haemorrhage and disruption of the normal
follicular structure, tumours were described as either nodular masses of granulosa and
thecal cells, undifferentiated gonadal stromal derivatives or clusters of mitotically-active
stromal cells in a tubular arrangement reminiscent of seminiferous tubules. Normal
testes descent, and development of other sexual organs was described for both male and
female mice, suggesting a normal hormonal activity during embryogenesis and
adulthood. Therefore, the reason for infertility of these mice has to be explained as
secondary to tumour development. Because inhibin represents an important regulator of
the pituitary-gonadal axis, FSH was measured in the serum of the homozygous mice and
compared to the WT littermate controls using a radioimmunoassay, and revealed a twoto threefold increase. Normal behavioural phenotype was described for both male and
female heterozygous mice.

The first overt sign of ovarian and testicular cancer development in the α-KO mice was
severe weight loss. In fact, after 6-7 weeks of age, both males and females begin to lose
weight and eventually die at 12 and 17 weeks, respectively, developing a severe
cachexia phenotype. These mice develop a hunchback and sunken eye appearance, have
a pale periphery and exhibit severe thoracic kyphoscoliosis as the cachexia progresses.

In order to determine the cause of this wasting syndrome, Vassalli and co-workers
performed a series of histological, and morphological analyses (Vassalli et al., 1994).
The livers of the cachextic mice were uniformly micro-nodular with diffuse, confluent
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hepatocellular necrosis around the central vein and showed foci of chronic inflammation.
Hepatic damage and elevated levels of several liver enzyme markers were reported in
these mice. Additionally the glandular stomach displayed mucosal atrophy with parietal
cell depletion.

It was originally hypothesised that the sex cord-stromal tumours in the α-KO mice might
be producing inflammatory cytokines which were responsible for the progression of the
cachexia wasting syndrome; activin-A was identified as one of these cytokines.
Therefore, using an ELISA (Wong et al., 1993) the levels of activin-A in the serum of
these mice were assessed and found to be elevated 13-fold (males) and 20-fold (females).
Consistent with these results, elevated-βA subunit mRNA in tumour tissue and a tumour
cell line derived from these mice was evident (Shikone et al., 1994).

After showing that inhibin-α was a tumour suppressor gene with gonadal specificity the
authors investigated the potential functions of inhibin in other organs by performing
surgical gonadectomy in these mice (Matzuk et al., 1994). The gonadectomised α-KO
mice developed a similar cachexia phenotype associated with elevated serum levels of
activin-A and B and displayed identical histological changes in the liver and stomach
compared with intact α-KO mice. When the gonadectomised α-KO mice were examined,
adrenal tumours were noted.

Histological and ultra-structural examination of these adrenal tumours clarified that they
were derived from the adrenal cortex. The tumours completely altered the architecture of
the gland. Elevated levels of oestradiol in some mice suggested that these tumours were
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derived from sex steroidogenic cells in the zona fasciculata and zona reticularis of the
adrenal cortex. In contrast, serum cortisol levels were not elevated.

The production of oestrogen suggests that these tumours might represent a mixed
gonadal identity because the gonadal oestrogen production requires specific enzymes,
such as P450 aromatase, in order to catabolise androgen production to oestrogens
(Richards and Hedin, 1988). However, the cellular identity of these tumours remains
unclear (Beuschlein et al., 2003).

The mortality rate described for the gonadectomised α-KO was 33 and 37 weeks of age
for males and females respectively (Matzuk et al., 1994).

4.1.2 The importance of activin-A and its antagonism to modulate gonadal
tumour growth in the inhibin-deficient mice.

Activins have been suggested to act as local hormones in the regulation of gonadal cell
growth and differentiation (Vale et al., 1990a, Nakamura et al., 1990). In fact, it has been
shown that activin secretion from the tumour cells can stimulate the growth of the
inhibin-deficient gonadal tumours cells in culture via an autocrine mechanism (Shikone
et al., 1994). Therefore, activin-A antagonism has been used to modulate the sex cordstromal tumour growth rate both in vivo and in vitro using three main strategies:

1)

Overexpression of the activin-binding protein follistatin (Cipriano et al., 2000)

2)

Administration of a chimeric activin receptor type II (Li et al., 2007b)
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3)

Removal of the intracellular effector Smad-3 by a genetic cross to Smad3-null

(Madh3-/-) mice (Looyenga and Hammer, 2007)
The rationale of these strategies is briefly outlined in the following paragraphs.
4.1.3 Follistatin modulates the sex cord-stromal tumours in the inhibindeficient mice.
	
  
Follistatin, an activin-A antagonist, not structurally related to activins or inhibins, binds
to the β-subunits of activin preventing its interaction with the type II receptors resulting
in down regulation of the activin signalling pathway.

Cipriano and colleagues, using a transgenic mouse model in which follistatin was
overexpressed using a mouse metallothionein (MT) I promoter (Guo et al., 1998),
showed that follistatin in the absence of inhibin is a crucial modulator of gonadal tumour
progression and cachexia in the α-KO mice (Cipriano et al., 2000).

The α-KO mice overexpressing follistatin displayed prolonged survival despite
intermediate weight loss and a considerable tumour burden. This study indicated that
this effect was achieved via a three fold mechanism: 1- follistatin-altered tumour
differentiation, 2- circulating activin levels were reduced possibly due to differences in
the secretion of activin from the tumours (because follistatin would act locally
preventing the release of activin into the circulation), and 3- the majority of circulating
activin was bound to follistatin; therefore, less bioactive activin-A could bind to the
receptor resulting in a down regulation of the signalling pathway.
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4.1.4 Prevention of gonadal tumours by antagonising the activin receptor
(ActRII).
	
  
Significant evidence has shown the importance of the activin signalling pathway,
mediated by the activin receptor type II, in the regulation of many pathological changes
in the α-KO mice, therefore, particular attention has been given to the possibility of
targeting the activin signalling pathway by antagonising receptor binding. Li and coworkers showed that transient administration of a chimeric activin receptor type II fused
to the Fc region of a murine IgG2a (ActRII-mFc) protected the α-KO mice from severe
weight loss and early death by preventing the pathological changes in the liver and
glandular stomach (Li et al., 2007b). The majority of experimental animals treated with
the ActRII-mFc displayed smaller tumours or demonstrated minimal tumour foci.
Findings from this study further validated the importance of the activin signalling
pathway for the growth and progression of the sex cord-stromal tumours noted in the
inhibin-deficient mouse model.
4.1.5 Genetic removal of Smad-3 from the inhibin-deficient mice
attenuates tumour progression.
Smad-2 and Smad-3 are the two intracellular effectors activated by the activin/TGF-β
signalling pathway. Looyenga and co-workers investigated whether Smad-3 was
required for gonadal and adrenal tumourigenesis in the inhibin-deficient mice showing
that genetic removal of Smad-3 from these mice attenuated tumour progression.

The authors first assessed Smad-3 expression levels in the inhibin-deficient mice finding
elevated levels in ovarian, testicular and adrenal cancers. They also described elevated
Smad phopshorylation in those tissues as a result of signalling initiated by tumour-
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derived activin. The study showed a specifc Smad-3 mediated effect with
immunofluorescent detection revealing strong staining for Smad-3 in the tumours of αKO mice.

Interestingly, the positive Smad3 expression profile correlated with Sertoli cell tumours
and granulosa cell tumours, and Smad-3 protein expression was also described in the
adrenal glands of both WT and inhibin-deficient mice. However, after surgical
gonadectomy, the Smad-3 expression profile dramatically increased in adrenal lysates.
Immunofluorescent detection of Smad-3 protein in the adrenal gland confirmed the
presence of a small population of subcapsular cells that stained for nuclear Smad-3.

Removal of one allele of Smad-3 from the inhibin deficient mice caused a 50%
reduction in ovarian tumour mass, whereas removal of both alleles attenuated tumour
growth in the majority of mice analysed. At the periphery of the ovary, a mass of stromal
tissue was noted indicating that tumorigenesis was not completely abolished and was
still occuring but at a much slower rate than when Smad-3 was present.

Regarding the testicular tissue, removal of one allele only had no effect on testicular
tumour weight but removal of both alleles resulted in a significant decrease in testicular
weight, suggesting a tumour rescue effect. Testes from 2 months old mice were normal
in appearence but with Sertoli lesions suggesting that tumour progression in the inhibin
deficient mice was delayed after Smad-3 removal.
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Additionally, genetic removal of Smad-3 in the inhibin-deficient mice attenuated adrenal
tumorigenesis. In fact the gonadectomised mice showed an increased survival rate
(Looyenga and Hammer, 2007).
4.1.6 Activin-βC subunit a new mechanism to antagonise the activin
signalling pathway.
	
  
A study conducted by Gold and co-workers showed for the first time that a new
mechanism to antagonise the activin signalling pathway based on overexpression of the
activin-βC subunit. Their study also showed that activin-βC antagonises activin-A in
vitro. Additionally, reduced activation of the intracellular effectors activated by the
activin-A signalling pathway was described when activin-βC subunit was over-expressed
in vivo. Gold and colleagues showed that overexpression of activin-βC in vivo alters
testis, liver and prostate tissue homeostasis, by interfering with activin-A signalling. A
two fold mechanism was described for activin-βC: 1- a reduction in the production of
activin-A and down regulation of the activin signalling cascade, likely due to the
production of activin-AC, which acted as a weak antagonist, and 2- an antagonistic
effect of activin-βC at the receptor level (Gold et al., 2009).
4.2 Aim of the study.

Based on published reports, it is clear that tumour development in the α-KO mice can be
modulated by disrupting the activin signalling pathway or altering activin-A bioactivity.
Therefore, this study aimed to assess the biological effect of activin-βC overexpression
on the onset of sex cord-stromal tumours and progression of adrenal cancers in
gonadectomised α-KO mice. Survival, tumour burden and markers of apoptosis and
proliferation were assessed
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4.3 Material and methods.
	
  
4.3.1 Mouse line and genotyping.
	
  
	
  
Experiments were approved by the Animal Ethics Committee of The University of
Otago and conducted in accordance with the New Zealand code of practice for the care
and use of animals for scientific purposes under the ethics number 27/12.
Animals were housed in the Hercus Animal Resource Unit (University of Otago), under
a 12:12-h light-dark cycle, food and water were available ad libitum.
inhibin-α KO mice were kindly provided by Professor Martin Matzuk (Baylor College
of Medicine Houston). Human activin-βc (under the control of a CMV promoter) overexpressing mice (ActC++) were obtained from Monash University (Gold et al.,
2009). Independent line 2, from 3 lines originally made and characterised, was used for
this study. This line contained 5-10 copies of the transgene. Transgenic mice were
crossed with wild-type (WT) C57BL/6 mice or heterozygous littermates to obtain singleheterozygous (SH) haploid and double-heterozygous (DH) transgenes. A competitive
genomic PCR screening strategy with primers specific for the incorporated human
activin-βc and endogenous mouse activin-βc was used to identify SH- or DH- positive
progeny and results were confirmed by breeding strategies. To obtain the α-KO/ActC++
mice, heterozygous α-KO mice were crossed with DH- ActC++ mice. A genomic PCR
screening strategy as previously described by Matzuk and co-workers (Matzuk et al.,
1992) was used to confirm positive progeny for the α-KO mice. For the ActC++ progeny
primers used in Gold at al. 2009 were used. Details of the primers are reported below:
ActC++ mice
mouse BetaC Forward 5’- TTCTCTCTCCTGGGACATGG -3’;
mouse BetaC Reverse 5’- TCTTCGGAGAGCCACAGAAT-3’;
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human Beta C forward 5’-CCAGAGCTGGCGGTCAGT-3’;
human Beta C reverse 5’-GAGGAGAAGTGAAAATCAAGAC-3’.
INHAKO mice
Intron 5’-	
  CCTGGGTGGAGCAGGATATGG-3’;
Hprt3 5’-GGATATGCCCTTGACTATAATG-3’;
E2-2-2EX2 5’- GGTCTCCTGCGGCTTTGCGC-3’.

The PCR programs used were: INHAKO mice: 94°C for 2 min; 35 cycles of 30 s at
94°C, 45 s at 60°C and 1 min at 72°C; 72°C for 10 min. ActC++ mice: 95°C for 5 min;
30 cycles of 45 s at 95°C, 45 s at 61°C and 1 min at 72°C; 72°C for 10 min. All PCR
products were run on 1.5% (w/v) agarose gels.
	
  
4.3.2 Monitoring.

Changes in body weight, tumour mass, BAR (bright, alert, responsive) score, general
clinical signs (inactive, hunched posture, coat, red eye/nose discharges, pink staining of
the neck, dehydration), behavioural signs of pain and water balance were monitored
weekly and for the α-KO and α-KO/ActC++ mice group, body weight was monitored
daily. Animals were sacrificed when one of the following humane end-points was
observed: 1: weight loss of 10% or more over 24 hours 2: weight loss of 20% or more
plus one other clinical sign compared to the control group 3: weight loss of 25%
compared to the control group.
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4.3.3 Surgical procedure: gonadectomy and sham operation.
	
  
	
  
The surgical procedure including excision of testes or ovaries (gonadectomy) or sham
operation (exploratory surgery with no tissue excision) was performed on male and
female mice aged 38 ± 5 days. Surgery was performed in aseptic conditions after a pilot
study supervised by the institutional veterinarian andd approved by the Animal Welfare
Office (University of Otago).
4.3.4 Gonadectomy (removal of testis).

An anesthetised and surgically prepared animal was placed on its dorsal recumbency.
Surgical area was plucked, swabbed and draped using Hibitane (chlorhexidine).
Anaesthesia was administered using gas administration through a precision vaporiser
and maintained through a gas mask/nose cone. Halothane was used as inhalation
anaesthetic at 500 ml/min. When the animal was unresponsive to tactile stimuli, surgery
started. A 1 cm ventral midline vertical skin incision was made 1 cm above the penis in
the lower abdomen [the incision was made in the lower abdomen because in younger
animals (4-5 weeks old) testes may not be completely descended]. The edge of the skin
incision was held with forceps, and a blunt dissection performed down the body wall.
The testis, encased in the gonadal fat pad, was pulled out in an absorbable 5.0 mm
absorbable suture (Polysin Undyed Braided Coated Polyglycolic Acid REF 421B
Angiotech). The suture was applied tight, and testis removed. Surgical site was closed
using a single 5.0 mm absorbable stitch. The same procedure was repeated on the
contralateral testis. The external incision was closed using 5.0 mm absorbable sutures
using the single interrupted technique.
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At this point, Marcain (Bupivacaine Hydrochloride) was instilled on the wound site in
order to reduce post-surgical local pain (dosage form: solution, dosage rate: 2 mg/kg).
Carprofene (non-steroidal anti-inflammatory drug) was administered immediately after
surgery and 24h post-surgery to control post-operative pain (dosage form: solution,
dosage rate: 5 mg/kg, subcutaneous injection). After surgery, the animal was placed in a
clean cage and on a heat pad for recovery. Weight, surgical site, water intake, and signs
of pain were monitored daily after surgery according to University of Otago Animal
Welfare regulations.
4.3.5 Gonadectomy (removal of ovary).

Surgery for the female group was performed using the following variations to the
protocol above described: an anesthetised and surgically prepared animal was placed on
ventral recumbency with tail towards surgeon. The dorsal mid-lumbar area was plucked
and 1-2 cm dorsal midline skin incision was made halfway between the caudal edge of
the ribcage and the base of the tail. Skin incision was used to reach both ovaries using a
5 mm long blunt dissection into the muscle wall 1/3 of the distance between the spinal
cord and the ventral midline. Once the ovary was located, encased in the gonadal fat pad,
ovary and oviduct were exteriorised through the muscle wall and the uterine vasculature
between the oviduct and uterus was clamped for 3 minutes. Each ovary and a small part
of the oviduct was removed with a single cut through the oviduct near the ovary. Clamp
was then removed and suture performed using a 5.0 mm single absorbable stitch.
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4.3.6 Sham Operation.
	
  
	
  
Sham surgery was performed by making an incision, exploring the surgical site: testis or
ovary, and suturing the wound area. Animals received Marcain and Carprofene at same
dose as the gonadectomised animals.
4.3.7 Tissue collection.

Animals were anaesthetised using Halothane (500ml/min) and euthanised by cervical
dislocation. Animals assessed for gonadal cancers were studied at 8 weeks of age and
12-17 weeks of age based on their survival rate (Matzuk et al., 1992) in order to assess if
a modulatory effect on the gonadal tumour development was transient or permanent with
the progression of the disease.
Animals were allocated in experimental groups as follows:
8 week Group
WT (males n = 6; females n =4 ), ActC++ (males n = 5; females n = 6), INHAKO
(males n = 6; females n = 9) and INHAKO/ActC++ (males n = 5; females n = 5)
12-17 Week Group
WT and ActC++ groups 16 weeks of age: WT (males n = 6; females n = 5), ActC++
(males n = 3; females n = 6), INHAKO (males n = 5; females n = 6) and
INHAKO/ActC++ (males n = 4; females n = 4).
Animals for the surgical procedure were allocated as follows:
Sham Operation
WT (males n = 7; females n = 7), ActC++ (males n = 7; females n = 9), INHAKO
(males n = 6; females n = 7) and INHAKO/ActC++ (males n = 4; females n = 6).
Gonadectomy
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WT (males n = 7; females n = 8), ActC++ (males n = 10; females n = 9), INHAKO
(males n = 6; females n = 6) and INHAKO/ActC++ (males n = 5; females n = 6).

Testes, ovaries and adrenals were dissected and weighed. One testis, ovary or adrenal
was snap frozen in liquid nitrogen; the contralateral tissue was stored in Bouin’s solution
for 4-6 hours and then washed and stored in 70% ethanol for 12-24 hours. A tail biopsy
was obtained and snap frozen. To confirm genotype all animals were re-genotyped after
being euthanised.
4.3.8 Morphological and Histological Analysis.
	
  
	
  
Testes, ovaries and adrenal tissues were processed by the Histology Unit (Department of
Pathology, University of Otago). Tissues were washed in 70% ethanol, embedded in
Paraffin and sectioned at 5µm onto Superfrost Microscope Slides (Menzel-Glaser).

Testes were sectioned intro two halves through their transverse axis. The cut surface of
each half was embedded and 30 serial sections were cut and mounted. Ovaries and
gastrocnemius muscles were embedded without sectioning in halves. Three slides spaced
equally through the tissue were used for staining and/or stereological analysis (e.g.
sections 1,11 and 21 or sections 10,20 and 30).
4.3.9 H&E staining.
	
  
Immunohistochemistry was performed by de-waxing testicular and ovarian tissue
sections using xylene for 15 minutes, rehydrated in alcohol (100%, 90%, 70%, ) before
being immersed in water. Sections were then stained with Haematoxylin for 1 minute,
washed for 4 minutes under running tap water and stained with Eosin for 30 seconds.
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Slides were dehydrated through graded alcohol (70, 90 100%), incubated in xylene then
mounted with DPX mounting media and analysed using the Olympus BX61 microscope
and the Volocity software version 5.2.0.

Percent tumour was assessed based on the Cavalieri principle using point counting on 5µm sections spaced 50 µm apart using 40x magnification for at least three sections per
animal. Points landing on tumour (haemorrhagic, necrotic foci or tissue with an
abnormal morphology) were expressed as a percentage of the total points (Gold et al.,
2013, McPherson et al., 2010).
4.3.10 Apoptag®.
	
  
	
  
Apoptosis was examined evaluating the DNA fragmentation by the Terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay (Gavrieli et al.,
1992) using the ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Millipore Cat. #
S7100). Experiments were conducted according to the manufacturer’s instructions with
minor variations to the protocol as follows. Briefly, specimens were washed in 3
changes of Xylene for 5 min each and rehydrated in changes of absolute ethanol, 95%
ethanol and 70% ethanol. Specimens were then washed in PBS for 5 minutes and
incubated with 20 µl of Equilibration Buffer (Millipore Cat. # 90416) for 30 minutes. At
this point slides were incubated for 1 hour at 37°C with the Terminal deoxynucleotidyl
transferase (TdT) enzyme (Millipore Cat. # 90418) diluted in reaction buffer (Millipore
Cat. # 90417) according to the manufacturer’s instructions. The reaction was blocked by
putting the specimens in the Working Strength stop/wash (Millipore Cat. # 90418)
buffer for 30 minutes at 37°C. After 1 wash in PBS for 5 minutes endogenous
peroxidase was quenched by using the Peroxidase-Blocking solution (DAKO Real Cat. #
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S2023) for 15 minutes at room temperature. After 2 washes in PBS for 5 minutes each
slides were incubated with CAS block (Life Technologies Cat. # 008120) for 20 minutes.
Anti-Digoxigenin (Millipore Cat. # 90420) was then applied for 30 minutes at room
temperature followed by detection with the DAKO Real EnVision Detection System (DAKO
Cat. # K5007). Slides were then mounted with DPX mountant for histology (Sigma Cat. #

06522) and used for microscopy analysis. Random fields were systematically selected
using Volocity software version 5.2.0 (Counihan et al., 2011) and sampling was
conducted using an unbiased counting frame. Frame counting was performed on sections
uniformly spaced throughout the tissue, 5-10 frames and 40x magnification, with an
average of 500 - 1,000 cells counted per section (Gold et al., 2005). Cells were
quantified using Cell Counter plugin for ImageJ (Kurt De Vos, University of Sheffield,
UK) (Makarev and Gorivodsky, 2014). Negative controls included reaction buffer only.
4.3.11 PCNA.
	
  
	
  
Proliferating cells were evaluated using Proliferating Cell Nuclear Antigen (PCNA)
mouse monoclonal antibody (DAKO Cat. # M0879). Briefly, specimens were washed in
3 changes of Xylene for 5 min each and de-hydrated in changes of absolute ethanol, 95%
ethanol and 70% ethanol. Immunohistochemistry was performed after microwave
antigen retrieval (1000 Watts for 14 minutes). After cooling, slides were washed three
times in PBS, and endogenous peroxidase activity was quenched using PeroxidaseBlocking solution (DAKO Real S2023). Sections were treated with CAS blocking
reagent (Invitrogen 00-8120). Primary antibody was added at a dilution 1:400 at 4°C for
16 hours. Slides were then washed 3 times for 5 minutes each in PBS and incubated with
DAKO Real EnVision Detection System (DAKO cat. # K5007), mounted with DPX and
analysed as described above. Negative controls included secondary antibody only.
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4.3.12 Activin-βC subunit expression RT-PCR.
	
  
	
  
The endogenous expression of the mouse activin-βC in gonads, liver and prostate was
previously assessed by RT-PCR by Gold and co-workers (Gold et al., 2009). To assess if
activin-βC was expressed in the adrenals total RNA was extracted as previously reported
in chapter 3 and PCR conducted as follows. Primers sequences (all 5’ to 3’) were
designed using Primer-BLAST: activin-βC, forward: CCTGCGGGTGTAGTTAGCTT,
reverse: GCTGAGGATGGGTG; β-actin, forward GCCTTCCTTCTTGGGTATGG;
reverse: CAGCTCAGTAACAGTCCGCC; The PCR program was 94°C for 5 min; 35
cycles of 30 s at 94°C, 30 s at 58°C and 30 s at 72°C; 72°C for 7 min. All PCR products
were run on 1.5% (w/v) agarose gels.
4.3.13 Activin-A Elisa.
Serum levels of Activin-A were assessed from 3 animals per group using the
Quantikine ELISA from (R&D cat # DAC00B) according to the manufacturer’s
instructions.
4.3.14 Statistical Analysis.

Statistical analysis was conducted using

One-Way ANOVA followed by Tukey’s

correction for confidence intervals and significance (GraphPad Prism version 5). For the
survival analysis the Log-rank (Mantel-Cox) test was used. Statistical significance was
assumed if the p value was < 0.05.
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4.4 Results.
4.4.1 Activin-βC overexpression modulates gonadal tumours in the α-KO
mice.
	
  
As expected in the α-KO mice, there was an increase in testicular (322 ± 30 mg, p <
0.0001) and ovarian weights (34 ± 1 mg, p < 0.0001) compared with WT controls (testis
107 ± 30 mg, ovary 8 ± 1). By 8 weeks the tumour-associated increase weight was
abrogated in the α-KO/ActC++ mice, testis (180 ± 40 mg) and ovary (22 ± 10 mg) with
testis weight not statistically different from WT controls (Figure 4.1).

Testicular and ovarian weights were also assessed for the 12-17 weeks groups of animals.
In this group, ovarian weight was reduced in the α-KO/ActC++ versus the α-KO mice
but no statistically significant change was noted for the testis weight (α-KO and αKO/ActC++) (Figure 4.2). This is likely due to the advanced stage of the gonadal
tumours, when blood filled structures replaced almost 90% the tissue weight.

By 8 weeks of age 97.50 % of the testis tubules in the α-KO mice displayed Sertoli cell
tumours (p < 0.0001 vs. WT) and 94% of female α-KO mice showed granulosa Cell
Tumours of the ovarian tissue (p < 0.0001 vs. WT). Overexpression of activin-βC
reduced the percentage of tumour in testes (21.75% vs. WT p < 0.0001) and ovaries
(35% vs. WT p < 0.0001) with a significant reduction compared to the α-KO mice (testis
-75.5% p < 0.0001) and (-59.25% p < 0.0001) (Figure 4.3).

Histological assessment showed no differences for the testicular and ovarian tissue in the
ActC++ mice compared to the WT controls

(Figure 4.4) and (Figure 4.5 A,B).

However, clear disruption of the gonadal tissue morphology was evident in both male
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and female α-KO mice. Testicular enlargement and foci of haemorrhagic tissue were
clearly visible in the α-KO mice (Figure 4.6 C). Ovarian tissues show a similar
aggressive phenotype with clusters of mitotically active stromal cells and the majority of
ovarian tissue occupied by foci of haemorrhagic tissue (Figure 4.5 C). Overexpression
of activin-βC modulated the testicular and ovarian neoplastic phenotype. In fact, in both
testicular and ovarian tissues the number of haemorrhagic foci were reduced and despite
no complete abrogation of the neoplastic transformation affecting these tissues, a
morphology similar to a normal structure of tubules and ovarian cells was noted in the αKO/ActC++ male and female mice (Figure 4.4, Figure 4.5 and Figure 4.6).

	
  

168	
  

	
  

Males
ns
**

***
ns

ns

0.1

*

****
****

0.04

0.3
0.2

*

0.03

*

0.02

ns

0.01
0.00

++

T
W

C
++

A

A
ct

W

T

0.0

ct
C

Testis (g)

0.4

B

*

Ovary (g)

A

Females

Figure 4.1

C

D

Activin A (pg/ml)

Activin A (pg/ml)

**
****
****
****
5000
****
Figure 5000
4.1. Overexpression of activin-βC modulates gonadal****
tumour. Male (A) and
****
4000
4000
****
****

3000Values shown represent mean ± SEM.
Female3000
(B) gonadal weight in 8 week-old mice.
2000

2000

ns = p > 0.05; * p ≤ 0.05; ** p ≤
0.01; *** p ≤ 0.001**** p ≤ 0.0001.
****
T

I

A

A

ct

C

W

++

T
W

	
  

ns

0

++

ns

0

1000

ct
C

1000

169	
  

	
  

A

ns
**
***

Testis (g)

4

****

3

****

2

ns

1

C
ct
A

W

T

++

0

B

**
****
****
****

1.0

Ovary (g)

0.8

****

0.6
0.4

ns

0.2

A

ct

C

++

W
T

0.0

Figure 4.2

	
  

170	
  

	
  

Figure 4.2. Overexpression of activin-βC modulates gonadal tumour weight. Male
(A) and female (B) gonadal weight in 12-17 week-old mice. Values shown represent
mean ± SEM. ns = p > 0.05; ** p ≤ 0.01; **** p ≤ 0.0001

	
  

171	
  

	
  

A

****
****
****

Per cent tumor
Testis

150

****

100

50

ns

****
++

++

/A

ct
C

A
ct
C

W

T

0

B

****

Per cent tumour
ovary

150

****
****
****

100

50

****
ns

Figure 4.3

	
  

++
C
ct
/A

A

ct

C

W

++

T

0

172	
  

	
  
Figure 4.3. Stereological assessment of testis (A) and ovary (B) shows a reduction in
the percent tumour when activin-βC is overexpressed. 8 week-old mice, n=4. Values
shown represent mean ± SEM. ns = p > 0.05; **** p ≤ 0.0001
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Figure 4.4

Figure 4.4. Haematoxylin and Eosin (H&E) staining of testes from 12-17 weeks old
male mice. Olympus BX61 microscope, 10X Objective, Scale Bar 100 µm.
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Figure 4.5

Figure 4.5. Haematoxylin and Eosin (H&E) staining of ovaries from 12-17 week-old
female mice. Olympus BX61 microscope, 10X Objective, Scale Bar 100 µm.
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Figure 4.6

Figure 4.6. Testicular and ovarian tissues from 8 week-old mice. α-KO male (A) and
female (B), vs. α-KO/ActC++ male (A) and female (B) mouse. Scale Bar 1 cm.
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4.4.2 Overexpression of activin-βC does not alter adrenal tumourigenesis
in the α-KO mice.
	
  
The percent tumour in the gonadectomised α-KO mice was increased compared to WT
control mice in both males (+57.07 ± 6.12 % p < 0.0001) and females (+67.34 ± 9.00 %
p < 0.0001) upon gonadectomy (Figure 4.7 A,B). The adrenal weight was significantly
increased in α-KO mice (males 70 ± 20 mg p < 0.05 and females 80 ± 20 mg p < 0.01)
compared to WT controls (males 6 ± 1mg and females 7 ± 1mg) consistent with the
development of adrenocortical carcinoma observed in these animals (Figure 4.7 C,D
and Figure 4.8).
Histological analysis revealed that the adrenal tumours were encapsulated, focally
haemorrhagic and necrotic. Significant differences were noted comparing the adrenal
tissue of the α-KO or α-KO/ActC++ mice to the WT or ActC++ mice. In fact, in the
adrenal tissue from a WT mouse, the cells in the cortex (outer layer) could be easily
identified being eosinophilic and arranged in defined zones compared to the medulla
(inner layer). Tumours in the α-KO or α-KO/ActC++ mice were composed of solid nests
of polygonal cells with uniform, central round nuclei and a significant amount of
eosinophilic cytoplasm (Figure 4.9, 4.10).

Apoptosis was markedly decreased in the α-KO groups with a resulting increase in
proliferation in both male (Figure 4.11 A,C, Figure 4.12, Figure 4.16) and female mice
(Figure 4.11 B,D, Figure 4.14, Figure 4.18).

The reduction in apoptosis and increase in proliferation were not noted in the shamoperated animals (Figure 4.20) as shown in Figures 4.21 – 4.28). No presence of
tumours was recorded in the sham-operated groups (Figure 4.29, Figure 4.30).
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Taken together this data showed no significant changes between the α-KO and the α-KO
/ActC++ mice for tumour (%), tissue weights, and markers of apoptosis and proliferation
in the gonadectomised animals.

Additionally, overexpression of activin-βC did not increase survival in the α-KO/ActC++
male mice compared to the α-KO (Figure 4.7). When survival was assessed for the
female mice, the α-KO/ActC++ group displayed reduced survival compared to the α-KO
counterpart. At 28 weeks of age 27.2% of α-KO/ActC++ female mice survived versus
56.79% of α-KO female mice (Chi-square 5.008 p < 0.05).

The serum levels of activin-A were elevated in the α-KO male and female mice
consistent with the development of adrenal tumours secreting activin-A (Matzuk et al.,
1994); overexpression of activin-βC did not reduce the elevated levels of serum activinA, in fact no statistical significance was noted in the α-KO mice versus the αKO/ActC++ for both male and female mice (Figure 4.31).

PCR analysis was undertaken to confirm expression of the transgene in the adrenal
tissue when activin-βC was over-expressed. No detectable expression was detected in
adrenals of both male and female WT mice. In ActC++ mice activin-βC expression was
revealed in both male (Figure 4.11E), and female groups (Figure 4.11F).
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Figure 4.7. Overexpression of activin-βC does not affect adrenocortical
tumourigenesis in the α-KO mice. Changes in adrenal tumour percentage in male (A)
and female (B) α-KO and α-KO/Actc++ mice. Age-matched WT and ActC++ are also
shown.
Changes in adrenal weight in male (C) and female (D) α-KO and α-KO/Actc++ mice.
Age-matched WT and ActC++ controls are also shown.
Survival analysis in male (E) and female (F) α-KO /ActC++ vs. α-KO mice. WT and
ActC++ mice (30 week-old) are also shown. α-KO and α-KO/ActC++ mice were
monitored up to 30 weeks upon survival. 25-30 week-old mice, n = 4-8 per group.
Values are mean ± SEM. ns = p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.
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Figure 4.8

Figure 4.8. Overexpression of activin-βC does not affect adrenocortical tumour size
in the α-KO mice. Picture show normal adrenal gland in a WT mouse and enlarged
adrenal gland with evident tumour in a α-KO and α-KO/ActC++ mouse. Scale bar 1 cm.
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Figure 4.9

Figure 4.9. Haematoxylin and Eosin (H&E) staining in adrenal tissues from male
mice. WT (A), ActC++ (B), α-KO (C) and α-KO/ActC++ (D) male mice. 10X
Objective, Scale bar 100 µM.
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Figure 4.10
Figure 4.10. Haematoxylin and Eosin (H&E) staining in adrenal tissues from
female mice. WT (A), ActC++ (B), α-KO (C) and α-KO/ActC++ (D) female mice. 10X
Objective, Scale bar 100 µM.
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Figure 4.11. Changes in apoptosis and proliferation in male (A) and female (B) in
the adrenals of α-KO and α-KO/Actc++ versus control mice. Age-matched WT and
ActC++ controls are also shown.
Changes in proliferation in male (C) and female (B) α-KO and α-KO/Actc++ mice. Agematched WT and ActC++ controls are also shown.
Activin-βC and β-actin expression in adrenal tissues from 3 WT and 3 ActC++ male (D)
and female mice (E). Activin-βC product length: 228 bp, β-actin: 359 bp.
25-30 week-old mice, histological assessment was undertaken in 4 animals per group.
Values are mean ± SEM. ns	
  =	
  p	
  >	
  0.05;	
  *	
  p	
  ≤	
  0.05;	
  **	
  p	
  ≤	
  0.01;	
  ****	
  p	
  ≤	
  0.0001
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Figure 4.12
Figure 4.12. Apoptag staining in gonadectomised male mice. Immunostaining for
Apoptag in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100
µM, 40X Objective.
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Figure 4.13
Figure 4.13. Negative controls for Apoptag staining in gonadectomised male mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.14
Figure 4.14. Apoptag staining in gonadectomised female mice. Immunostaining for
Apoptag in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100
µM, 40X Objective.
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Figure 4.15
Figure 4.15. Negative controls for Apoptag staining in gonadectomised female mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.16
Figure 4.16. PCNA staining in gonadectomised male mice. Immunostaining for
PCNA in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100 µM,
40X Objective.
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Figure 4.17
Figure 4.17. Negative controls for PCNA staining in gonadectomised male mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.18
Figure 4.18. PCNA staining in gonadectomised female mice. Immunostaining for
PCNA in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100 µM,
40X Objective.
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Figure 4.19
Figure 4.19. Negative controls for PCNA staining in gonadectomised female mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.20

Figure 4.20. Changes in apoptosis and proliferation in male and female and sham
operated animals. Histological assessment was undertaken in 4 animals per group.
Values are mean ± SEM. ns	
  =	
  p	
  >	
  0.05;	
  *	
  p	
  ≤	
  0.05;	
  **	
  p	
  ≤	
  0.01;	
  ****	
  p	
  ≤	
  0.0001;	
  ns	
  not	
  
significant.	
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Figure 4.21
Figure 4.21. Apoptag staining in sham operated male mice. Immunostaining for
Apoptag in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100
µM, 40X Objective.
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Figure 4.22

Figure 4.22. Negative controls for Apoptag staining in shame operated male mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.23

Figure 4.23. Apoptag staining in sham operated female mice. Immunostaining for
Apoptag in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100
µM, 40X Objective.
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Figure 4.24

Figure 4.24. Negative controls for Apoptag staining in shame operated female mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.25

Figure 4.25. PCNA staining in sham operated male mice. Immunostaining for PCNA
in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100 µM, 40X
Objective.
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Figure 4.26

Figure 4.26. Negative controls for PCNA staining in shame operated male mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.27

Figure 4.27. PCNA staining in sham operated female mice. Immunostaining for
PCNA in adrenal from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100 µM,
40X Objective.
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Figure 4.28

Figure 4.28. Negative controls for PCNA staining in shame operated female mice.
WT, ActC++, α-KO and α-KO/ActC++ mice are shown. Scale bar 100 µM, 40X
Objective.
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Figure 4.29

Figure 4.29 H&E staining in sham-operated male mice. Immunostaining for H&E in
adrenal tissue from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100 µM,
40X Objective.
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Figure 4.30

Figure 4.30. H&E staining in sham-operated female mice. Immunostaining for H&E
in adrenal tissue from WT, ActC++, α-KO and α-KO/ActC++ mice. Scale bar 100 µM,
40X Objective.
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Figure 4.31

Figure 4.31. Changes in serum activin-A levels in male (A) and female (B) αKO/ActC++ vs. α-KO mice. Age-matched WT and ActC++ controls are also shown. n
= 3 per group. Values are mean ± SEM. ns = p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤
0.0001
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4.5 Discussion.

The function of the inhibin-α subunit in mice has been intensely investigated by Matzuk
and co-workers (Matzuk et al., 1992, Matzuk et al., 1994). It has been clearly shown that
inhibin is an essential regulator of gonadal and adrenal tumourigenesis. When the
inhibin subunit is genetically removed, an overt phenotype can be observed, leading to
the development of sex cord-stromal tumours and adrenal tumours upon gonadectomy,
causing death. Genetic removal of inhibin leads to a disruption in the inhibin/activin
signalling pathway, resulting in increased levels of circulating activin-A which has a
proliferative effect on Sertoli and granulosa cells. Therefore, several approaches reported
in the literature aimed to antagonise the activin-signalling pathway in order to rescue the
tumour phenotype in the α-KO mice.

The aim of this study was to assess the effect of activin-C, a novel activin-A antagonist,
on the onset of gonadal and adrenal tumorigenesis. Data obtained in the present study
showed that upregulation of activin-βC abrogates the progression of Sertoli and
granulosa cell tumours. These results are similar to other strategies where activin
bioactivity is antagonised (refer to introduction of this chapter). However, the
development of sex cord-stromal tumours is not abolished but delayed. At 8 weeks of
age the morphology of the α-KO testis and ovaries was characterised by enlargement
and foci of haemorrhage, with a complete loss of normal tissue distribution for testis
tubules and ovarian tissues.
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The α-KO/ActC++ mice displayed a less severe phenotype with a significant reduction
in tumour percentage, tissue weight and serum levels of activin-A. At 12-17 weeks of
age, when the tumours reach a very aggressive phenotype, despite the significant
difference in the ovarian weights between the α-KO and α-KO/ActC++ mice, there was
no difference in testicular weight between these two groups.

This data indicates that blocking the activin signalling pathway represents a successful
strategy to delay the progression of testicular and ovarian sex cord-stromal tumours but
also indicates that antagonising this pathway by one antagonist alone does not
completely abolish tumours, implicating the importance of other factors, e.g.
gonadotropins and hormonal factors. These findings identify activin-C as a novel
modulator of sex cord stromal-tumours. Thus, providing further support that activin-C
should be considered as a new regulator of activin-A bioactivity in vivo.

The adrenal cortex and gonads share in common a large subset of genes, consistent with
their common embryonic lineage and identity as steroidogenic organs (Keegan and
Hammer, 2002). Inhibin and activin have been shown to play critical roles as paracrine
and autocrine factors that regulate growth and differentiation in organs such as the
gonads and adrenal glands (Spencer et al., 1999). Radio-labelled studies have
demonstrated the presence of activin receptors and inhibin binding proteins in the adult
and fetal adrenal glands, suggesting an important regulatory activity of these proteins
(Woodruff et al., 1993).

Specifically, activin-A has been shown to induce apoptosis in cells of the adrenal cortex,
preventing adrenal tumour growth in physiological conditions (Beuschlein et al., 2003).
Based on the modulatory effect on the onset of sex cord-stromal tumours of activin-βC in
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the α-KO mice (Gold et al., 2013), a study to assess the impact of activin-βC
overexpression on the onset of adrenocortical carcinoma in gonadectomised mice was
warranted.

The present study failed to support a role for activin-βC in the onset of adrenocortical
tumours. In fact, overexpression of activin-βC did not affect the tumour burden or
markers of apoptosis/proliferation in the α-KO/ActC++ mice versus the α-KO agematched controls. No difference was noted for the survival rate in the male αKO/ActC++ mice compared to the α-KO counterpart. Additionally, survival rate in the
female α-KO /ActC++ mice was reduced compared to the α-KO mice and no difference
was noted for the serum levels of activin-A in the α-KO mice versus α-KO/ActC++ mice.

These findings, suggest that activin-C does not affect the adrenocortical tumourigenesis
possibly due to the loss of sensitivity of activins in adrenal tumours. Data indicates
activin’s growth inhibitory effect on adrenal tumours in gonadectomised α-KO mice is
disrupted due to the loss of Smad-2 expression in these tumours (Beuschlein et al., 2004).
Experiments conducted in cells derived from murine α-KO adrenal cells showed that
tumours are unresponsive to activin treatment, which explains the growth of adrenal
tumours despite the fact that the tumour itself secretes high levels of activin-A,
(Looyenga and Hammer, 2006). Therefore, if the adrenal tumour itself escapes the
growth-inhibiting autocrine effect of activin-A one has to expect no beneficial effect
when the activin-A signalling pathway is antagonised.
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Additionally, a possible explanation of the different modulatory effect by
overexpression of activin-βC in the adrenals of gonadectomised (GDX) α-KO mice
versus the sham-operated controls (non-GDX) mice developing sex-cord stromal tumors
could be found in transcription factors differentially expressed in the in the GDX α-KO
mice versus the non-GDX counterpart. In fact, Looyenga and co-workers identified a
substantial different expression profile of the transcription factor Gata4 and of specific
transcripts that are direct transcriptional targets of Gata4, including follicle stimulating
hormone receptor (Fshr), aromatase enzyme cyp19 (Cyp19), activin-A (Inhba), activinB (Inhbb), Anti-Müllerian hormone (Amh), estrogen receptor-2 ER beta (Esr2),
oxytocin (Oxt) (Tremblay, 2001) in the GDX α-KO mice versus the non-GDX controls.
(Looyenga and Hammer, 2006). Interestingly, some of these factors like Inhba, Inhbb,
Esr2 and Oxt were also highly expressed in the adrenal of the α-KO GDX mice versus
ovary/testis. Even factors like Lhr and aromatase enzyme cyp17 (Cyp17) usually
moderately expressed in the normal testis and ovary respectively, were found to be
highly expressed in the adrenal cortex of the GDX α-KO mice but not expressed in the
non-GDX controls. Therefore, this difference in transcriptional profile and cellular
identity in the adrenal of GDX α-KO mice might explain why over-expression of
activin-βC does not affect adrenal tumorigenesis.

Additionally, based on data reported in chapter 3, the protein expression levels of
activin-C were up-regulated in ovarian and testicular cancers versus normal controls
whereas no change was noted in the adrenal cancer specimens (Marino et al., 2014).
This suggests that activin-C plays an important biological effect on the homeostasis of
reproductive tissues (and an antagonist effect on the activin signalling when co-
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expressed with activin-A in the same cell type). Therefore, it is likely to expect a more
pronounced modulatory effect on gonadal tissues.
4.6 Conclusion.
	
  
	
  
The current study showed an important effect of activin-C in reproductive biology.
Further studies are necessary in order to clarify the biological mechanism by which
activin-C modulated the development of reproductive cancers. It will be important to
elucidate if overexpression of activin-βC modulated gonadal tumours antagonising
activin-A only, or if other effects are induced by its overexpression. For example, it will
be necessary to investigate the proliferation and oncogenic gene expression signature in
the gonads of the α-KO and α-KO/ActC++ animals to clarify if activin-C has any
biological effect in regulating cell cycle, proliferation and apoptosis in these tissues.
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Chapter 5
The role of activin-βc in cancer cachexia
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Abstract.
	
  
	
  
Cancer-associated cachexia and muscle wasting are considered key determinants of
cancer-related death and reduction in the quality of life of cancer patients. The activin
signalling pathway modulates cancer cachexia, and skeletal muscle atrophy-hypertrophy
involving extracellular ligands (inhibin, activin, myostatin) trans-membrane receptors
(IIA/IIB) and intracellular signal transducers (Smad-2/3).

It has previously been shown that activin-βC, a novel activin-A antagonist, is a tumour
modulator and abolishes the cancer-associated cachexia phenotype in a mouse genetic
model of gonadal tumorigenesis, in which the normal balance of inhibin/activin
signaling is disrupted by a targeted mutation in the INHA gene (inhibin α-KO mouse).

Therefore, this study aimed to identify the molecular mechanism by which activin-βC
increases survival and abolishes cancer-associated cachexia in α-KO mice. The
experimental hypothesis was that overexpression of activin-βC modulates the cachexia
phenotype antagonising the activin signalling pathway and represses the ubiquitinproteasome catabolic system.

Findings show for the first time a specific effect of activin-βC on muscle wasting and
transcription factors involved in muscle protein degradation.

This study demonstrates the importance of the activin signalling pathway in cancerassociated cachexia and indicates that activin-βC may be a novel therapy to abrogate
cancer-associated weight loss and prolong survival.
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5.1 Introduction.
5.1.1 The TGF-β family and cancer cachexia.
	
  
The TGF-β family of ligands including myostatin, activin-A and Growth Differentiation
Factor 11 (GDF11) and the receptors mediating signalling in particular the ActRIIB, (a
high-affinity activin type-II receptor in muscle), have been recognised to affect skeletal
muscle atrophy-hypertrophy balance (Mathew, 2011)

Systematic administration of myostatin, a negative regulator of muscle growth, has been
shown to induce profound muscle and fat loss similar to that seen in human cachexia
syndromes. (Schuelke et al., 2004, Zimmers et al., 2002). In the inhibin-α deficient
mouse model (α-KO), where activins are deregulated due to the loss of the inhibin-α
subunit, gonadal tumours and a cachexia phenotype can be observed (Matzuk et al.,
1994). Lee and co-workers provided the first demonstration that the soluble receptor
ActRIIB induces muscle hypertrophy in vivo (Lee et al., 2005). Additionally, Klimek
and colleagues showed that preservation of muscle wasting could be obtained using a
soluble form of the ActRIIB (Benny Klimek et al., 2010)

Zhou and co-workers showed the potential therapeutic benefit of blocking the activin
signalling through ActRIIB in modulating cancer cachexia. Administration of a decoy
receptor to antagonise the ActRIIB pathway in four distinct models of lethal cachexia
prevented further skeletal muscle wasting and reversed weight loss, leading to a
significant increase in survival compared with the tumour-bearing control animals that
did not receive the decoy receptor (Zhou et al., 2010).
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Activin-A and myostatin are sufficient to induce skeletal muscle atrophy (Lee et al.,
2010), initiating a signalling cascade leading to activation of Forkhead box (FOXO) and
nuclear factor kappa-light – chain-enhancer of activated B cells (NF-kB) involving
Smad transcription factors (Tisdale, 2010, Goodman et al., 2011)FOXO3, by itself, has
been shown to regulate a set of atrophy-associated genes, in particular the musclespecific ubiquitin ligases (E3s), muscle RING-finger 1 (MuRF1) and atrogin-1/MAFbx
which are associated with increased degradation of myofibrillar proteins through the
ubiquitin-proteasome pathway (Tisdale, 2010). The importance of these proteins has
been clearly shown in mice lacking either enzymes (MuRF1 and atrogin-1), where the
loss of muscle mass upon denervation is significantly reduced (Cohen et al., 2009).

Gold and colleagues in 2009 described, for the first time, a novel regulator of activin-A
bioactivity: activin-βC. (Gold et al., 2009). The same research group showed that upregulation of activin-βC reduces progression of Sertoli and granulosa cell tumors,
abrogating the cachexia-like syndrome in the inhibin-deficient mice (α-KO) and
increasing survival rates (Gold et al., 2013). These findings suggested that the activin-βC
subunit plays an important role in activin-A antagonism.

Therefore, this study was designed to determine the molecular mechanism by which
activin-βC abrogated cancer cachexia and increased survival in the α-KO mice.
Specifically the study aimed to determine whether overexpression of activin-βC was
sufficient to regulate protein expression of factors involved in protein degradation,
focusing the attention on the ubiquitin-proteasome catabolic system. The study also
explored the impact of activin-βC on the inflammatory (IL-6, IFN-γ and TNF-α) and
hormonal profile of these mice and its impact on bone density.
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5.2 Material and methods.
	
  
5.2.1 Experimental animals.
	
  
All experiments were approved by the Animal Ethics Committee of The University of
Otago and conducted in accordance 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
as previously described in chapter 4.
5.2.2 Mouse monitoring.
	
  
All experimental animals were monitored as previously described in chapter 4.
5.2.3 Tissue collection.
	
  
Animals were anaesthetised and serum obtained by cardiac puncture. Animals were then
euthanised by cervical dislocation. Tail biopsy was obtained and snap frozen to confirm
genotype of interest. The α-KO and α-KO/ActC++ mice were sacrificed at 12-17 weeks
of age based on their survival rates and when clinical manifestation of any of the human
end-points was recorded. WT and ActC++ mice survived up to 30 weeks of age. For the
gastrocnemius, femora and serum analysis 8 week-old animals (WT, ActC++, α-KO and
α-KO /ActC++) were used as 100% survival rate was noted at this time point for all
experimental groups. 4-8 female and male mice were included in each group.

When animals were sacrificed, gastrocnemius and femur samples were collected. Part of
the gastrocnemius was snap frozen for further analysis, the remaining part of the
gastrocnemius was stored in Bouin’s solution for 4-6 hours and then transferred to 70%
ethanol for 12-24 hours, embedded in paraffin, sectioned (cutting the muscle on its
transverse axis) and mounted on Superfrost Microscope Slides (Menzel-Glaser).
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5.2.4 Stereological Analysis.
	
  
	
  
Serial sections were stained with H&E and photographed on an Olympus microscope
BX61 (40x objective). Average fibre area in gastrocnemius muscles was calculated by
counting 200-300 fibres in transverse section of muscles from 4 mice for each genotype,
and calculating the average total area of the counted fibres normalised by the number of
counted fibres (Musarò et al., 2001).
5.2.5 Western Blot Analysis.
	
  
	
  
Frozen tissues from 4 animals per group, were homogenised with the Tissue Lyser II
(Qiagen Cat # 85300) for 5 minutes at 30 Hz in ice-cold RIPA Buffer [150mM NaCl,
1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris pH 8.0
(Sigma-Aldrich Cat # R0278)] containing protease and phosphates inhibitor (Thermo
Scientific cat # 78440) according to the manufacturer’s instructions, and the whole
homogenate was used for further analysis. Sample protein concentration was determined
using the BCA Protein Assay Reagent KIT (Thermo Scientific Cat. # 23225) and
equivalent amounts of protein from each sample (40 µg) were subjected to
electrophoretic separation on 12% SDS-PAGE acrylamide gels in Tris-Glycine-SDS
Running. Following electrophoresis separation, proteins were transferred to a
nitrocellulose membrane (GE Healthcare Cat. #10600003) in Transfer Buffer (250mM
Tris, 1.92M Glycine, 10% Methanol), blocked with Odyssey Blocking buffer (Li-Cor
Cat. # 927-40000) for 1h followed by an overnight incubation with primary antibody
dissolved in Odyssey blocking buffer containing 0.2% Tween-20 (Sigma-Aldrich Cat. #
P2287). Antibodies used were: Atrogin-1 (ECM Bioscience Cat. # AP 2041), Murf-1
(ECM Bioscience Cat. # MP3401), Myostatin (Abcam Cat. # 71808), Smad-2 (Abcam
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Cat. # 47083), p-Smad-2 (Abcam Cat. # ab53100), Smad-3 (Abcam Cat. # ab40854), pSmad-3 (Abcam Cat. # 51451), GAPDH (Abcam Cat. # 9484).

After an overnight incubation, blots were incubated with secondary antibodies diluted in
Odyssey Blocking Buffer for 1 hour at room temperature. Secondary antibodies used
were: IRDye 800CW Goat Anti-Rabbit IgG, H+L (Li-cor Cat. # 926-32211) and IRDye
680LT Goat Anti-Mouse IgG2b (Li-cor Cat # 926-68052).

Densitometry measurements were performed using the software Image Studio Lite v4.0
(Li-Cor) by determining the signal intensity of each band after a background
optimisation and normalising to GAPDH (except for the serum levels of inflammatory
cytokines normalised to IgG2b). Averaged values from 3 independent experiments were
used for the final statistical analysis.

Inflammatory cytokines were assessed using 0.5 µl of serum from 4 animals per group,
electrophoresed on a 12% SDS-PAGE acrylamide gels and probed with primary and
secondary

antibodies

following

exactly

the

same

protocol

reported

above

(Gangopadhyay, 2013). Antibodies used were: IL-6 (Abcam Cat. # 6672), IFN-γ
(Abcam Cat. # 133566) and TNF- α (Abcam Cat. # 9739).
5.2.6 Bone Analysis.
	
  
	
  
Skin was removed from euthanised animal using a scalpel to cut the cartilage between
femur and tibia; the muscle from femur and around the hip joint was removed. The bone
isolated was cleaned stored at -80° in PBS soaked gauze. Femur X-Ray images were
acquired using the In Vivo MS FX PRO (Bruker). X-Rays were generated at 35 KV
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(Filter 0.4mm, fstop 2.80, FOV 200). Bone density was calculated using a bone density
software module (Bruker, MA, US) according to manufacturer’s guidelines.
5.2.7 RT-PCR Analysis.
	
  
	
  
Total RNA was extracted from gastrocnemius tissues using Trizol (Life Technologies
Cat. # 15596018) followed by the RNeasy Mini Kit (Qiagen Cat. # 74106) as previously
described in chapter 3 (Marino et al., 2014). Reverse transcription (RT) was performed
using the Superscript III reverse transcriptase (Life Technologies). Primers sequences
(all

5’

to

3’)

were

designed

using

Primer-BLAST:

activin-βC,

forward:

CCTGCGGGTGTAGTTAGCTT, reverse: GCTGAGGATGGGTG; β-actin, forward
GCCTTCCTTCTTGGGTATGG; reverse: CAGCTCAGTAACAGTCCGCC; The PCR
program was 94°C for 5 min; 35 cycles of 30 s at 94°C, 30 s at 58°C and 30 s at 72°C;
72°C for 7 min. All PCR products were run on 1.5% (w/v) agarose gels.
5.2.8 Testosterone, Oestradiol and Activin-A ELISA.
	
  
	
  
Serum levels of Testosterone and Oestradiol were assessed from 3 males and 3 female
per group using Abcam kits # ab108666 and # ab108667 according to the
manufacturer’s instructions. Serum levels of Activin-A were assessed from 3 animals
per group (males and females) using the Quantikine ELISA from (R&D cat # DAC00B)
according to the manufacturer’s instructions.
5.2.9 Statistical Analysis.
	
  
	
  
Statistical analysis was conducted using One-Way ANOVA followed by Tukey’s
correction for confidence intervals and significance (GraphPad Prism version 5). For the
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survival analysis the Log-rank (Mantel-Cox) test was used. Statistical significance was
assumed if p was < 0.05.

5.3 Results
	
  
5.3.1 Activin-βC reduces activin-A levels and prolongs survival in the αKO mice.
	
  
The serum levels of activin-A in the α-KO mice were significantly elevated in both
males (4213 ± 50.53 vs. 134.5 ± 31.45 pg/ml) and females (4257 ± 126.8 vs. 204.5 ±
37.42 pg/ml) compared to the WT age-matched controls. However, in the α-KO/ActC++
mice the serum levels of activin-A were reduced in both male (1392 ± 116.4 pg/ml) and
female mice (3182 ± 199.5 pg/ml) compared to the α-KO mice (Figure 5.1A, and
Figure 5.1B).

As shown in (Figure 5.1C and Figure 5.1D), overexpression of activin-βC in the α-KO
mice increased survival in both male and female mice. At 13 weeks, 49% of male α-KO
/ActC++ mice survived versus 0% of the α-KO group (Chi square 33.95, p < 0.0001)
(Figure 5.1C). At 15 weeks, 56% of female α-KO /ActC++ mice survived versus 0% of
the α-KO mice (Chi square 31.22, p < 0.0001) (Figure 5.1D).
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Figure 5.1. Overexpression of activin-βC reduces activin-A levels and prolongs
survival in the α-KO mice. Changes in serum activin-A levels in male (A) and female
(B) α-KO/ActC++ vs. α-KO mice. Age-matched WT and ActC++ controls are also
shown. 8 week-old mice n = 3 per group.
Survival analysis in male (C) and female (D) α-KO /ActC++ vs. α-KO mice. WT and
ActC++ mice (30 week-old) are also shown. α-KO and α-KO/ActC++ mice were
monitored up to 18 weeks upon survival. n = 4-8 per group. Values are mean ± SEM. ns
= p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001
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5.3.2 Overexpression of activin-βC reduces elevated levels of inflammatory
cytokines IL-6, IFN-γ and TNF- α in the α-KO mice.
	
  
Elevated levels of IL-6, IFN-γ and TNF-α were found in both male and female α-KO
mice compared to the age-matched WT group (Figure 5.2). Male mice: IL-6 (3.30 ±
0.32 p < 0.01), IFN-γ (3.48 ± 0.48 p < 0.01 and TNF- α (3.52 ± 0.17 p < 0.01). Female
mice IL-6 (3.81 ± 0.69 p < 0.01), IFN-γ (4.35 ± 0.56 p < 0.001) and TNF- α (8.0 ± 0.79
p < 0.001). Overexpression of activin-βC reduced the high levels of cytokines noted in
the α-KO mice, in fact, no statistically significant difference was found in the cytokine
levels of both male and female α-KO/ActC++ mice compared to the WT age-matched
control except for the IFN-γ in the female mice (82.62 ± 0.29 p < 0.01). When the
cytokine levels in the α-KO/ActC++ mice were compared to the α-KO mice statistically
reduced levels were noted in all groups (Figure 5.2A and Figure 5.2B).
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Figure 5.2. Overexpression of activin-βC reduces elevated levels of inflammatory
cytokines IL-6, INF- ϒ and TNF- α in the serum of the α-KO mice. Quantification of
western blots signal intensities for inflammatory cytokines IL-6, INF- ϒ and TNF- α in
the WT, ActC++, α-KO and α-KO /ActC++ mice are shown. 8 week-old males (A) and
females (B) mice n = 4 per group. Normalised values are expressed as relative intensities
(800 nm channel/700nm channel) to WT. Signals from IL-6, INF- ϒ and TNF- α appear
as green fluorophores, signals from IgG2b appear as red fluorophores. Values are mean
± SEM. ns = p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.
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5.3.3 Overexpression

of

activin-βC

attenuates

the

muscle

protein

catabolism and abrogates the reduction in muscle cross-sectional
area noted in the α-KO mice.
	
  
In different conditions of muscle atrophy, there is an acceleration of the muscle
proteolysis mediated by the proteasome ubiquitin pathway and it is demonstrable on
muscle extracts (Solomon et al., 1998, Zhou et al., 2010, Kwak et al., 2004). The
catabolic factors Atrogin-1 and MuRF1 involved in the ubiquitin- proteasome pathway
were assessed in the gastrocnemius of the α-KO mice in order to determine if any
change was present in the α-KO/ActC++ mice. As shown in (Figure 5.3) there was a
clear increase in Atrogin-1 and MuRF1 in both male (Figure 5.3A) (Atrogin-1 1.60 ±
0.60 p < 0.05; MuRF-1 1.90 ± 0.60 p < 0.01) and female (Atrogin-1 2.00 ± 0.30 p <
0.01; MuRF-1 1.80 ± 0.17 p < 0.01) α-KO mice versus WT age-matched controls
(Figure 5.3B).
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Figure 5.3. Overexpression of activin-βC attenuates the muscle protein catabolism
reducing the Atrogin-1 and MuRF-1 levels in the α-KO mice. Quantification of
western blots signal intensities for catabolic factors Atrogin-1 and MuRF-1 in the
gastrocnemius of 8 week-old males (A) and females (B) mice n = 4 per group.
Normalised values are expressed as relative intensities (800 nm channel/ 700nm
channel) to WT. Signals from Atrogin-1 and MuRF-1 appear as green fluorophores,
signals from GAPDH appear as red fluorophores. Values are mean ± SEM. ns = p >
0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.
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Overexpression of activin-βC, confirmed with RT-PCR in the gastrocnemius of both
male (Figure 5.4A) and female (Figure 5.4B) mice prevented the rise in Atrogin-1 and
MuRF1 in both sexes. In fact, in the α-KO/ActC++ mice, except for MurRF1 in the
female group, the levels of Atrogin-1 and MuRF1 were not statistically significant
compared to WT age-matched controls.

To explore the mechanism by which overexpression of activin-βC regulates the atrophyspecific ubiquitin ligases, we assessed the levels of myostatin in order to investigate its
potential contribution to the activation of the ubiquitin proteasome pathway activation,
and we also assessed Smad levels across the groups analysed. We investigated both
Smad-2 and Smad-3 intracellular effectors. No statistical differences in the levels of
myostatin were found in both male and female mice (Figure 5.4C and Figure 5.4D).
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Figure 5.4. Overexpression of activin-βC does not affect the Myostatin levels in the
α-KO mice. activin-βC and β-actin expression in gastrocnemius from 3 WT and 3
ActC++ male (A) and female (B) mice. activin-βC product length: 228 bp, β-actin: 359
bp. Quantification of western blots signal intensities for myostatin in 8 week-old males
(C) and females (D) mice n = 4 per group. Normalised values are expressed as relative
intensities (800 nm channel/700nm channel) to WT. Signals from Myostatin appear as
green fluorophores, signals from GAPDH appear as red fluorophores. Values are mean ±
SEM. ns = p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.
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Phospho Smad-2/Smad-2 was markedly increased in the α-KO mice, and overexpression
of activin-βC blocked this increase in both male (Figure 5.5A) and female mice (Figure
5.5B). No statistically significant changes were noted in the phosphorylation of Smad-3
(Figure 5.5C and Figure 5.5D); thus suggesting that Smad-2 is the predominant
intracellular pathway regulating the activin-A effect on Atrogin-1 and MuRF-1 in the
gastrocnemius of the α-KO mice. In support of this, when activin-βC was overexpressed,
a clear reduction of Smad-2 phosphorylation was evident in the α-KO mice.
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Figure 5.5. Overexpression of activin-βC reduces phosphorylated Smad-2 but not
Smad-3 in the α-KO mice. Quantification of western blots signal intensities for Smad2/p-Smad2 and Smad-3/p-Smad-3 in the gastrocnemius of male (A,C) and female (B,D)
mice, 8 week-old mice n = 4 per group. Normalised values are expressed as relative
intensities (800 nm channel/700nm channel) to WT. Signals from Smad-2/p-Smad-2,
Smad-3 and p-Smad3 appear as green fluorophores. Values are mean ± SEM. ns = p >
0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.
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Additionally, histological assessment of the gastrocnemius (Figure 5.6 and Figure 5.7)
showed that the average cross-sectional area in the α-KO mice was reduced compared to
the WT controls in male (-63% p < 0.01) and female (-60% p < 0.01) mice (Figure 5.8A
and Figure 5.8B). Overexpression of activin-βC abrogated this decline restoring the
muscle cross-sectional area to levels not statistically different compared to WT controls.
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Figure 5.6
	
  
	
  
Figure 5.6. Haematoxylin and Eosin (H&E) staining of gastrocnemius fibres in a
transverse section from WT (A), ActC++ (B), α-KO (C) and α-KO/ActC++ (D)
male mice. Scale bar 100 µM 20X Objective.
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Figure 5.7	
  

Figure 5.7. Haematoxylin and Eosin (H&E) staining of gastrocnemius fibres in a
transverse section from WT (A), ActC++ (B), α-KO (C) and α-KO/ActC++ (D)
female mice. Scale bar 100 µM 20X Objective.
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5.3.4 Overexpression of activin-βC has no impact on testosterone,
oestradiol or bone density in the α-KO mice.
	
  
A relationship between inflammation and bone disease has been established in a variety
of models of inflammatory disease as well as human studies (Gough et al., 1994,
Bernstein et al., 2000, Bultink et al., 2005). Therefore, we assessed the impact of
elevated inflammatory cytokines in the α-KO mice on bone density. Femora from WT,
ActC++, α-KO and α-KO/ActC++ mice were analysed. A reduction of bone density was
noted in both male (0.33 ± 0.01 g/cm3; p < 0.0001) and female (0.33 ± 0.02 g/cm3; p <
0.02) α-KO mice compared to the WT control animals. No difference was noted between
the α-KO and α-KO/ActC++ in both male and female mice (Figure 5.8C and 5.8D).

Testosterone and oestradiol serum levels were also assessed in male (Figure 5.8E and
female Figure 5.8F) mice to determine their potential contribution in the changes in
bone density of the α-KO and α-KO/ActC++ groups compared to the WT controls.
Results showed no statistically significant changes in both testosterone and oestradiol
serum levels between the α-KO and α-KO/ActC++ mice.
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Figure 5.8	
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Figure 5.8. Overexpression of activin-βC reverses fibres atrophy and does not affect
the bone density or the hormonal profile in the α-KO mice. Morphometric analysis of
the gastrocnemius showing the gastrocnemius average fibre area (µm2) from male (A)
and female (B) 8 week-old mice, n = 4 per group. Bone density (g/cm3 ) in male (C) and
female (D) mice. 8 week-old mice, n = 4-8 per group.
Serum testosterone and oestradiol levels in male (E) and female (F) mice. 8 week-old
mice, n = 3 per group. Values are mean ± SEM. ns = p > 0.05; * p ≤ 0.05; ** p ≤ 0.01;
**** p ≤ 0.0001
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5.4 Discussion.
	
  
	
  
Although cachexia represents a debilitating syndrome affecting the majority of cancer
patients and it is negatively correlated with the patient’s quality of life, the biological
mechanism leading to this multifaceted syndrome is poorly understood. A deeper
understanding of the pathophysiology of cachexia and its progression is needed in order
to lead to development of new therapies, as cachexia is usually considered a causative
factor of cancer patient mortality and morbidity (Fearon et al., 2011).

Given the urgent need for an effective treatment to combat cachexia, animal models
have an essential role not only for assessing the efficacy and safety of a potential
treatment but also to better understand biological mechanisms involved in muscle
wasting and cancer cachexia (DeBoer, 2009). The inhibin-α-deficient (α-KO) mouse
model used in this study, was first described by Matzuk and co-workers, and it clearly
showed the importance of activins: members of the TGF-β family ligands, in the
progression of cancer cachexia (Matzuk et al., 1994). After genetic removal of the
inhibin-α subunit, these mice develop gonadal sex cord-stromal tumours within 6 weeks,
causing death in males and females in 12 and 17 weeks, respectively. The development
of gonadal cancers is followed by a cancer cachexia-like wasting syndrome that is
associated with weight loss and stomach and liver related problems (Matzuk et al., 1994).
The gonadal tumours secrete high levels of activin-A and inflammatory cytokines, which
are responsible for the pronounced effect on weight loss.

Zhou and co-workers reported the importance of the activin signalling pathway mediated
by the activin type-2 receptor (ActRIIB) to reverse cachexia. It was shown that using a
decoy receptor not only abrogates the wasting process in skeletal muscle and heart but
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also increases survival. Therefore, activins and possibly other members of the TGF-β
superfamily, clearly have a central role in the pathophysiology of cancer cachexia with
the activin/myostatin signalling pathway being identified as a suitable candidate to
reverse cancer-associated cachexia in murine models (Zhou et al., 2010).

A study conducted by our group described for the first time a new activin-A antagonist:
activin-βC. This protein acts as an activin-A antagonist both in vitro and in vivo (Gold et
al., 2009). Based on this evidence, mice overexpressing activin-βC were crossed with αKO mice to assess the biological effect of activin-βC overexpression on the onset of
gonadal tumours and cancer-associated cachexia. Preliminary work showed that the αKO/ActC++ mice had no significant weight loss, increased survival and that the gonadal
tumour formation was modified (Gold et al., 2013). Building on the preliminary work
the current study aimed to characterise the biological mechanism by which the α-KO
/ActC++ showed increased survival, assessing for the first time the effect of
overexpression of activin-βC on muscle degradation, bone density, and inflammatory and
hormonal profile.

Findings revealed a previously unappreciated function for activin-βC on muscle
metabolism and activation of transcription factors involved in muscle protein
degradation. This study defined the molecular mechanism by which activin-βC increases
survival and ameliorates the muscle wasting phenotype in the α-KO mice. Results
confirmed that overexpression of activin-βC reduced serum activin-A, and showed for
the first time it also reduced inflammatory cytokines, factors recognised to have an
essential role in the progression of cancer-associated cachexia and directly involved in
triggering the mechanism of wasting. It has been hypothesised that the gonadal tumours
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developed in the α-KO mice are responsible for the secretion of high levels of activin-A
and inflammatory cytokines, such as tumour necrosis factor (TNF-α), interleukin-6 (IL6), and interferon-gamma (IFN-γ). Data obtained here support this hypothesis and show
that the modulation of gonadal cancers by overexpressing activin-βC, also has a
previously unappreciated impact on inflammatory cytokines, resulting in a profound
biological effect.

Reduced levels of Atrogin-1 and MuRF-1 were evident in the α-KO/ActC++ compared
to the α-KO mice. Both myostatin and activin bind to the ActRIIB to initiate a signalling
cascade leading to an increased expression of Atrogin-1 and MurRF-1 resulting in
increased degradation of myofibrillar proteins through the ubiquitin-proteasome pathway.
In previous studies, published in the literature and also reported in this thesis, it has been
shown that activin-βC could antagonise the activin signalling pathway both in vivo and in
vitro. Thus occurs not only by forming a dimer complex activin-AC and therefore
reducing the bioactive levels of activin-A, but also binding to the ActRIIA and IIB and
acting as a receptor antagonist in vitro (Gold et al., 2009, Gold et al., 2013, Marino et al.,
2014). This data supports the findings described in the current study. In fact
overexpression of activin-βC attenuated the ubiquitin-proteasome system, decreasing the
expression of both Atrogin-1 and MuRF-1. Additionally, in the α-KO/ActC++ mice, the
Smad2 phosphorylation and therefore activation was reduced compared to the α-KO
animals. This has important biological consequences for protein degradation in muscles,
as Smad-2 phosphorylation stimulates activation of FOXO3a, which is then dephosphorylated and moves to the nucleus where it activates the expression of both
Atrogin-1 and MuRF-1 (Tisdale, 2010). A beneficial effect of activin-βC was also noted
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in the gastrocnemius tissue with α-KO/ActC++ mice showing less morphometric signs
of muscle atrophy.
Inflammation of almost any cause is usually associated with bone loss (Hardy and
Cooper, 2009). It has been shown that some inflammatory cytokines have a negative
effect on bone formation, inducing osteoclast formation. TNF-α for example, plays a
critical role in enhancing osteoclast-mediated bone resorption by interacting with the
receptor activator of nuclear factor-kB ligand (RANKL) (Schett, 2011). IL-6 is another
important inflammatory cytokine, which has a negative impact on the bone metabolism
supporting osteoclasts via the interaction with mesenchymal cells (Udagawa et al., 1995,
Ishimi et al., 1990). Hormonal alterations themselves play an important role for both
skeletal development and maintenance. Androgens and oestrogens, for example, have
been shown to have central roles for bone homeostasis in men and rodents (Goulding
and Gold, 1988). Previous studies have shown that the effects of androgens on the bone
metabolism may be mediated by the androgen receptor (AR) or via the aromatisation of
androgen to oestrogens (Vandenput et al., 2001) .

Additionally, inhibin-α has an impact on the bone metabolism. It has previously been
hypothesised that continuous exposure to inhibin is anabolic to the skeleton. However,
lack of inhibin leads to an acceleration of osteoblast and osteoclast development leading
to an increase in bone turnover (Gaddy, 2008). Therefore, the present study investigated
if changes in the inflammatory cytokines, and hormonal alterations had any effect on
bone density and whether overexpression of activin-βC was associated with this effect.
No difference was noted between the WT and ActC++ groups, however both the α-KO
and α-KO/ActC++ mice had reduced bone density compared to the WT age-matched
controls. Serum levels of testosterone and oestradiol did not differ in the α-KO and α-

	
  

243	
  

	
  
KO/ActC++ groups, therefore the reduced bone density observed in these mice is likely
to be a consequence of the high levels of inflammatory cytokines and lack of inhibin-α.
It can be speculated that the reduced bone density noted in α-KO/ActC++ was not
different compared to the α-KO mice, despite a reduction in inflammatory cytokines
reported in the α-KO/ActC++ mice, is caused by the lack of inhibin-α, as the hormonal
profile did not show significant changes. These findings, taken together, suggest that
activin-βC does not play an independent central role in the regulation of bone
metabolism.
5.5 Conclusion.
	
  
	
  
This study clearly shows the importance of activin signalling in cancer-associated
cachexia, providing further rationale for the therapeutic potential of anti-activin
therapies. The data supports the importance of activin-βC as a regulator of activin-A
bioactivity in vivo. This study showed for the first time that activin-βC has an effect in
modulating the catabolic factors Atrogin-1 and MuRF-1 which are responsible for
triggering the mechanism of wasting not only in cancer associated cachexia but also in
many other catabolic conditions. Overexpression of activin-βC in the α-KO mouse
model of cancer-associated cachexia clearly showed a biological effect, reducing
circulating levels of activin-A, inflammatory cytokines involved in the mechanism of
wasting and ameliorating the muscle loss. Further studies are necessary in order to
clarify if the effect of activin-βC is likely to be anabolic only when deregulation of
activin signaling is present, or if its use might be beneficial in conditions such as
muscoskeletal disorders not directly related to the activin signalling pathway.
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Chapter 6
Significance of the study and concluding remarks
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6.1 Summary of the study.
	
  
	
  
Activins and inhibins A and B are important regulators of follicle-stimulating hormone
(FSH) secretion from the pituitary gland and essential for reproduction (chapter 1). In
1995, three new activin subunits were identified: activin-βC, -βD, -βE (Fang et al., 1996,
Hotten et al., 1995, Oda et al., 1995, Schmitt et al., 1996). Activin-βC was initially
considered non-essential for liver development, liver function, or reproduction (Lau et
al., 2000). However, this conclusion was based on work showing that the activin-βC
subunit had a limited mRNA expression and lack of abnormalities in a mouse model
where the activin-βC subunit was genetically removed (Lau et al., 2000).

In 2009 Gold and co-workers hypothesised that in the context of the activin-βC null
mice, there may be functional redundancy with other transforming growth factor-β
family members, and they proposed the hypothesis that over expression rather than
under expression was more likely to have physiological consequences (Gold et al.,
2009). The study, using a mouse model where activin-βC was over-expressed, showed
for the first time that activin-βC has biological relevance. In fact, activin-βC was
identified as a new activin-A antagonist both in vivo and in vitro. Preliminary work
conducted by the same research group in 2013, provided further evidence to support a
function for activin-βC. The authors showed that tumour development in the inhibin-αdeficient mice can be modulated by over-expressing activin-βC (Gold et al., 2013).

Mice deficient in inhibin-α develop ovarian and testicular sex cord-stromal tumours of
granulosa and Sertoli cell origin with 100% penetrance and when gonadectomised
adrenal tumours. A correlation has been found between the over-expression of activin-A
by these tumours and severe cancer-associated cachexia (chapter 4).
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The studies

	
  
conducted within this thesis aimed to resolve the paradoxical role of inhibin-α in human
versus mouse and to clarify the function of activin-βC in gonadal and adrenal tumours
and muscle wasting in the inhibin-α deficient mouse model.

Specifically, the aims of this thesis were:

1. To clarify the discrepant results reported in the literature between human and
mouse in relation to inhibin-α acting as a tumour suppressor
2. To determine if development of adrenal tumours in gonadectomised inhibindeficient mice is delayed in when activin-βC is over-expressed
3. To identify the mechanism by which activin-βC abolishes cancer associated
cachexia in the inhibin-deficient mice

6.2 Significance of the study.
	
  
	
  
The research conducted within this thesis aimed to contribute to a possible clarification
of a biological paradox, which has perplexed reproductive biologists for the last two
decades, placing the tumour suppressive effects of the inhibin-α gene in an area of
ongoing uncertainty and controversy. Based on the majority of data published in the
literature, it has been impossible to pose an explanation to this incongruity. A reevaluation of the inhibin/activin signalling in various reproductive and adrenal cancers
was, therefore, both timely and critical. The full comprehensive analysis described in
chapter 3 showed reduced expression of the inhibin-α subunit at both mRNA and protein
levels, and perturbations in activins, activin antagonists and signalling molecules. These
findings are similar to those described in the inhibin-deficient mouse model. Therefore,
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the study provides a rationale for using the inhibin-deficient mouse as a model of human
disease. The current study is the first full comprehensive investigation in human gonadal
and adrenal cancers based on mRNA and protein analysis, together with the use of two
inhibin-α antibodies and assessment of all the molecular players involved in the
inhibin/activin signalling in a large number of samples versus normal controls. This
study showed the importance of antibody selection for the assessment of inhibin-α
expression. In fact, results showed for the first time that using a polyclonal antibody
raised against the N-terminal amino acids 109-158 of human INHA (NP_002182)
provides different results in the ovarian specimens compared to the more commonly
used antibody raised against the C-terminal domain of the protein. These findings aim to
have an impact on the way inhibin is considered in the field of reproductive biology and
will stimulate new research and debate proposing new evidence able to connect the
inconsistent literature that has perplexed members of the inhibin community (Figure
6.1).
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Figure 6.1 Weighing up evidence for inhibin-α as a tumour suppressor or tumour
promoter.
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The current study also provides significant evidence for a complete re-evaluation of
activin-βC in cancer biology. In fact, activin-βC has been considered non-biologically
relevant after its initial discovery. Therefore, for years several experimental designs have
ignored the potential contribution of this molecule to the final biological outcome. This
thesis showed, for the first time, that activin-βC is clearly implicated in the maintenance
of human tissue homeostasis and it also provided compelling evidence that activin-βC is
an activin antagonist. The ability of activin-βC to bind to activin receptor IIA and IIB and
to antagonise activin signalling both in vitro and in vivo will displace the commonly held
preconception among biologists regarding the redundancy of this molecule.

The body of work conducted in this thesis provides a novel and previously unexplored
function of activin-βC on cancer-associated weight loss (cachexia) and muscle
metabolism. Overexpression of activin-βC not only modulated catabolic factors
implicated in the mechanism of wasting but also had an effect on the muscle histology
and circulating inflammatory profile. These findings clearly suggest a new role for
activin-βC in a biological system beyond the reproduction axis.

This thesis provides compelling evidence to re-evaluate the function of activin-βC in
biological systems and advances the understanding of how activin-βC antagonises the
activin signalling pathway. Results highlight the activin-βC subunit as significant
regulator of activin-A bioactivity, placing it in the same domain as well characterised
regulators such as follistatin (Figure 6.2 and Figure 6.3). Thus challenging, activin
biologists to consider this modulatory mechanism when interpreting their work.
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Figure 6.2 Shared mechanism of signal transduction mediated by activin-A (ActA) and
Myostatin (GDF-8).
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Figure 6.3 Effect of activin-βC on the activin-signalling pathway.
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6.3 Limitations and future directions.
	
  
	
  
The first part of this thesis (chapter 3) aims to have an impact in the scientific
community presenting a full comprehensive analysis of the inhibin/activin signalling
molecules in a large number of sample analysed; integrating data at a protein and
mRNA levels this thesis aims to show the importance of a comprehensive analytic
approach. The identification of the inhibin/activin signalling pathway as an important
target in testicular and ovarian homeostasis could be used upon further research, as a
therapeutic target for these subtypes of cancer. Reported here are the limitations of the
study and future directions:

-

Findings described in chapter 3 were based on the use of tissue microarrays
commercially available from US biomax (www.biomax.com). The main
advantage of using these tissues is that US Biomax includes normal, malignant
and metastatic formats; these tissues can be used to validate clinical relevance of
potential biological targets in the development of diagnostic or therapeutics of
important protein/markers. The strength of using these tissues is based on the
fact that the US Biomax has the highest quality controls and stringent standards
in accordance to the Food and Drug Administration (FDA) guidelines. However,
the small section of the tissue analysed on the array may not represent the
heterogeneous disease of the interested tissue. Additionally, the manufacturer
provided no information regarding the co-morbidity and amnestic information of
the analysed patients.

-

Future studies may focus on the investigation of INHA behaviour in the
progression of ovarian and testicular cancer; for achieving that the inhibin-α
protein levels could be knocked-down in an ovarian and testicular cell line, for
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example using transient transfection of small interfering RNA (Vaughan et al.,
2013). The invasive and proliferative phenotype may be assessed before and
after knocking down the inhibin-α protein levels in order to clearly define if
INHA acts as a tumour suppressor gene and the effect of its loss in vitro.
-

Assessment of the INHA expression in the COV434 represented a further
limitation of the present study. In fact, although the primers were designed to
recognise both mouse and human INHA, the block PCR does not provide a
specific quantitation of the INHA expression levels. INHA was not present at
detectable levels using this approach. However, a different approach like a RTqPCR (real time – quantitative PCR) could be used to assess the absolute
amount of INHA in the COV434 cell line and for example, compare the
expression levels in the inhibin-α deficient mouse model.

-

The current study provided a detailed protein expression profile of activin-C in
human ovarian, testis and adrenal tissues. However, the study did not investigate
the potential functions of activin-C in primordial follicles of ovary, round
spermatid and spermatogonia of testis, and adrenal cells because outside the
scope of the thesis. Future studies may use related cell lines to clarify how
activin-C affects these cells and their functions (e.g. hormone secretion, cell
proliferation and differentiation).

The second part of this study explored the effect of activin-C on ovarian/testicular and
adrenal tumourigenesis. To address the modulatory effect of activin-C on the onset of
sex cord and adrenal tumours the approach used in the present work was based on a
stereological and histological assessment. This approach allowed to determine the
percentage of tumour and to determine differences in apoptosis and proliferation. The
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study was conducted using a method that allowed unbiased quantification and cell
counts. However, the method includes inter-operator variability.

The body of work reported within this thesis lays the foundation to explore the effect of
activin-C on ovarian and testicular cancer tissues at molecular levels. For example,
future work may explore the effect of activin-C on hallmarks characterising the
complexity of a neoplastic disease. The first step to undertake may be the assessment of
genes that both positively and negatively regulate the cell cycle and the transitions
between the each of the phases, DNA replication, checkpoints and arrest. Additionally,
recent advances in the genomic field based on the nanoString technology® will allow to
obtain clinically genomic information from a small portion of tissues. This technology
may be used to explore the effect of activin-C on sex cord stromal tumours and to better
define how activin-C is modulating, or more likely delaying, the onset of these cancers.

The last part of this thesis investigated the effect of activin-C on cancer-associated
weight loss, inflammation and bone metabolism. Findings described in this study are
encouraging, showing that activin-βC ameliorates the cachectic phenotype, reduces
inflammation and catabolic factors triggering the mechanism of protein degradation.
The mouse model used within the current study is a valid model of cancer-cachexia
(Matzuk et al., 1994). However, it is important to consider that in this mouse model as
the reproductive tumour progress, the serum levels of activin-A and B increase by as
much as 500-fold (Li et al., 2007b). Despite activin-A has been recognised as an
important pleiotropic cytokine with roles in the majority of human cancers
(inflammation and cancer metabolism), its elevated levels in non-reproductive cancers
are not as much elevated as in the inhibin deficient mouse model of cancer cachexia.
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Therefore, an essential future direction will have to clarify if the effect of activin-C in
cancer cachexia is beneficial only when deregulation of the activin signalling is present
or if its effect might be beneficial in conditions not directly related to a deregulation of
the activin signalling pathway.

Future work may explore the effect of activin-C in other animal models of cachexia in
which the cachectic phenotype is caused not only by cancer but also by chronic heart
failure, chronic kidney disease and acquired immune deficiency syndrome (AIDS). The
use of cell line with activity to induce cancer cachexia may also be used to address this
important experimental question.

It will also be essential to clarify the direct effect of activin-C on the muscle metabolism.
A direct effect of activin-C on muscles may be explored using recombinant adenoassociated virus to increase the protein local expression. In fact, activin antagonists like
follistatin, when constitutively over-expressed in transgenic mice, lead to muscle
hypertrophy. A hypertrophic phenotype was not noted in this study. Mice
overexpressing activin-βC displayed a muscle phenotype comparable to the WT controls.
This effect might suggest a beneficial effect of activin-C only when deregulation of the
activin signalling is present (e.g. disease).

Additionally, the evidence from this thesis supports the hypothesis that the biological
function of activin-C might be important only when activin-C is produced at high levels,
perhaps in disease. Data presented in chapter 3 showed that the levels of activin-C were
increased in the majority of ovarian and testicular cancers versus normal controls.
Therefore, it is plausible to speculate that overexpression of activin-C in altered
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physiological conditions exerts an antagonistic function affecting the final biological
outcome. This would also reconcile the different conclusions obtained via the knockout
versus overexpressing activin-C mouse model.

To assess the contribution of activin-C to cancer development and cancer cachexia, the
levels of activin-C needs to be determined. This will require specific assays to measure
activin-C, in bound and free form. Unfortunately, no specific assay to measure the
serum levels of activin-C is currently available (many commercial kits were tested in
the lab where this thesis was developed without success). A development of a
reproducible assay will be necessary to determine if the serum levels of activin-C
obtained

in

the

over-expressing

activin-βC

could

conceivably

be

achieved

therapeutically.

Currently, the contexts and mechanisms regulating INHBC expression in health or
disease states are not well known. However, there are few studies proposing an
important function of activin-C in diseases. Wada and colleagues showed that liver
regeneration is accelerated in mouse activin-βC-overexpressing liver. The authors
suggested that activin-βC subunit may function to promote replication of hepatocytes
during liver regeneration (Wada et al., 2005). Liu and colleagues showed that activin-C
is a suppressive molecule expressed by nociceptive sensory neurons and it specifically
functions in the inhibition of inflammation-induced nociceptive responses (Liu et al.,
2012). Thus, suggesting that activin-C may play an important role in the presynaptic
inhibitory system of nociceptive sensory neurons. Additionally, recent research
investigated the expression changes of activin-βC in endometrial Ishikawa carcinoma
cell line after stimulation with interferon-β1. Jückstock and co-workers demonstrated
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for the first time a functional relationship between interferon and the activin-βC and
activin-βE subunits, suggesting that interferon may exerts a possible apoptotic function
through the up-regulation of the activin-βE subunit, while cell proliferation is inhibited
by down-regulation of the activin-βC subunit (Juckstock et al., 2010).

6.4 Conclusion and closing remarks.
The first notion of nonsteroidal, gonadally derived inhibitory substance was provided in
the early 1930s by McCullagh (McCullagh, 1932). Activins and inhibins were initially
recognised for their important roles in the regulation of the anterior pituitary. However,
these molecules demonstrated to be essential for many biological processes. Since the
discovery and isolation of inhibins and activins, many areas in both clinical and basic
research are still unresolved regarding our understanding of the participation of inhibin
and activin in the regulation of reproductive and endocrine systems.

The inhibin dilemma represents a fascinating paradox in cancer biology. Historically,
researchers in the field have been perplexed for more than three decades about the
inhibins/activins putative signalling in human cancers and the related underlying
biology. The current work shows that it is of pivotal importance to look beyond the
boundaries of the reproductive field. The pleiotropic nature of inhibins and activins
cannot be ignored when considering the effect of these proteins on the final biological
outcome. This thesis provides some evidence to support the function of INHA as a
tumour suppressor in human gonadal cancers. However, it is important to consider that
the paradox between human and mice cannot be easily resolved with a single study.
Additionally, the pleiotropic nature of activin-A and its contribution not only to
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proliferation but also to transformation and inflammation indicates a complicated
interaction between different pathways creating a complicated network of signalling.

It is also of pivotal importance to consider the difference between the mouse and human
gonadal pathophysiology. In fact, in the context of the mouse granulosa cell tumours the
inhibin-α subunit is absent from the earliest stage of granulosa development into an
ovarian follicle leading to unopposed activin and mitosis that leads to transformation.
For this biology to be tested in the human would require the absence of inhibin-α in the
ovary during the second and third trimester of development. Additionally, the immature
granulosa cells seem to differ from the adult granulosa cells (Zheng et al., 2013), and
this might explain the development of aggressive granulosa cell tumours in the mice.
Therefore, the INHA behaviour in human cancers remains unsolved, the precise
identification of INHA as tumour suppressor gene requires further studies including
functional cloning, linkage analyses, positional cloning and mutational analysis of
patients presenting gonadal cancers.

The second major aim of this study was to better clarify the activin-C function in cancer
biology, and it specifically wanted to determine if activin-βC can be considered a tumour
suppressor in the inhibin-knockout mice. Despite a clear effect in modulating gonadal
cancers and muscle wasting, data from this thesis do not support a tumour suppressor
role for activin-C. A tumour suppressor gene normally acts to inhibit cell proliferation
and tumour development. In many tumours, the tumour suppressor gene is lost or
inactivated, and this results in an abnormal proliferation of tumour cells. Activin-C was
up-regulated in the majority of human ovarian and testicular cancers, and its
overexpression in the inhibin-deficient mouse model only delayed tumour development.
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This evidence suggests that the modulatory effect of activin-C does not affect the mouse
reproductive malignancy via an inactivation mechanism that usually characterises the
behaviour of a tumour suppressor gene.

In conclusion, the apparent conflicting evidence obtained using a mouse model deficient
for activin-βC (Lau et al., 2000) versus a mouse model over-expressing activin-βC (Gold
et al., 2009) enforces the complexity and cross-talk of members of the TGF-β
superfamily pathway. Redundancy of some ligands and interactions with other
signalling pathways, can counteract the biological function of other ligands, for example,
knocked-down in the context of a deficient mouse. However, one has not to believe that,
for this reason, a ligand is less important than another. In fact, TGF-β superfamily
members are highly conserved across animals and comprise the largest family of
secreted morphogens. Therefore, it is unlikely that members or this superfamily are
secreted but biologically redundant. A deep contextual interpretation of members of the
TGF-β superfamily and signalling in diverse biological settings will be both critical and
essential in the field.

The body of work presented in this thesis provides functional evidence for a role of
activin-βC both in vitro and in vivo and further enforces the importance of overexpression rather than under-expression is some physiological contexts. This work
hopes to stimulate new research and a new investigation regarding the biological
function of other members of the TGF-β superfamily considered redundant based on the
absent phenotype observed in deficient mice. The contribution of these binding
molecules to the homeostasis and/or tumorigenic process could provide important
targets for new therapeutics.
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APPENDIX I: Material and Methods.
	
  
Production of Activin-C and Empty Vector Control.
	
  
Production and collection of Activin C and Empty vector control: Chinese Hamster
Ovary (CHO) containing plasmids for the overexpression of activin C (CHO-βC++) and
empty vector control (CHO-EV) were grown in T75 cm2 flasks at a seeding density of
300,000 cells in an incubator at 37° with 5% CO2. The media used was RPMI (Life
Technologies Cat. # 31800-022) with L-Glutamine, sodium bicarbonate (NaHCO3),
10% fetal bovine serum (FBS, New Zealand qualified origin Life Technologies Cat. #
10091) and 1% antibiotic-antimycotic (Life Technologies Cat. # 15240-062). After 1
day of growth, the cells were selected using RPMI with L-glutamine, NaHCO3, 10%
FBS, 1% antibiotic-antimycotic and 1% Geneticin (Life Technologies Cat. # 10131).
After an additional 2 days of growth, the cells were passaged and seeded into Cellbind
Hyperflasks at 5x106 cells and grown in RPMI with L-glutamine, NaHCO3, 10% FBS
and 1% antibiotic-antimycotic until the cells reached 80% confluence (4 days). The
media was changed to RPMI with L-glutamine, NaHCO3 and 1% antibiotic-antimycotic
and left for 5 days. After 5 days of incubation, the media was centrifuged at 1500 rpm
for 5 min at room temperature to remove any CHO cells in suspension. The media was
stored at 20°C until concentration.
Concentration of Activin-C and Empty vector control: 15 ml aliquots of media from
CHO-βC++ and CHO-EV cells were spun at 4,000 rpm for 20 minutes at room
temperature using 10 kDa Amico Ultra-15 PLQK Membrane centrifugal filter units
(Millipore Cat. # UFC901096). Approximately 2 ml of 6X concentrated protein
(containing proteins greater than 10 kDa) was produced per centrifugal spin. The
remaining flow-through was discarded. 15 mL aliquots of 6X concentrated protein were
pooled and put through the filter units 50 kDa Amicon Ultra-15 PLQK Ultracel-PL
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Membrane centrifugal filter units (Millipore Cat. # UFC905096) for an additional time
at 4,000 rpm for 40 minutes at room temperature to make a final concentrated solution
of 90X. The flow-through was kept and the solution left in the filter unit was discarded.
0.1% bovine serum albumin (BSA) was added and the 90X concentrated solution was
stored at -80 °C until dilution for drug experiments or Western Blotting.
Sample preparation: For the use in tissue culture, the activin-C and Empty vector
controls were diluted to a concentration of 12.5X in RPMI with L-glutamine, NaHCO3,
2% FBS and 1% antibiotic-antimycotic. For Western Blots, a standard curve for the
activin-βC was made using recombinant human activin AC (R&D Cat. # 4879-AC-010).
15 µl samples of activin C at 50X, 30X and 15X and Activin AC at 10 ng, 5 ng, 2 ng,
and 1 ng were prepared. 5 µl reducing buffer (Laemmli buffer 62.5 mM Tris-HCl, pH
6.8. 25% glycerol, 2% SDS, 0.01 % Bromophenol blue, 350mM DTT) was added to the
samples, and boiled for 5 min. Amersham Rainbow Marker (GE Healthcare Cat. # RPN
800E) was used as reference for protein size.
Concentration Determination by Western Blot: Samples and the protein standard were
loaded on a 12% polyacrylamide gel and ran at 120V for 90 min. Transfer onto a
nitrocellulose membrane was done at 4°C for 60 min at 100V. The membrane was
blocked with Odyssey Blocking Buffer (Li-Cor Cat. # 927-40000) for 1 h before
primary antibody incubation [anti-Activin βC antibody (βC clone 1) Abcam Cat. # ab
73904]; 1:1000 in Li-Cor Odyssey Blocking Buffer with 0.2% Tween -20, overnight
with shaking at 4°C. The membrane was washed 4 times with phopshate-buffered saline
(PBS) before secondary antibody application.
IRdye 800 LT Goat anti-mouse IgG1 specific antibody (Li-cor Cat. # 926-68050) was
diluted to 1:10000 in Odyssey Blocking Buffer. The secondary antibody was applied
and incubated at room temperature with gentle shaking for 1 hour.
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Densitometry was performed using the Li-Cor quantification software Image Studio.
After comparing the band intensities between the activin-AC standard curve and one of
the reduced activin-C bands at 23kDa, the concentration of the original stock was
calculated to be 187.5 ng/ml.
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APPENDIX II: Attempted protocols optimisation.
	
  
Sertoli Primary Culture.
	
  
The following experimental protocol was performed to obtain a Sertoli primary culture
from the murine model used within this project (the inhibin-deficient mouse versus WT
control) to explore the effect of activin(s) and antagonists.
The protocol used was published by Oliveira and colleagues (Oliveira et al., 2009).
However, the current study failed to obtain a viable Sertoli primary culture.
Briefly, testes were transferred to cold calcium- and magnesium- free Hanks balanced
salt solution (HBSSf) containing 50 U/ml of penicillin and 50 µg/ml of streptomycin
sulphate (pH 7.4) immediately after removal. De-capsulated tissue (2 g) was washed
twice and cut into small square pieces (2–4 mm) in a sterile Petri dish. Minced tissue
was resuspended in HBSSf (25 ml/g of tissue) in a glass-stoppered 100-ml Erlenmeyer
and shake vigorously for 1 min to disperse tubules.
Tissue was left to settle for 5 min on ice, and the supernatant discarded. This procedure
was repeated twice to mechanically remove red blood cells and free Leydig cells. The
resulting pellet was digested in 25 ml of HBSS with collagenase type I (1,000 U; C0130,
Sigma) and DNAse (500 U; D4263, Sigma) and continuously shaken (100 rpm) at 32ºC
for 25– 35 min. The formed aggregate was removed, washed in HBSSf and discarded.
The washing HBSSf was added to the cellular suspension resulting from the digestion.
The resulting suspension was washed twice and left to settle completely at 4ºC
The resulting pellet was suspended in 20 ml HBSSf with 5 mg pancreatin (P3292,
Sigma) and DNAse (500 U, D4263) and digested at 32ºC with continuous shaking (100
rpm) for 15–25 min.
The new aggregate formed was discarded, and 0.4 ml of foetal bovine serum was added
to the cellular suspension, which was left to rest at 4ºC for 5 min
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The suspension was centrifuged at 100g for 5 min and the pellet gently suspended in 30
ml HBSSf. This procedure was repeated twice, and the resulting pellet was supended in
20 ml HBSSf. The suspension was passed through a glass Pasteur pipette in order to
loosen germ cells from the clusters and then pelleted at 200g for 5 min. This procedure
was repeated twice.
The resulting pellet was suspended in 10 ml of Sertoli culture medium (DMEM-Ham’s
F-12 [HF12]; 1:1, containing 50 U/ml of penicillin and 50 µg/ml of streptomycin sulfate,
0.5 µg/ml fungizone and 5% heat inactivated fetal bovine serum) and forced through a
19G needle in order to disaggregate large Sertoli clusters.
For culture of Sertoli cells, the concentration of clusters on the cellular suspension
obtained from the procedure described above was adjusted to 1,000 clusters/ml plated
on 25 cm2 culture flasks (Cell; Sarstedt, Leicester, UK) and incubated at 37ºC in an
atmosphere of 5% CO2:95% O2. The day of plating was considered day 0 of culture.
Cultures were left undisturbed until day 2.
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Follistatin (FST) and Phosphate buffered saline Injection.	
  
	
  
The following experimental protocol was originally performed as part of the project to
test if the effect of activin-C and FST are additive in vivo. However, due to technically
difficulties (discussed below) this part of the study was not included in the final PhD
thesis.
Follistatin Injection.
Follistatin (FST) is a well characterised activin binding protein (Cipriano et al., 2000),
see chapter 3 for further details. Work conducted by Gold and co-workers in prostate
cell line showed that activin C and Follistatin might have a synergistic effect, in fact
when used together they increased the activin-A effect of 20% more compared to the
use of actvin-C or FST alone (Gold et al., 2009). Therefore, the aim of this part of the
project was to evaluate if activin-C and FST would reduce the onset of gonadal tumours
and/or cancer-associated cachexia acting in a synergistic manner. The study also wanted
to clarify if overexpression of activin-C could represent a better therapeutic strategy to
rescue the tumour phenotype and cancer-associated cachexia in the α-KO mice
compared to FST administration.
To address these 2 experimental points, WT (n= 8), α-KO (n = 4), ActC++ (n = 8) and
α-KO /ActC++ (n =4) female and male mice were allocated into either control or FST
treated groups. Treated animals received 0.5 µg per mouse of Recombinant Human
Follistatin (Peprotech Catalogue # 120-13) in PBS once two times per week from 4
weeks of age, via sub cutaneous injection, up to 16 weeks of age, when animals
survived (Zhang et al., 2004, Zhang et al., 2009).
Injections were performed between 8 am and 11 am each day. Control mice received an
identical volume of saline only.
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After treatment, western blot for muscle atrophy-related factors Atrogin-1 and MuRF1
was conducted. Serum levels of Follistatin were also assessed using 0.5 µl of serum
from 4 animals per group, electrophoresed on a 12% SDS-PAGE acrylamide gels and
probed with primary and secondary antibodies following exactly the same protocol
reported in chapter 5. Histological assessment of the gastrocnemius and tissue weights
(testes and ovaries) together with survival analysis, were also conducted in the same
cohort of animals.
The initial experimental plan was based on FST injection via intra peritoneal (I.P)
administration. However, the veterinarian office suggested administering FST via sub
cutaneous administration (S.C), to minimise the risk associated with the I.P injection.
A preliminary pilot study was conducted after FST S.C Injection in 3 animals per group
(WT-FST injected group versus WT-PBS control), to establish if the serum levels of
FST were raised as expected after treatment.
Animals were euthanised at 6 weeks of age (after receiving for 2 weeks FST injections
two times per week).
Preliminary results showed up regulated serum levels of FST in the injected animals
versus PBS controls.
However, at the end of the experimental protocol (16 week-old mice, upon survival),
when the serum levels of FST were assessed, no statistically significance was noted.
Additionally, results showed no statistically significant changes in both catabolic factors
and gastrocnemius cross-sectional area.
Results showed no statistically significant differences between the experimental groups
analysed.
When assessed, the circulating levels of FST in the treated animals were not different
compared with the PBS control animals.
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After consultation with the Ph.D. committee, it has been agreed to suspend this part of
the project because of the lack of time and resources necessary to inject the animals via
an I.P administration.
In vivo SUnSET and Western blot SUnSET.	
  
The WB version of SUnSET was used to detect an increase in protein synthesis in the
gastrocnemius. The SUnSET, or Surface Sensing of Translation, technique involves the
use of an anti-puromycin antibody for the detection of puromycin-labelled peptides
(Enrico K Schmidt, 2009) (Goodman, 2013). This technique allows for the detection of
changes in protein synthesis in whole-cell lysates using Western blotting. For all in vivo
measurements of protein synthesis, mice were anesthetised as previously described and
then given an I.P injection of 0.040 µmol/g puromycin (Puromycin dihydrochloride
from Streptomyces alboniger Sigma Cat. # P7255) dissolved in 100 µl of PBS or PBS
only as control (Goodman et al., 2011).
At exactly 30 min after injection, tissues were extracted and frozen in liquid nitrogen for
WB analysis conducted as previously described. Primary antibody used was AntiPuromycin [3RH11] (Kerafast EQ0001) dilution 1:1000 and secondary matched
antibody was IRDye 680LT Goat Anti-Mouse IgG1-specific dilution 1:25000 (Li-cor
Cat. # 926-68050). Densitometry measurements were performed by determining the
density of each whole lane incorporating the entire molecular weight range of
puromycin-labelled peptides (Goodman et al., 2011). Statistical analysis was conducted
as described in chapter 5 (Western Blot analysis).
The rationale behind the incorporation of this technique, in the body of work conducted
for the muscle phenotypic analysis, was based on the possibility to identify differences
in protein incorporation in the gastrocnemius of the α-KO mice versus the αKO/ActC++ counterpart.
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However, this technique didn’t perform as expected, validation of the Puromycin
antibody used within this study was not satisfactory.
In fact, non-specific bands were visualised when tissues from PBS-injected only
animals were used. Thus, indicating a non-specific binding of the primary antibody used.
The company has been contacted to clarify this technical issue. The feedback provided
suggested that the problem may be the detection system used within the current study
(Li-Cor, Infrared Technology).
Chemiluminscent detection was also used, but it didn’t improve the non-specific
binding of the primary antibody.
Therefore, this part of the study was not included in the final thesis.
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APPENDIX III a: Original pictures to chapter 3.
	
  

Figure 3.30B

	
  

270	
  

	
  

Figure 3.31

The co-Immunoprecipitation experiment was not repeated to obtain better quality
pictures because of the cost and time associated with this procedure.

	
  

271	
  

	
  

Figure 3.32
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Figure 3.33
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Figure 3.34
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APPENDIX III b: Supplemental Pictures to chapter 3.
Appendix 3.1

Positive controls for activin-A, activin-B, activin-C, follistatin, inhibin-α (Serotec),
inhibin-α (abcam), activin-receptor IIA (ActRIIA), IIB (ActRIIB), Smad-2 and
Smad-3. Human testis lysate was used as loading sample. Western blots were run using
non-reducing conditions. Western blot was conducted as previously shown (chapter 3).
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APPENDIX IV: Original pictures to chapter 4.
Figure 4.11 E and F
E
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APPENDIX V: Original pictures to chapter 5.
	
  

Figure 5.2A
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Figure 5.2A
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Figure 5.2A
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Figure 5.2B
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Figure 5.2B
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Figure 5.2B
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Figure 5.3A
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Figure 5.3A
Male Mice
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Figure 5.3B
Female Mice
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Figure 5.3B
Female Mice
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Figure 5.4 A,B
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Figure 5.4 C

Male Mice
Myostatin
Myostatin (Green channel) ab 71808
Bands: Specific (43 kDa)

GAPDH (Red Channel) abcam 9484
Bands: Specifc (38 kDa)

52 kDa
38 kDa

M

1

2

3

4

5

6

7

8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

52 kDa
38 kDa

M

1

2

3

4

5

6

7

8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

52 kDa
38 kDa

M

1 2 3 4

5

6

7 8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

	
  

288	
  

	
  

Figure 5.4 D
Female Mice
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Figure 5.5 A (Smad2)
Male Mice
Smad-2
smad2 (Green channel) abcam 47083
Bands: Specific (57 kDa)
Non-specific: (24 kDa)

GAPDH (Red Channel) abcam 9484
Bands: Specifc (38 kDa)

52 kDa
38 kDa
31 kDa
24kDa

M1

2

3

4

5

6

7

8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

52 kDa
38 kDa
31 kDa
24kDa

M

1

2

3

4

5

6

7

8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

52 kDa
38 kDa
31 kDa
24 kDa

M 1 2

3

4

5 6 7 8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

	
  

290	
  

	
  

Figure 5.5 A (p-Smad2)
Male Mice
pSmad-2
p-Smad2 (Green channel) abcam 53100
Bands: Specific (58 kDa)
Non-specific: (38 kDa, 70 kDa)

GAPDH (Red Channel) abcam 9484
Bands: Specifc (38 kDa)

76 kDa
52 kDa
38 kDa

1

2

3

4

5

6

7

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

76 kDa
52 kDa
38 kDa

M 1

2

3

4

5

6

7

8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

76 kDa
52 kDa
38 kDa

M 1 2

3

4

5

6 7 8

M= Marker (Full-range Amersham Rainbow Marker RPN 800E

	
  

291	
  

	
  

Figure 5.5 B (Smad2)
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Figure 5.5 B (p-Smad2)
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Figure 5.5 C (Smad3)
Male Mice
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Figure 5.5 C (p-Smad3)
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Figure 5.5 D (Smad3)
Female Mice
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Figure 5.5 D (p-Smad3)
Female Mice
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APPENDIX VII: Papers published during PhD Candidature.
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abstract: The biological function of the inhibin-a subunit (INHA) in gonadal tumorigenesis is different in humans compared with mouse.
The INHA subunit is up-regulated in most human ovarian and testicular cancers but knock-out studies in mice showed the INHA subunit is a
tumour suppressor with gonadal and adrenal speciﬁcity. The INHA subunit is a component of the inhibin/activin signalling pathway, which includes
activin receptors ActRIIA/IIB and intracellular Smads-2/3. To resolve the incongruity in function in humans versus mouse, we re-evaluated the
inhibin/activin pathway in human gonadal and adrenal cancers using contemporary protein and mRNA expression data for multiple pathway components rather than INHA alone. We used an INHA antibody raised against the N-terminal domain to compare immunoreactivity with the more
commonly used antibody raised against the C-terminal domain. This study also described, for the ﬁrst time, a comprehensive protein expression
proﬁle of activin-bC in reproductive and adrenal cancers, and its effect on a human granulosa cell line, providing evidence for a role in ovarian, testis
and adrenal tumour biology. Our data show reduced INHA expression at both protein and mRNA levels, and increased activin signalling in human
testicular, ovarian and malignant versus benign forms of adrenal cancer. We also found that activin-C acts as an activin-A antagonist by binding to
activin receptor subunits IIA and IIB and modulating the canonical Smad pathway. In conclusion, analysis of the inhibin/activin signalling pathway
helps to explain discrepancies arising from studies of only one hormone or subunit and suggests that altered expression of the inhibin and activin
subunits is associated with reproductive and adrenal cancer biology.
Key words: inhibin / activins / testis / ovary / adrenal / cancer

Introduction
Activin and inhibin are dimeric glycoprotein hormones with opposing
actions on the hypothalamic–pituitary axis and gonads, like other
members of the transforming growth factor (TGF-b) superfamily, and
they exert a multitude of functions during embryogenesis, in tissue
homoeostasis and tumorigenesis. Activin is a disulphide-linked dimer of
inhibin-b subunits (bA or bB), whereas inhibin is formed as a combination
of the inhibin-a subunit with one of the b-subunits. Inhibins have largely an
endocrine role, mainly produced by the gonads inhibin acts as a negative
regulator of pituitary FSH synthesis and secretion from the anterior pituitary. Gonad speciﬁcity is evident in castrated animals where a reduction of
circulating inhibin induces a rise in serum FSH. However, inhibin also acts
locally on a number of tissues (Vale et al., 1990).
The importance of inhibin in reproductive biology has been clearly
shown in mice with homozygous deletion of the inhibin-a subunit
(INHA) (Matzuk et al., 1992). Matzuk et al. showed that the inhibin
knock-out (INHAKO) mice develop gonadal sex cord stromal
tumours within 6 weeks (granulosa cell tumours in female and Sertoli
tumours in male), causing death in males and females in 13 and 17
weeks, respectively. These tumours are aggressive with 100%

penetrance and are followed by a cachexia-like-wasting syndrome
(Matzuk et al., 1994). Gonadectomy in these mice increases life expectancy but the development of adrenal tumours occurs, causing death at 36
and 33 weeks in males and females, respectively. This evidence suggested
that the INHA gene was a tumour suppressor with gonadal and adrenal
speciﬁcity in mice.
Despite the clear role of inhibin in mice, in recent years a strong
paradox has emerged regarding its role in human cancer biology. This
is primarily due to conﬂicting studies. Some reports described
up-regulation of INHA in the tissue and serum of human ovarian
cancers, Sertoli cell tumours, adrenocortical carcinomas and placental
tumours (Cobellis et al., 2001; Risbridger et al., 2001; Robertson et al.,
2004), whereas other studies reported its down-regulation (Gurusinghe
et al., 1995; Yamashita et al., 1999). Additionally, further investigations
failed to provide evidence of loss of heterozygosity in the chromosomal
region harbouring the INHA region (Watson et al., 1997) or casual single
nucleotide polymorphisms (SNPs) in the INHA gene (Purdue et al.,
2008). Up-regulation of INHA has been reported in epithelial ovarian
cancers and previous studies aimed to clarify the source of elevated
serum inhibin in patients with ovarian cancer (Gurusinghe et al., 1995;
Arora et al., 1997; Rishi et al., 1997; Yamashita et al., 1999). Results
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Materials and Methods
Human tissue samples
Samples of ovarian, adrenal and testicular cancers with normal controls, benign
diseases and hyperplasia were purchased from US BIOMAX (microarrays ID:
OV483, OV1002, T231, TE808, AD2081). Samples were classiﬁed in categories in relation to the histopathological features of the tumour. Ovarian Cancers.
Epithelial ovarian cancer (n ¼ 35): Mucinous papillary cystoadenocarcinoma,
adenocarcinoma and serous papillary adenocarcinoma, sex cord stromal
tumour (n ¼ 30): thecoma and granulosa cell tumour, germ cell tumour
(n ¼ 35) included: yolk sac tumour, teratoma and dysgerminoma. Testicular
Cancers. Germ cell tumour: seminoma (n ¼ 34) and non-seminoma
(n ¼ 33, embryonal carcinoma, teratoma, yolk sac tumour and choriocarcinoma). Adrenal Cancers. Cancer of adrenal cortex (n ¼ 89) included: adrenocortical carcinoma and adrenocortical adenoma, cancer of the adrenal medulla

(n ¼ 63): neuroblastoma and pheochromocytoma. Each array also included
normal controls ovary (n ¼ 8), testis (n ¼ 13) and adrenal (n ¼ 16).
The antibodies used were activin-bA (H-120 Santa Cruz Biotechnology50288), activin-bB (H110 Santa Cruz Biotechnology-50287), activin-bC
(C-20 Santa Cruz Biotechnology-6888), follistatin (H-110 Santa Cruz
Biotechnology-30194), two different INHA antibodies were used to evaluate
differences in cross-reactivity within the tissues analysed, as previous reports
showed antibody-speciﬁc results (Risbridger et al., 2001): monoclonal
inhibin-a (Serotec MCA951ST) and polyclonal inhibin-a (abcam 81234),
activin receptor IIA and IIB (R&D System AF-340 and AF-339), Smad-2
(#3122 cell signalling) and Smad-3 (51 – 1500 Invitrogen). Immunohistochemistry was performed after microwave antigen retrieval (1000 Watts
for 14 min) in buffers as follows: inhibin-alpha, activin Receptor IIA and IIB,
smad-2 (10 mM Sodium Citrate Buffer pH 6.0), activin-bA, activin-bB,
activin-bC, follistatin and Smad-3 (10 mM glycine buffer pH 4.5). After
cooling, slides were washed three times in phosphate-buffered saline (PBS)
and endogenous peroxidase activity was quenched by using the peroxidaseblocking solution (Dako Real S2023). Sections were treated with CAS
blocking reagent (Invitrogen 00-8120). All the antibodies, except for the
activin receptor IIA and IIB antibodies (detected using the secondary polyclonal rabbit anti-goat immunoglobulin-HRP Dako P0160) were detected
with DAKO Real EnVision Detection System (DAKO K5007). Negative controls included secondary antibodies only or immunoglobulin matched to the
primary antibody. To assess the speciﬁcity of the antibodies, evaluation of the
staining was performed using appropriate positive controls and western blots
were undertaken.

Immunohistochemical evaluation
The intensity and distribution patterns of staining were evaluated by two
blinded, independent experienced observers, using a semi-quantitative,
immunoreactive score (IRS) (Remmele and Stegner, 1987). The IRS was calculated by multiplication of the optical staining intensity (graded as 0 ¼ no,
1 ¼ weak, 2 ¼ moderate and 3 ¼ strong staining) and the percentage of
positively stained cells (0 ¼ no staining, 1 ¼ ,10% of the cells, 2 ¼ 11 –
50% of the cells, 3 ¼ 51 – 80% of the cells and 4 ¼ .81% of the cells).
Nuclear localization of smad-2/3 was estimated based on a method that
allowed an unbiased semi-quantiﬁcation of the percentage of positive cells.
Random ﬁelds were systematically selected using the Spot software,
version 3.5.4 (Spot Imaging Solution) and sampling was conducted using an
unbiased 10 × 10 cm counting frame. Frame counting was performed on
sections uniformly spaced throughout the tissue, 150 frames and 100× magniﬁcation, with an average of 1000 cells counted per section using ImageJ
(Gold et al., 2005).

Ovarian metastatic granulosa cell line
COV434
The COV434 cell line derived from a metastatic granulosa cell tumour
obtained from a 27-year-old female (Zhang et al., 2000) was purchased
from Sigma-Aldrich and tested to exclude mycoplasma contamination.
These cells retain the morphological appearance of luteinized granulosa
cells and are gonadotrophin responsive. COV434 cells were cultured in Dulbecco’s modiﬁed eagle Medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS) and 1% antibiotic/antimycotic (Invitrogen,
Australia) in 75-cm2 culture ﬂasks at 378C in a humidiﬁed atmosphere of
5% CO2 in air. To determine the effect of activins A (cat #338-AC-010
R&D), B (cat #659-AB-005 R&D), C [produced using Chinese hamster
ovary cells stably transfected with full-length human activin-bc (Gold et al.,
2009)] and follistatin (cat #4889-FN-025 R&D), on cell viability, three independent growth assays were performed. COV434 cells were plated at a
density of 10 000 cells/well in DMEM-5% FBS for 24 h and allowed to
attach. Medium was replaced with DMEM-2% FBS containing follistatin
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from these studies led to further discrepancies with some ﬁndings, suggesting that no INHA was detected in serous epithelial ovarian cancers
(Gurusinghe et al., 1995; Yamashita et al., 1999), with other ﬁndings, suggesting the opposite (Arora et al., 1997; Rishi et al., 1997) and with the
more recent study, suggesting that the stromal compartment of the
tumour is the only source of INHA in this speciﬁc subset of cancers
(Zheng et al., 2000).
Ball et al. (2004) in order to resolve the INHA dilemma in cancer
biology proposed the hypothesis regarding the INHA gene that, like
TGF-b1, it may have a dual role in carcinogenesis as both a tumour
suppressor and pro-metastatic factor. Despite signiﬁcant research
efforts and clinical studies, conﬂicting data made it difﬁcult to reconcile
the demonstration of INHA as a tumour suppressor in mice versus an
up-regulation in similar human cancers leading to considerable debate
about the role of the INHA subunit in human gonadal and adrenal
tumorigenesis.
Activins and inhibins are mutually antagonistic regulators of reproductive and other organs, and their temporal expression is a biological event
of pivotal importance for normal cellular biology. The majority of studies
conducted in the last decade exploring the role of inhibins and activins
were based on the analysis of only one hormone or subunit, representing
a considerable limitation to the understanding of the intricate relationship
between inhibins, activins and their effect both in vitro and in vivo. A novel
approach including the analysis of multi-pathway expression both at the
mRNA and protein levels was therefore warranted.
Accordingly, the ﬁrst part of this study was designed to investigate the
inhibin/activin signalling pathway in human tissues. We re-evaluated the
protein expression of INHA and components of the inhibin/activin signalling pathway including activin receptors ActRIIA/IIB, the activin antagonists: follistatin and activin-bC, and intracellular effectors Smads-2/3 as
well as the non-canonical extracellular signal-regulated kinase 1/2 (ERK)
signalling pathway. The mRNA expression proﬁle of INHA was also investigated using the Oncomine database.
Considering the recent focus on the importance of the INHA
N-terminal domain (Zhu et al., 2012), we used an INHA antibody
raised against this domain to compare immunoreactivity with the more
commonly used antibodies raised against the C-terminal domain. The
second part of this study was focused on the effect of activins on the
human COV434 granulosa cell line, clarifying the mechanism of action
of activin C.
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(200, 400 ng/ml) or activin-C (100 ng/ml), buffer or empty vector controls.
After 4 – 6 h, 10 ng/ml of activin A, activin B or buffer control were added and
incubated for a total of 72 h. Cell viability was measured with the CellTiter96
Aqueous Assay (Promega). All experiments were conducted between
passage numbers 12 and 20.

co-Immunoprecipitation and Western
blotting

In-Cell Western assay
The in-cell western (ICW) assay was performed to analyse signalling effectors
in response to pathway stimulation (Coevoets et al., 2009). We investigated
potential cross talk between the Smad pathway (p-Smad-2/Smad-2,
p-Smad-3/Smad-3 and Smad-4) and the non-Smad pathway p-ERK1-2/
ERK1-2 to compare the effect of activin A and C on the downstream signalling
in COV434 cell line. COV434 cells were plated as described above for 24 h
and allowed to attach. After 24 h, medium was replaced with DMEM-2% FBS
containing activin C (100 ng/ml). After 4– 6 h, 10 ng/ml of activin A or buffer
control were added and incubated for a total of 24 h. After 24 h, cells were
ﬁxed with 4% paraformaldehyde in PBS for 10 min at room temperature.
Cells were then permeabilized using 70% ethanol and 0.1% Triton X-100
in PBS. After permeabilization 30 ml of blocking solution (Odyssey Blocking
Buffer Licor # 927-40000) was added to each well and cells were incubated
for 1 h at room temperature with gentle shaking. After an hour, the blocking
solution was removed and diluted primary antibodies were added to each
well (Smad-2 abcam # 47083, p-Smad2 abcam # 53100, Smad-3 abcam #
40854, p-Smad3 abcam 51451, p-ERK 1/2 abcam # 47339, ERK 1/2 cell signalling # 4695 and Smad-4 cell signalling # 9515) except for the negative
control wells (all the antibodies used were tested for speciﬁcity and validated
by western blots). After an overnight incubation at 48C, secondary antibodies
were added (Li-Cor # 926-32211, # 32350). DRAQ5 (abcam # 108410)
was used to normalize for differences in cell number in each well. Secondary
antibodies were detected at 800 nm and DRAQ5 at 700 nm. Plates were
scanned using the Odyssey Li-Cor Infrared Imaging System (Li-Cor) and

RT– PCR analysis
Total RNA was extracted from mouse testis, ovary and COV434 cell pellet
using Trizol and the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Reverse transcription was performed using the Superscript III
reverse transcriptase (Life Technologies). INHA mRNA expression was analysed with primers that ampliﬁed mouse and human mRNA. b-actin (mousespeciﬁc primers) and b2 microglobulin (human-speciﬁc primers) were used as
housekeeping genes for block PCR. Mouse testis and ovary were used as
positive controls. Primers sequences (all 5′ –3′ ) were designed using PrimerBLAST: INHA, forward: CGCCCCTGCTAGATCTTCTG, reverse: CAAA
AACAGGGGCTGAACCG; b-actin, forward GCCTTCCTTCTTGGGTA
TGG, reverse: CAGCTCAGTAACAGTCCGCC; b2 microglobulin, forward
CCGTGTGAACCATGTGACTT, reverse: CAAACATGGAGACAGCAC
TC. The PCR programme was 948C for 5 min; 35 cycles of 30 s at 948C,
30 s at 588C and 30 s at 728C; 728C for 7 min. All PCR products were run
on 1.5% (w/v) agarose gels.

Oncomine database interrogation
The Oncomine cancer microarray database was used to analyse INHA
mRNA expression proﬁles (Rhodes et al., 2004). Differential INHA mRNA
expression was investigated in cancer tissues versus normal controls (ﬁltering
criteria) or across cancer subsets (ﬁltering criteria). A gene centric analysis
with graphical representation of the microarray data was exported from
OncomineTM (Compendia Bioscience, Ann Arbor, MI, USA). The following
datasets were used: Korkola Seminoma (Korkola et al., 2006), Hendrix
Ovarian (Hendrix et al., 2006), Bittner Ovarian (GSE2109) and Giordano
adrenal (Giordano et al., 2003).

Statistical analysis
The IRS for each tissue was treated as ranked data and analysed with Mann–
Whitney U-test for two independent groups using the IBM SPSS 20 statistic
software; fold change was calculated based on the mean IRS of disease
versus normal control. Percentage positive Smad-2/3 nuclei and ICW
results were analysed with Student’s t-test (GraphPad Prism version 5).
Cell proliferation assays were analysed using ANOVA with Tukey’s post
hoc test. Signiﬁcant differences were assumed at P ≤ 0.05.

RESULTS
Activin-bC expression in human ovarian,
adrenal and testicular cancer
Within the ovarian cancer specimens activin-bC expression was conﬁned to the epithelial cells and papillary structures of the tumour (epithelial cancers), to the germ cells characteristic of the tumour (granulosa cell
tumours), to the connective tissue and cytoplasm of the theca cells
(thecoma cell tumours) and to the cystic structures characteristic of
the germ cell tumours; in normal ovarian controls staining in primordial
follicles and stromal areas was also recorded (Supplementary data, Figs
S1A and S2). Within the testicular specimens activin-bC was conﬁned
to primary spermatocytes and spermatogonia in a limited number of
samples (n ¼ 8, seminoma samples); within the morphologically heterogeneous non-seminoma cancers immunostaining was detected in the
solid sheets of large undifferentiated cells (embryonal carcinoma and
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The Pierce Co-Immunoprecipitation (co-IP) Kit (cat #26149 Thermo Scientiﬁc) was used according to the manufacturer’s instructions. Brieﬂy, two
columns were used: one containing the activated AminoLink Plus Coupling
resin and the other containing the agarose control (cross-linked 4%
beaded agarose) as a negative control. Thirty micrograms of afﬁnity-puriﬁed
antibody (Inhibin b-C C-20 cat # sc-6888 Santa Cruz Biotechnology, Inc.)
was used for antibody immobilization. COV434 were seeded as previously
described and when 70% conﬂuence was achieved medium was replaced
with DMEM-2% FBS containing 100 ng/ml of activin C for 24 h. After 24 h
the cell suspension was centrifuged at 1000g for 5 min to pellet the cells.
After 2 washes in cold PBS, ice-cold IP Lysis/Wash Buffer, provided with
the kit, was used for protein extraction. The lysate was incubated on ice
for 5 min with periodic mixing and protein concentration determined as previously described. A total of 1 mg/ml of protein was used to perform the
co-IP elution step and the resulting pull-down washes were evaluated to
exclude protein content in the ﬁnal wash solution. The ﬂow-through was analysed for protein content and samples were prepared for the sodium dodecyl
sulphate polyacrylamide gel electrophoresis analysis. Brieﬂy, 5× sample
buffer was added to samples to a 1 × ﬁnal concentration. Samples were
heated at 95 – 1008C and applied to a 12% polyacrylamide gel, run in denaturing conditions, and blots incubated using antibodies raised against the activin
receptors IIA (human activin RII A cat # AF340 R&D), IIB (human activin RIIB
cat # AF340 R&D) and activin C (Inhibin b-C C-20 cat # sc-6888 Santa Cruz
Biotechnology, Inc.). IRDye 800CW Donkey Anti-Goat IgG, H+L dilution
1:15 000 (Li-cor cat # 926-32211) was used as a secondary antibody. Blots
containing positive controls with receptors only or activin C were used to
demonstrate antibody capture speciﬁcity.

signal intensities quantiﬁed using the Odyssey application software (version
3.0). All values were adjusted for background using the Odyssey application
software.
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yolk sac tumour) and in the tubular and papillary structures of the
tumours (embryonal carcinoma).
In normal testicular tissues activin-bC staining was also conﬁned to the
germ cells: round spermatids and spermatogonia, with less staining in
interstitial cells (Supplementary data, Figs S1B and S3).
Staining within the adrenocortical carcinoma was predominately concentrated in the connective tissue with less staining in malignant cells. The
area stained in the pheochromocytoma was the medulla, whereas the
staining was extended to the cells aggregated in the rosette shape features characteristic of the neuroblastoma cancers. Within the normal
adrenal tissue activin-bC staining was mainly distributed in the intranuclear spaces with minimal extension to the nuclei (Supplementary
data, Figs S1C and S4).
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adrenocortical carcinoma and pheochromocytoma. Activin-bB subunit
staining was decreased in neuroblastoma and adrenocortical adenoma.
Staining for INHA (with no difference of staining recorded using monoclonal versus polyclonal inhibin-a antibodies) subunit was increased
in adrenocortical adenoma, adrenocortical hyperplasia and normal
tissue adjacent to the cancer (Supplementary data, Fig. S8). Follistatin
immunostaining was reduced in both adrenocortical carcinoma and
neuroblastoma (Table IC).

Effects of activins on the human COV434
granulosa cell line and INHA expression

Testis

Activin C binds to activin receptors IIA and IIB

Positive immunostaining for activin-bA, activin-bB, activin-bC, INHA
subunit, follistatin, ActRIIA/ActRIIB, Smad-2/3 was detectable in all
the specimens analysed. The immunostaining for activin-bA and
activin-bC was increased in seminoma and non-seminoma specimens.
A decrease in the INHA subunit staining (with no difference of staining
recorded using the monoclonal versus polyclonal INHA antibodies)
was detected in all the cancer tissues (Supplementary data, Fig. S7).
The number of positive cell nuclei stained with smad-2/smad-3 antibodies was signiﬁcantly increased in seminoma and non-seminoma
cancers (Table IB).
Despite an increase in the antagonists activin-bC (increased in all
ovarian and testicular cancer analysed except for the thecoma cell
tumour) and follistatin, the activin signalling cascade was activated as
shown by the increase in the number of positive cell nuclei stained with
Smad-2/3. However, the IRS represents an overall tissue staining assessment; therefore, based on data published by our group (Gold et al., 2013),
where over-expression of activin-bC modulated Sertoli and granulosa cell
tumours in mice, we assessed the activin-bC/activin-bA expression ratio
where the two subunits were co-expressed in the same cell type, and as
expected a negative correlation between these two variables was
evident [r ¼ 20.7075, P , 0.0001 (Fig. 1G); r ¼ 20.7324, P , 0.0001
(Fig. 1H)] with activin-bC antagonizing activin-bA signalling as indicated
by a reduction in Smad-2 positive nuclei (Fig. 1).

When COV434 cells were incubated with activin C and ﬂow-through
analysed for protein content, results showed that the activin receptor
IIA (ActRIIA) directly interacted with activin C (activin receptor IIA can
be visualized at 58 kDa and activin C at 38 kDa (pre-protein) and
17 KDa (reduced form of the protein). A similar interaction between
activin C and the activin receptor IIB (ActRIIB) was also observed. Flowthrough from negative control and positive control for ActRIIA/IIB and
activin C conﬁrmed speciﬁcity of the antibodies used (Fig. 3).

Immunoreactive score
Ovary

Adrenal
Positive immunostaining for activin-bA, activin-bB, activin-bC, INHA
subunit, follistatin, ActRIIA/ActRIIB and smad-2/3 was detectable
in all the specimens analysed. Activin-bA subunit was increased in

Effect of activin C on downstream signalling
Increased Smad-2 (P , 0.0001 versus media control) phosphorylation
was evident in COV434 cells treated with activin A versus media
control, with no effect on Smad-3, ERK 1/2 phosphorylation or total
Smad-4 (Fig. 4A and B). Treatment with activin C alone did not affect
any of the analysed pathways (Fig. 5A and B). Pretreatment of COV434
cells with activin C followed by activin A abolished the activin A mediated
Smad-2 phosphorylation and also reduced Smad-3 phosphorylation
(P , 0.001) (Fig. 6A and B).

Oncomine database
Oncomine interrogation for the Hendrix ovarian cancer database
showed that INHA is down-regulated in ovarian epithelial samples relative to normal controls (Fig. 7A). Next, we looked at INHA expression in
a variety of ovarian cancer subsets available on the Bittner ovarian database where the expression was analysed among the different subtypes of
cancer and the majority of cancers showed a down-regulation of INHA
expression except for a cohort of borderline ovarian mucinous tumours
and malignant ovarian granulosa cell tumours (Fig. 7B). Interrogation of
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Positive immunostaining for activin-bA, activin-bB, activin-bC, follistatin,
ActRIIA/ActRIIB and Smad-2/3 was apparent in all the specimens analysed. Inhibin-a subunit was not detected in all specimens, including
normal tissue controls, using the monoclonal INHA antibody (Supplementary data, Fig. S5); however, staining with the polyclonal INHA antibody
was evident in all the specimens analysed, with less staining in the cancer
tissues versus normal control (Supplementary data, Fig. S6). The immunostaining for activin-bA and activin-bC (except for the thecoma cell
tumour) was increased in all ovarian cancers. ActRIIA immunoreactivity
was increased in thecoma and granulosa cell tumours (Table IA).

Activin-A (10 ng/ml) and activin-B (10 ng/ml) increased COV434 cell
number by 18% (activin-A P , 0.01 versus media control) and 22%
(activin-B P , 0.01 versus media control), whereas activin-C (100 mg/
ml) alone reduced cell number by 33% (P , 0.0001 versus media
control). Activin-A in the presence of follistatin (400 ng/ml) or activin-C
(100 ng/ml) did not increase cell number; cell viability was reduced by
24% (P , 0.0001 follistatin versus activin A) and 41% (P , 0.0001
activin C versus activin A), respectively. Similarly, activin B in the presence
of follistatin (200 ng/ml) or activin C (100 mg/ml) reduced cell viability
by 21% (P , 0.01 follistatin versus activin A) and 52% (P , 0.0001 activin
C versus activin B), respectively; indicating that both activin C and follistatin antagonized the growth-promoting effect of activin A and B in the
COV434 cell line (Fig. 2A). RT– PCR analysis revealed no expression
of INHA mRNA in the COV434 cancer cell line, whereas positive
expression was revealed as expected in mouse testis and ovary (Fig. 2B).

Activin-bA

Activin-bB

Activin-bC

Inhibin-a Serotec

Inhibin-a AbCam

Follistatin

ActRIIA

ActRIIB

Smad-2

Smad-3

..........................................................................................................................................................................................................................................................
A
Epithelial ovarian cancer, n ¼ 35

+3.07***

21.56*

+3.18***

Not detected

22.41***

ns

ns

ns

+2.75**

ns

Granulosa cell tumour, n ¼ 15

+3.50***

+2.77*

ns

Not detected

22.53 ***

+2.67***

+2.65***

ns

+1.85*

ns

Thecoma cell tumour, n ¼ 15

+1.44*

ns

+1.84*

Not detected

22.76***

ns

+1.8*

ns

+2.31**

ns

Germ cell tumour, n ¼ 35

+5.05***

ns

+3.34***

Not detected

24.05***

ns

ns

ns

+2.71**

ns

Inhibin-a and activins in reproductive and adrenal cancers

Table I IRSs for immunohistochemical evaluation of the activin/inhibin signalling pathway in human ovarian, testicular and adrenal tissues.

B
Seminoma, n ¼ 34

+4.36***

ns

+2.28***

21.83***

21.83***

ns

ns

ns

+3.46**

+2.66***

Non-seminoma, n ¼ 33

+4.19***

ns

+1.53*

1.82***

21.82***

ns

ns

ns

+2.91*

+2.59***

Adrenocortical carcinoma, n ¼ 13

+1.59*

ns

ns

ns

ns

21.52*

ns

ns

ns

ns

Neuroblastoma, n ¼ 6

ns

21.94*

ns

ns

ns

21.88*

ns

ns

ns

ns

Pheochromocitoma, n ¼ 57

+1.64*

ns

ns

ns

ns

ns

ns

ns

ns

ns

C

Adrenocortical adenomas, n ¼ 76

ns

21.30*

ns

+1.83***

+1.83***

ns

ns

ns

ns

ns

Hyperplasia, n ¼ 8

ns

ns

ns

+1.68***

+1.68***

ns

ns

ns

ns

ns

Cancer adjacent normal tissue, n ¼ 13

ns

ns

ns

+1.64*

+1.64*

ns

ns

ns

ns

ns

Fold difference (shown in table) calculated on the mean IRS or percentage of positive cells (Smad-2 and Smad-3) of the disease ovary (A), testis (B) and adrenal (C) was compared with the normal controls: ovary (n ¼ 8), testis (n ¼ 13) and adrenal
(n ¼ 16). ActRIIA: activin receptor IIA, ActRIIB: activin receptor IIB. The IRS for each tissue was treated as ranked data and analyzed with Mann –Whitney U-test for two independent groups.
*P value , 0.05, **,0.01, ***,0.001.
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Figure 1 Activin subunit immunoreactivity and activin signalling is increased in human ovarian and testicular human cancers. IRS for activin-bA (A) subunit
and activin-bC (B) subunit in ovarian cancers versus normal tissue. EC indicates epithelial ovarian cancer, n ¼ 35, GCT indicates granulosa cell tumour
n ¼ 15, GC indicates germ cell tumour, n ¼ 35, TC indicates thecoma tumour, n ¼ 15. (C) IRS for activin-bA subunit and (D) activin-bC subunit in testicular cancers versus normal tissue. SGCT indicates seminoma germ cell tumours, n ¼ 48, NSGCT indicates non-germ cell seminoma tumours, n ¼ 19.
(E) Smad-2-positive nuclei in ovarian cancers and (F) testicular cancers. Correlation between Smad-2 and Activin C/A ratio in ovary (G) and testis (H).
Data were analyzed using analysis of variance (ANOVA). Values are mean + SEM. ns ¼ P . 0.05, *P , 0.05, **P , 0.01, ***P , 0.001.

the Korkola testicular seminoma database showed a signiﬁcant downregulation of INHA expression in all the cancers analysed compared
with normal controls (Fig. 8). Interrogation of the Giordano adrenal

database showed comparable INHA expression between adrenal
cortical adenoma, carcinoma and hyperplasia versus normal control
(Fig. 9).

Inhibin-a and activins in reproductive and adrenal cancers
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Figure 3 Activin C binds to activin receptor IIA and IIB in vitro.

proﬁle in human ovaries, testis and adrenals and the effect of recombinant activin C in vitro on a human granulosa cell line.

Inhibin-a in ovarian, testicular and adrenal
cancer

Figure 2 Effects of activins and antagonists in vitro in the human
ovarian COV434 cell line. COV434 cell viability after treatment with
activins and antagonists (A). Percentage change in cell number was calculated relative to media control. Results are mean + SD from replicates of six in three independent experiments. Groups were
compared using ANOVA followed by Tukey’s post hoc correction.
ns ¼ P . 0.05; *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001. (B) RT– PCR
analysis revealed no detectable inhibin alpha (INHA) mRNA in the
COV434 cancer cell line and positive mRNA expression in mouse
testis and ovary.

Discussion
Although INHA acts as a tumour suppressor in mice, discrepant results
from the human studies have emerged creating a dilemma in the understanding of inhibin/activin signalling in human cancer biology. Therefore,
a study to clarify the expression of INHA, activins and the signalling
cascade in human cancers was warranted.
Our data showed reduced INHA protein and mRNA expression in the
majority of human gonadal cancers and malignant forms of adrenal
cancers. Our investigation, integrating protein and mRNA data with
the use of two INHA antibodies raised against the C and N-terminal
domain, showed the advantage derived from a full comprehensive
pathway analysis compared with single molecule studies to elucidate
the function of INHA/activin(s) in cancer biology. Additionally, within
this study we described for the ﬁrst time the activin-bC expression

Re-evaluation of INHA in ovarian specimens showed reduced protein
expression in cancers versus normal tissues. Reduced INHA mRNA
expression was also evident in patients with epithelial ovarian cancers
versus normal control (Hendrix Ovarian database). Interrogation of
the Bittner database for the INHA expression proﬁle revealed elevated
mRNA levels in a cohort of patients with borderline ovarian mucinous
tumours and malignant granulosa cell tumours. This is likely due to the
patients age, in fact when a dataset ﬁlter was used for the interrogation
(dataset detail: grouped by age) the mRNA expression proﬁle levels
were elevated in the cohort of patients (age 30 –40 years; n ¼ 10) compared with the cohort of post-menopausal women (age 40–50 years;
n ¼ 35 and 50 –60 years n ¼ 67). It is in fact known that the inhibin expression proﬁle in post-menopausal women greatly reduced compared
with younger women (Healy et al., 1993) and this was also evident in this
study. Within the same subsets of cancers, our study noted reduced
INHA protein levels in the cohort of patients (age 49.67 years + 3.60;
n ¼ 15) versus controls (age 21.50 years + 2.96; n ¼ 8). The difference
in age between the disease and control group could represent a contributing factor to the difference in these ﬁndings.
Discrepant results within our study using a polyclonal antibody generated against the synthetic peptide corresponding to a region within N terminal amino acids 109–158 of human INHA (NP_002182) and a
monoclonal antibody generated against the synthetic peptide composed
of amino acids 1–32 of human INHA represents an important problem
to consider when assessing INHA expression in the ovary and may
explain discrepancies from previous studies. Recent work suggested
the importance of the INHA N-terminal region regarding its ability to antagonize activin function and FSH production (Zhu et al., 2012). Therefore, evaluation of human INHA subunit in cancers using an antibody
produced against the N-terminal is likely to be more useful and indicative
of INHA activity in particular activin/FSH antagonism, which has been
shown to be associated with gonadal cancer development and
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Western blot of co-immunoprecipitation ﬂow-through demonstrated
that activin C interacted with activin receptors IIA and IIB directly.
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Figure 4 Effects of activin-A on the Smad and ERK1/2 pathway. Ninety-six well microplates were loaded with COV434 cells seeded at a density of 20 000
cells/well and treated with activin-A for 24 h. Signal from p-Smad-/Smad2, p-Smad-3/Smad3, p-ERK 1-2/ERK1-2 and Smad-4 appear as green ﬂuorophores, 800 nm. Signal from cell dyes (cell number normalization) appears as red ﬂuorophores, 700 nm (A). Quantiﬁcation of signals (K. Counts Integrated
Intensity) are shown in (A). Normalized values are expressed as relative intensities (800 nm channel/700 nm channel). Groups were compared using the
Students’s t-test. Results are mean + SD from replicates of 4; ns ¼ P . 0.05; *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001 (B).

progression (Coerver et al., 1996). Findings from our study agree with
previous reports assessing INHA protein expression and using antibodies raised against the amino terminus domain of the INHA subunit
(Gurusinghe et al., 1995; Yamashita et al., 1999) but differ from those
using a C-terminal antibody (Arora et al., 1997; Zheng et al., 1997 ).

The role of INHA in human testicular cancer is unclear. Studies aimed
to investigate SNPs in inhibin and activin pathway genes failed to provide
any evidence of causal SNPs (Purdue et al., 2008). Some reports
described strong INHA expression in testicular germ cell tumours
(Cobellis et al., 2001; Taniyama et al., 2001) but Dias et al. (2009)
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Figure 5 Effects of activin-C on the Smad and ERK1/2 pathway. Ninety-six-well microplates were loaded with COV434 cells seeded at a density of
20 000 cells/well and treated with activin C for 24 h (A). Refer to Fig. 4 for experimental details. Results are mean + SD from replicates of 4;
*P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001 (B).

described reduced INHA protein expression in a limited number of
seminoma and non-seminoma samples using an antibody raised against
the C terminal domain. Within our study the levels of INHA were low
in seminoma and non-seminoma cancers compared with normal testis
controls and in the INHA mRNA expression proﬁle reported in the
Oncomine Korkola seminoma database.
There have been very few published reports concerning the expression of INHA in human adrenal tumours. One study showed that
INHA was among the genes which had discriminatingly low expression
in adrenocortical carcinomas compared with adenomas proposing

INHA as a suitable immunohistochemical marker in the histological
evaluation for the differentiation from non-adrenocortical tumours,
such as pheochromocytomas or renal cell carcinomas (Cho and Ahn,
2001). Our data indicated no signiﬁcant changes in INHA expression
in adrenocortical adenomas, neuroblastoma and pheochromocitoma
but up-regulation in adrenocortical carcinoma agreed with the results
previously reported in micro-array studies of human adrenocortical
tumours (de Fraipont et al., 2005). INHA mRNA expression in the
cancer subsets analysed versus normal tissue in the Giordano adrenal
database showed no signiﬁcant changes between adrenocortical
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Figure 6 Effects of activin-C and activin-A on the Smad and ERK1/2 pathway. Ninety-six-well microplates were loaded with COV434 cells seeded at a
density of 20 000 cells/well and pre-treated with activin C for 6 h and then treated with activin A for 24 h (A). Refer to Figure 4 for experimental details.
Results are mean + SD from replicates of 4; ns ¼ P . 0.05; *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001 (B).

adenoma, carcinoma and hyperplasia; however, the number of samples
analysed in this database was very limited due to the rarity of these
tumours.
Additionally, INHA mRNA expression conducted in the human
COV434 cell line revealed no INHA expression consistent with the
hypothesis of INHA being down-regulated in advanced stages of
ovarian cancer.
In summary, our ﬁndings indicate that INHA expression is reduced in
the majority of human gonadal and malignant adrenal cancers leading to
unopposed activin expression and signalling.

Activins in ovarian, testicular and adrenal
cancers
Inhibin and activin have an intricate relationship in human cancer biology
and elevated activins are evident in ovarian granulosa cells, follicular ﬂuid
(DePaolo et al., 1991), Sertoli and Leydig cells (Anderson et al., 1998).
Activin-bA and bB subunit mRNA and protein have been detected in
germ cell tumours, granulosa cell tumours, sex cord tumours, Sertoli
cell and Leydig cells tumours (Roberts et al., 1993; Anderson et al.,
1998). This study found increased levels of activin-bA in all the ovarian
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and testicular cancers analysed, while activin-bB subunit expression was
increased in thecoma cell tumours only and down-regulated in epithelial
ovarian cancers. These data conﬁrm previous reports describing high
secretion of activin-bA in ovarian and testicular cancers (LambertMesserlian et al, 1999; Cobellis et al., 2004). Using the COV434 granulosa cancer cell line we showed that activin-bA and activin-bB are
growth promoting, demonstrating the importance of activins in human
granulosa cell tumours.
Hoﬂand et al. (2006) reported decreased levels of activin-bA subunit in
adrenocortical carcinoma compared with normal and hyperplastic adrenal
cortex. However, our assessment showed increased expression in

adrenocortical carcinoma and pheochromocitoma and decreased expression of activin-bB in neuroblastoma and adrenocortical adenoma versus
normal tissue.
Our results therefore validated the importance of activins in all the
subsets of cancers analysed, supporting the hypothesis that these
tumours secrete high levels of activin. Heterodimerization of the
INHA subunit with the activin-b subunits decreases the level of
homodimeric activins; therefore, reduced expression of INHA in
these cancers is likely to be a major mechanism leading to increased
activins and may represent an early event, resulting in increased
proliferation.
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Figure 7 INHA mRNA expression in Hendrix (A) and Bittner (B) Ovarian database exported from the Oncomine platform. Gene centric analysis with
graphical representation of the cancer microarrays versus normal controls (A) or versus subset of cancers (B) showed: (A) 0. No value (4); 1. Ovarian Clear
Cell Adenocarcinoma (8); 2. Ovarian Endometrioid Adenocarcinoma (37); 3. Ovarian Mucinous Adenocarcinoma (13); 4. Ovarian Serous Adenocarcinoma (41). Cancer Res 2006/02/01 mRNA Human Genome U133A Array 103 Samples, 12.624 measured genes. (B) 1. Adult Type Ovarian Granulosa Cell
Tumour (1); 2. Borderline Ovarian Mixed Epithelial Neoplasm (1); 3. Borderline Ovarian Mucinous Tumour (4); 4. Borderline Ovarian Serous Surface Papillary Neoplasm (5); 5. Malignant Ovarian Granulosa Cell Tumour (2); 6. Ovarian Adenocarcinoma (13); 7. Ovarian Carcinoid Tumour (1);8. Ovarian Carcinoma (6); 9. Ovarian Clear Cell Adenocarcinoma (16); 10. Ovarian Dysgerminoma (3); 11. Ovarian Endometrioid Adenocarcinoma (29); 12. Ovarian
Mixed Epithelial Tumour (2); 13. Ovarian Mucinous Adenocarcinoma (8);14. Ovarian Mucinous Cystadenocarcinoma (1); 15. Ovarian Serous Adenocarcinoma (24); 16. Ovarian Serous Cystadenocarcinoma (9); 17. Ovarian Serous Cystadenoma (2); 18. Ovarian Serous Surface Papillary Carcinoma (106); 19.
Ovarian Sex Cord-Stromal Tumour (1); 20. Ovarian Signet Ring Cell Carcinoma (1); 21. Ovarian Teratoma (1); 22. Ovarian Transitional Cell Carcinoma (2);
23. Poorly Differentiated Ovarian Sertoli-Leydig Cell Tumour (1); 24. Undifferentiated Ovarian Carcinoma (2). Not published 2005/01/15 mRNA Human
Genome U133 Plus 2.0 Array 241 Samples, 19.574 measured genes.
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Figure 9 INHA mRNA expression in Giordano adrenal database exported from the Oncomine platform. Gene centric analysis with graphical representation of the cancer microarrays versus normal controls. 0. No value (10); 1. Adrenal Cortex Adenoma (22); 2. Adrenal Cortex Carcinoma (33). Clin cancer
Res 2009/01/15 mRNA Human Genome U133 Plus 2.0 Array, 65 Samples, 19.574 measured genes.

Follistatin and activin-bC
Both follistatin and activin C are activin A antagonists. Activin C was recently
identiﬁed as an activin A antagonist both in vitro and in vivo (Gold et al., 2009).
Some studies described more pronounced follistatin expression in ovarian
clinical conditions, such as cancer (Ren et al., 2012), endometriosis (Florio
et al., 2009) and testicular tumours (non-seminoma and spermatocytic
seminomas) (van Schaik et al., 1997), but once again a signiﬁcant discrepancy emerges from the literature with other studies describing its downregulation (Chan et al., 2009). Follistatin expression in adrenal glands has
been well described (Suzuki et al., 2004) and its analysis in a variety of
adrenal cancers showed down-regulation versus normal tissues (Hoﬂand
et al., 2006). Our histological assessment found follistatin overexpression
in thecoma cell tumours only and reduced expression in adrenocortical
carcinoma and neuroblastoma, conﬁrming data previously reported by
Hoﬂand et al. (2006).
This study is the ﬁrst description of the expression patterns of
activin-bC in human ovary, testis and adrenal (previous studies were

focused on the expression proﬁle of activin-C in rat and mouse) (Gold
et al., 2004; Lau et al., 2000; Welt et al., 1997). The presence of
activin-bC in normal ovary, testis and adrenal and altered expression
in cancers implies a role in maintenance of tissue homoeostasis.
Decreased activation of the activin signalling cascade was evident in
cells over-expressing both activin-bA and activin-bC providing evidence
of a role for activin-bC as an activin A antagonist and therefore its importance in gonadal tumours. Further evidence of activin-bC antagonism was
described in the COV434 cell line where activin C (Gold et al., 2009,
2013) had a signiﬁcant inhibitory effect on cell growth and antagonized
the growth-promoting effects of activin A and B.
In the present study, we investigated the effect of activin-A on the
canonical TGF-b/activin signalling pathways focusing on the effect
mediated by pretreatment of COV434 cell line with activin C. We also
investigated a non-canonical pathway. Of the mitogen-activated
protein kinase molecules, we investigated the effect of treatments on
the ERK 1/2 as they are expressed in the granulosa cells and have
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Figure 8 INHA mRNA expression in Korkola Seminoma database exported from the Oncomine platform. Gene centric analysis with graphical representation of the cancer microarrays versus normal controls. 0. No value (6); 1. Choriocarcinoma (2); 2. Embryonal Carcinoma, NOS (15); 3. Mixed Germ Cell
Tumour, NOS (45); 4. Seminoma, NOS (12); 5. Teratoma, NOS (16); 6. Testicular Seminoma with High Mitotic Index (1); 7. Yolk Sac Tumour, NOS (10).
Cancer Res 2006/01/15 mRNA Human Genome U133A Array, Human and genome U133B Array 107 Samples, 17.779 measured genes.
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Activin receptors and Smad-2/3
Previous reports analysing activin receptor expression in the ovary and
ovarian cell lines reported down-regulation of these receptors suggesting
a role in the pathogenesis of ovarian cancer (Ramachandran et al., 2009).
However, our study found increased ActRIIA expression in thecoma and
granulosa cell tumours, in agreement with studies conducted by Fuller
et al. (2002). Dias et al. (2009) described increased ActRIIA expression
in seminoma samples versus normal, but in our study we found no statistically signiﬁcant difference. The only study analysing activin receptor
mRNA in human adrenal cancers reported reduced expression of
ActRIIA mRNA in carcinomas compared with normal tissue (Hoﬂand
et al., 2006), whereas our study did not record any signiﬁcant differences.
However, the detection of ActRIIA and IIB in the cancers and normal
tissues reported herein indicate full potential for activin signalling in
these tissues (Hoﬂand et al., 2006).
Smad-2 and Smad-3 are important downstream effectors of the activin
receptor pathway. Enhancement of Smad-2 in ovarian cancers and
ovarian cancer cell lines suggests activin may stimulate the production
of the smad-2 protein in order to enhance its own effect in ovarian
cancers (Ito et al., 2000). Our data support this hypothesis, in fact we
recorded increased Smad-2 positive nuclei in all ovarian cancers analysed
versus normal tissues. Our assessment in seminoma and non-seminoma
cancers showed increased Smad-2 and Smad-3 positive nuclei conﬁrming
the involvement of Smad-2/3 signalling in the pathogenesis of gonadal
tumorigenesis (Li et al., 2007). To the best of our knowledge our study
represented the ﬁrst assessment of Smad-2 and Smad-3 activity in a
variety of adrenal cancers where we did not ﬁnd any statistical differences
versus normal controls.

Conclusions and future
prospective
Most of the effects of inhibin are associated with its antagonism of activin
formation and signalling (Fuller and Chu, 2004; Walton et al., 2012).

Therefore, to understand the role of inhibin in cancer biology its expression cannot be considered in isolation. Based on this study we suggest
reduced expression of INHA in gonadal and aggressive forms of
adrenal cancers led to unopposed activin expression and signalling. Additionally, these data provide compelling evidence to consider activin-bC
as a regulator of gonadal and adrenal tissue homoeostasis. This study also
demonstrates the importance of temporal expression of activin(s) and
inhibin, rather than the actions of any one component, for ﬁnal biological
outcome.

Supplementary material
Supplementary material is available at http://molehr.oxfordjournals.org/
online.
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Supplemental Figure 1
Immunostaining for activin-βC subunit in normal ovary (A), testis (B) and adrenal (C).
Insert represents pathology matched negative control.

Scale bar 100 µM, 20X

Objective.
Supplemental Figure 2
Immunostaining for activin-βC subunit in tissues from patients with epithelial ovarian
cancer (A), thecoma cancer (B), granulosa cell tumor (C), germ cell tumor (D),
normal ovarian tissue (E). Inserts represent pathology matched negative control. Scale
bar 100 µM, 20X Objective
Supplemental Figure 3
Immunostaining for activin-βC subunit in tissues from patients with seminoma (A),
non-seminoma (B), normal testicular tissue (C). Inserts represent pathology matched
negative controls. Scale bar 100 µM, 20X Objective.
Supplemental Figure 4
Immunostaining for activin-βC subunit in tissues from patients with adrenocortical
carcinoma (A), neuroblastoma (B), pheochromocitoma (C), adrenocortical adenoma
(D), adrenocortical hyperplasia (E) and normal adrenal tissue (F) . Inserts represent
pathology matched negative controls. Scale bar 100 µM, 20X Objective
Supplemental Figure 5
Immunostaining for inhibin-α subunit in tissues from patients with epithelial ovarian
cancer (A), thecoma cancer (B), granulosa cell tumor (C), germ cell tumor (D),
normal ovarian tissue (E). Inserts represent pathology matched negative controls.
Scale bar 100 µM, 20X Objective. Monoclonal inhibin-α antibody (Serotec Clone R1)
Supplemental Figure 6
Immunostaining for inhibin-α subunit in tissues from patients with epithelial ovarian
cancer (A), thecoma cancer (B), granulosa cell tumor (C), germ cell tumor (D),
normal ovarian tissue (E). Inserts represent pathology matched negative controls.
Scale bar 100 µM, 20X Objective. Polyclonal inhibin-α antibody (Abcam)

Supplemental Figure 7
Immunostaining for inhibin-α subunit in tissues from patients with seminoma (A),
non-seminoma (B), normal testicular tissue (C). Inserts represent pathology matched
negative controls. Scale bar 100 µM, 20X Objective.
Supplemental Figure 8
Immunostaining for inhibin-α subunit in tissues from patients with adrenocortical
carcinoma (A), neuroblastoma (B), pheochromocitoma (C), adrenocortical adenoma
(D), adrenocortical hyperplasia (E) and normal adrenal tissue (F) . Inserts represent
pathology matched negative controls. Scale bar 100 µM, 20X Objective.
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Members of the transforming growth factor b (TGF-b) family regulate fundamental physiological
process, such as cell growth, differentiation and apoptosis. As a result, defects in this pathway have been
linked to uncontrolled proliferation and cancer progression. Here we explore the signal transduction
mechanism of TGF-b focusing on therapeutic intervention in human diseases. Like TGF-b, another
member of the TGF-b superfamily, activin has been proven to play an important role in maintenance of
tissue homeostasis and dysregulation leads to disease. Several studies showed elevated levels of activin
are responsible for the development of gonadal tumours and a cachexia-like weight loss syndrome.
Discussing the recent advances in approaches developed to antagonise the activin pathway and the
encouraging results obtained in animal models, this review presents a therapeutic rationale for targeting
the activin pathway in conditions such as cachexia, neuromuscular and/or musculoskeletal disorders.
ß 2013 Elsevier Ltd. All rights reserved.
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1. Introduction: TGF-b and tissue homeostasis
Normal homeostasis in human tissues requires a complex and
balanced interaction between cells and the network of secreted
protein known as the extracellular matrix. These interactions
involve the action of numerous cytokines and growth factors
through speciﬁc cell-surface receptors. When the balance between
these cells and the extracellular matrix is disrupted, disease can
result. In particular, growth factors regulate a plethora of biological
process modulating or orchestrating the developmental programme, growth and differentiation proﬁle and maintaining
physiological conditions in most cell types [1]. The ﬁrst part of
this review will focus on the mechanism by which TGF-b mediates
its cellular function, focusing on its role in disease. The second part of
the review will outline the importance of the activin pathway
focusing on the correlation with gonadal tumours and cancer
associated cachexia, ﬁnally presenting an overview of the main
therapeutic strategies used recently to antagonise activin signalling.
1.1. TGF-b superfamily protein networks and its signalling
TGF-b1 is a member of a family of dimeric poly-peptide growth
factors that includes bone morphogenic proteins (BMP), activins,
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913, Dunedin 9054, New Zealand. Tel.: +64 3 479 5647; fax: +64 3 479 7254.
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1359-6101/$ – see front matter ß 2013 Elsevier Ltd. All rights reserved.
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inhibins, nodal and growth differentiation factors (GDF). All these
growth factors share a cluster of conserved cysteine residues that
form a common cysteine knot structure held together by
disulphide bonds [2]. Virtually, every cell in the body produces
TGF-b1 and has receptors for it. The essential role of TGF-b in the
regulation of proliferation, differentiation, embryonic development, wound healing and angiogenesis has been demonstrated by
targeted deletion of the genes encoding members of this pathway
in mice [3]. TGF-b1 itself inhibits proliferation of many cell types,
and its signalling controls tumourigenesis. The cell’s responses to
TGF-b1 are complex as a result of differential transcriptional
regulation and non-transcriptional effects that depend on the cell
context and physiological environment [4]. The current model of
induction of signalling response by TGF-b’s factor is a linear
signalling pathway from the type II to the type I receptor kinase to
Smad activation resulting in a ﬁnal event of transcriptional
activation [5]. Interestingly this pathway presents versatility in
receptors interactions and ligand binding and additionally receptor
activation can induce the non-Smad signalling pathways that in
turn can regulate Smad signalling or lead to Smad independent
responses [6].
The TGF-b family of receptors consists of two ‘‘type II’’ and two
‘‘type I’’ trans membrane serine/threonine kinase receptor subunits [7]. These receptors are structurally the same but the type I
receptor has a Glycine–Serine-rich ‘‘GS sequence’’ immediately
upstream from the kinase domain. Binding of ligand to the
receptors allows the formation of a stable receptor complex
consisting of two receptors of each type; this leads to the
phosphorylation of the GS sequences by the type II receptor
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kinases. This phosphorylation activates the type I receptor kinases
resulting in autophosphorylation of the type I receptor and of Smad
proteins [5]. The Smad proteins are the classical intracellular
effectors of the TGF-b signalling acting as ligand-induced
transcriptional regulators of the TGF-b responses. They activate
transcription through the assembly of a large nucleoprotein
complex of Smad-binding DNA elements, DNA binding transcriptional factors and the transcriptional conservators [4].
Whereas Smad-2 and Smad-3 act downstream of TGF-b, activin
and nodal type I receptors, Smad-1, Smad-5 and Smad-8 are
phosphorylated by BMP type I receptors. The recruitment of
Smad proteins in the receptor complex is mediated by auxiliary
proteins, such as Smad anchor for receptor activation (SARA).
Activated Smad proteins form a complex with Smad-4, which
has the same function in all the TGF-b family members, and this
complex translocates to the nucleus to regulate the transcription
of target genes. Control of this intracellular mechanism is in part
due to the negative regulatory activity implemented by the
inhibitory (I)-Smad proteins (Smad-6 and Smad-7). The (I)Smads bind to activated receptors and compete with Smad
activator proteins for binding to the type I receptors, therefore
inhibiting Smad phosphorylation. These include interaction with
Smad-4, preventing the Smads-Smad-4 complex formation:
degradation or direct repression of Smad-induced transcriptional responses [8].
1.2. Association of aberrant TGF-b1 expression with human
disease and cancer development. Is TGF-b1 a tumour suppressor
or a tumour promoter?
1.2.1. TGF-b1 and human cancer
The effect of TGF-b1 on cell-cycle regulation, proliferation,
metastasis, angiogenesis and its immunosuppressive effects can
easily explain why TGF-b1 plays an important role in human
cancer progression. In the majority of epithelial, endothelial and
haematopoietic cells TGF-b is a potent inhibitor of cell proliferation. It acts on the cell cycle arresting in G1 phase by stimulating
the production of the cyclin-dependent protein kinase inhibitor
p15 and by inhibiting the production of essential cell regulators. In
cancer cells, mutations in the TGF-b pathway have been described
that confer resistance to growth inhibition by TGF-b, resulting in
an uncontrolled proliferation of the cells [3]. An important function
of TGF-b is the regulation of the production and deposition of
extracellular matrix. It stimulates ﬁbroblasts and other cells to
produce extracellular-matrix proteins and cell adhesions proteins;
it also decreases the production of enzymes able to degrade the
extracellular matrix such as collagenase, heparinise and it
increases the production of protein that inhibit enzymes that
degrade the extracellular matrix such as the plasminogenactivator inhibitor type I and tissue inhibitor of metalloprotease.
Dysregulation in relation to these changes can lead to cancer
progression. An important feature of cancer progression is
angiogenesis, which can feed the tumour, promoting its growth:
TGF-b1 directly stimulates angiogenesis in vivo and this stimulation can be blocked by TGF-b antibodies [9]. Several lines of
evidence showed decreased vasculogenesis in cancer progression
can be achieved by targeted deletion of either TGF-b1 or type II
TGF-b receptors [10].
However, the role of TGF-b in cancer biology is complex and
involves aspects of tumour suppression as well as tumour
promotion. Indeed, many advanced tumours are refractory to
TGF-b1 mediated growth inhibition and over express TGF-b1,
which appear to induce tumour cells to become more invasive
and metastasise to distant organs. The tumour suppressor role
of TGF-b is supported by the loss of mutation of members of the
TGF-b signalling pathway in human cancers, particularly colon

and pancreatic cancers, where a correlation between resistance to
TGF-b and malignant progression is evident. The tumourpromoting effect is supported by elevated levels of TGF-b1 found
in patients in the latter stages of cancers, with increased
production correlated with a poorer prognosis [11]. This discrepancy can be resolved with the prevailing theory accepted in
literature being: during tumourigenesis TGF-b functions as both
an early tumour suppressor and a late-stage tumour promoter.
This duality/pleiotropic nature of the TGF-b signalling represents
an important challenge that must be considered in drug
development programmes.
1.2.2. TGF-b and human diseases
The role of TGF-b1 is not only limited to human cancer, but it
also has an important function in human diseases. Examples of
diseases correlated with aberrant TGF-b expression or deregulation of its activity are outlined below.
Hereditary haemorrhagic telangiectasia is an important autosomal dominant disease with a primary defect in vascular
dysplasia, resulting in telangiectasia and arteriovenous malformation. The pathologic lesions associated with this disease consist of
dilated vessels lined by a single layer of endothelium attached to a
continuous basement membrane. Genetic-linkage studies undertaken in families with this disease identiﬁed the genes for two
receptors in the TGF-b family, endoglin and ALK-1 as the genes
responsible for this disease [12].
Overproduction of TGF-b can results in excessive deposition of
scar and ﬁbrosis and in an animal model over expression is
associated with ﬁbrosis of the kidney, liver and lung. As previously
described in this review TGF-b is a potent regulator of the
production and deposition of the extracellular matrix and for this
reason the levels of mRNA are signiﬁcantly high in ﬁbrotic organs
[3].
TGF-b1 plays an important function in the atherosclerotic
process: High apolipoprotein A is a well-known independent
risk factor for cardiovascular disease. The expression of
apolipoprotein A inhibits the proteolytic activation of TGF-b1
in mice, promoting proliferation of smooth-muscle cells and the
development of fatty lesions [13]. Grainger and colleagues in
parallel studies showed that treating mice with tamoxifen
increases serum TGF-b1 levels and suppresses the formation of
lipid lesions in the aorta suggesting that TGF-b could act as an
inhibitor for atherosclerosis. This hypothesis was validated
by low serum levels of TGF-b in patients with atherosclerosis
[13]. Other evidence showed that mice lacking TGF-b2 have
cardiac, lung, craniofacial and urogenital defects [14] and
polymorphisms in the gene for TGF-b3 have been identiﬁed
as risk factors for the development of cleft palates in humans
[15].
1.3. Inhibition of TGF-b in clinical practice
Therefore, the TGF-b signalling pathway represents an important target for the development of novel therapeutic agents for
treatment against cancer progression and several drugs have been
developed and tested clinically.
Three major classes of TGF-b based therapeutics have been
developed in preclinical and clinical trials: (a) inhibition of
translation using oligonucleotides that can be engineered into
immune cells or delivered directly into tumours; (b) inhibition of
the ligand–receptor interaction using monoclonal antibodies and
(c) inhibition of receptor-mediated signalling [16].
Ap-12009, a speciﬁc phosphorothiotate antisense oligonucleotide directed against the mRNA of TGF-b represents an example
of a large molecule inhibitors. This molecule impacts cancer
cells combating the immunosuppression, invasion, migration,
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proliferation and angiogenesis, features of malignant tumours.
This molecule has been used in phase I/II studies in advanced
pancreatic carcinoma, metastatic melanoma and metastatic
colorectal carcinoma. A study using AP-12009 in high-grade
glioma patients showed a signiﬁcant survival beneﬁt compared to
standard chemotherapy treatment [17].
Small molecule inhibitors such as SD-093 and LY580276 have
been shown to block EMT (epithelial-mesenchyme transition) and
tumour cell migration in pancreatic cancer and mouse mammary
epithelial cells [18,19]. Interestingly some of these inhibitors such
as SB-431542, SB-505124 and LY580276 can also inhibit activinreceptor like kinase ALK-4 and ALK-7, which indicates that they
could inhibit activin-mediated activation of Smad-2 and Smad-3
[20].
The beneﬁts of blocking TGF-b activity in head and neck
tumours have recently been examined [21]. Bedi and co-workers
showed that tumour cell expression of TGF-b can exert a twoprolonged inhibitory effect of Cetuximab-mediated antibody
dependent cellular cytotoxicity (ADCC) of tumour cells.
Therefore their TGF-b blocking antibody counteracts the selection of TGF-b1 over expressing tumour cells and immune
suppression in tumour-bearing animals treated with Cetuximab,
restoring ADCC and enhancing the inhibitory efﬁcacy of Cetuximab
in vivo.
Our understanding of TGF-b signalling has increased enormously in recent years, and evidence to date about its aberrant
expression associated with human cancers, and diseases have
been used to develop therapeutic drugs. Like TGF-b1, another
member of the TGF-b superfamily, activin controls proliferation,
differentiation, embryonic development, angiogenesis and
wound healing. Indeed, in some tissue activin presents the
same duality/pleiotropic behaviour as TGF-b1 in cancer progression. There is a general presumption that TGF-b1 and activin
have overlapping activities in some tissues such as mammary
gland, primarily because these growth factors use the identical
intracellular signalling pathway. However, speciﬁcity exists at the
initiation of the signalling cascade. The emerging view is activins
regulate the function of cells in multiple ways, however the
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complete repertoire of their actions in health and disease is still
under investigation.
2. Activin signalling
Activin was originally isolated based on its ability to regulate
positively the follicle-stimulating hormone (FSH) release. Activin
is also a multifunctional factor with involvement in angiogenesis,
inﬂammation, immunity, ﬁbrosis and cancer.
Activins are synthesised as larger precursor molecules that are
assembled into disulphide linked dimers. Activin A and activin B
are dimers of inhibin bA and bB subunits, respectively, whereas
inhibin A and B are generated through heterodimeric association of
inhibin bA and bB with the inhibin a subunit [73]. In general,
inhibin antagonises activin, but not all activin-responsive cell
types display inhibin sensitivity [1]. Structural similarities
between inhibin, activin and other members of the TGF-b
superfamily are based on the conservation of the cysteine spacing
within each subunit and the disulphide linkages between two
subunits that form the characteristic cysteine knots [22]. Other
similarities relate to dimer formation, the location of the bioactive
peptide in the carboxyl-terminal region of the precursor molecule
and similarities in intracellular signalling. Because activins are
homodimers of b subunits linked by a disulphide bond, depending
on the combination of the subunits, there are three isoforms of
activin originally described: activin A (bA–bA), activin B (bB–bB)
and activin AB (bA–bB). Two additional mammalian activin b
subunits (bC and bE) have been identiﬁed [23]. Although activin
bC and bE mRNAs are primarily expressed in the adult liver, they
are not essential for the liver function. Through the use of a speciﬁc
activin-bC monoclonal antibody, Mellor et al. demonstrated
the formation of activin-bC subunit dimers including activin AC
(bA–bC) and activin C (bC–bC) [24,25].
As previously described the TGF-b superfamily signal transduction pathway is highly conserved so like TGF-b, activin utilises
two types of surface receptors (ActRII and ActRIIB type II receptors
and ActRI type I receptor) with intracellular Smad-2, 3 and 4 for
signal transduction [7] (Fig. 1).

Fig. 1. Shared mechanism of signal transduction mediated by transforming growth factor b and activin. In the extracellular space TGF-b or Activin binds the type II receptor
(RII). The binding of TGF-b or Activin to RII then leads to binding of the type I receptor (RI) to the complex and the phosphorylation of RI. This phosphorylation activates the RI
protein kinase, which then phosphorylates the transcription factor Smad2 or Smad3. Phosphorylated Smad2 or Smad3 binds to Smad4 and the resulting complex moves from
the cytoplasm into the nucleus. In the nucleus, the Smad complex interacts in a cell-speciﬁc manner with other transcription factors to regulate the transcription of TGF-b and
Activin-responsive gene.
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2.1. Activin functions and association with human diseases:
dichotomous role in tumour progression
Many tissues express activins in an autocrine and/or paracrine
manner; they have a broad range of activities and like TGF-b,
dysregulation is associated in the aetiology and pathogenesis of a
variety of diseases [26].
Inhibitory and growth promoting effects: Activin can inhibit cell
growth in the early stage of prostate cancer [27], breast cancer [28],
B cell leukaemia [29], and in vascular endothelial [30], vascular
smooth muscle [31], peripheral blood granulocyte–macrophage
colony-forming unit progenitors [32], foetal adrenal [33] and HS72 mouse B cell hybridoma [34]. Growth promoting effects of
activin are evident in pituitary cells, ovarian, adrenal and testicular
tissue. The expression of activin bA and bB subunits strongly
increases in keratinocytes and stromal cells after skin injury in
mice and humans indicating an essential role in wound healing
[35]. Many tumour cells escape the growth inhibitory effect of
activin by acquiring mutations in activin receptors or in Smad
signalling molecules. Thus, in most tissues activin inhibits the
development of cancer and blocking its action would be
detrimental. However, activin induces a proliferative response in
ﬁbroblasts, keratinocytes and additional gonadal cell types, and in
the absence of antagonists, could be oncogenic in these tissues
[36].
Apoptosis and differentiation factor: Activin is important for the
activation of programmed cell death in several cell types through
two mechanisms: (1) activating the caspases [37] and (2) causing
the cell cycle arrest [74]. The function of activin, and in particular,
activin A as a differentiation factor was ﬁrst described in literature
in 1990 [38] and since then its role in differentiation and in
establishing the body plan in vivo have been well recognised
[39,40].
Metabolic diseases: The activin signalling pathway is particularly important in the regulation of metabolic diseases. In human
embryonic stem cells, for example, activin B mediates the
induction of homeoprotein Pdx1, a key regulator for the endocrine
pancreas development [41]. Additionally, ActRIIA mutant mice
develop hypoplasia of the pancreas and diabetes [42].
Regulation of brain activity: Activins and activin receptor have a
crucial role in neuronal development. Activin increases the
number of synaptic contacts by modulating actin dynamics in
the spine of neurons [43]. Several lines of evidence point towards
the neurotrophic and neuroprotective effects of activin on selective
neurons [44] and treatment with recombinant activin following
ischaemic injury rescues neurons from damage [45].
Activin and embryonic stem cells: Activin A is a potent mesoderm
inducer in Xenopus embryos, and numerous tissues can be
differentiated from Xenopus animal cap cells and embryonic stem
cells in response to treatment with activin A [46]. Activin signalling
is also necessary to maintain self-renewal activity in human
embryonic stem cells and their ability to specialise [47]. Activin
signalling sustains the expression of pluripotency-associated
genes such as nanog, and inhibits BMP signalling, which is
responsible for the self-renewal of human embryonic stem cells
[48].
2.2. Increased activin levels associated with cancer associated
cachexia and gonadal tumours: the inhibin knock-out model
Despite being broadly a negative growth regulator, like the dual
roles of TGF-b1, activin A can enhance tumour formation and/or
progression, in particular, interacting with the tumour microenvironment and activating bone disruption in late stage of some
human cancers such as prostate and breast cancer. Studies
conducted in animal models suggest elevated levels of activin A

lead to cancer-associated weight loss (cachexia) and gonadal
tumours.
Cancer-associated cachexia is a multifaceted syndrome of
complex aetiology frequently under-diagnosed as a likely consequence of the complexity of its clinical manifestation. The
pathophysiology of cachexia is complicated, and it seems to
involve a coordinated series of mechanisms such as neuroendocrine changes leading to anorexia and metabolic chaos. It has been
estimated that approximately 50% of all cancer patients suffers
from cachexia. This ﬁgure rises to 80% in patients with advanced
disease [49]. Cachexia still represents a major health issue because
there is no standard and effective protocol to treat this disease and
improve the quality of life.
The inhibin knock-out mouse was the ﬁrst animal model to
show increased levels of activin are responsible for the cachexia
symptoms, and to date it represents an excellent in vivo animal
model to assess the contribution of the inhibin-a gene and
elevated levels of activin in gonadal tumours and cancer cachexialike wasting syndrome. Deleting the a-inhibin gene Matzuk
showed loss of inhibin-a induced the development of sex cord
stromal tumours (granulosa cell tumours in female and Sertoli cell
in male) with 100% penetrance causing death by 12 and 17 weeks
in male and female respectively. The onset of gonadal tumours was
followed by a cachexia-like wasting syndrome involving severe
weight loss and necrosis in the stomach and liver [50].
Gonadectomy (removal of testes or ovaries) prevented death of
these mice from gonadal tumour-induced cachexia. However,
these mice succumbed to similar wasting syndrome secondary to
the development of adrenal cortical tumours leading to death at 32
and 37 weeks for male and female respectively [75].
Evidence showing contribution of activin to cancer-associated
cachexia arose from homozygous mutant mice deﬁcient in both ainhibin and ActRII. Despite the continued development of gonadal
sex cord-stromal tumours and elevated serum levels of activin A,
these mice suffered no unusual weight loss, and stomachs and
livers in the majority of mice were histologically normal [51].
Further experiments showed tumour development in the a-KO
mice can be modulated by blocking or knocking out the activin
receptor (ActRIIA) or the intra-cellular signalling molecule, Smad-3
[51,52] providing evidence of an important correlation between
activin, its signalling and the cancer/cachexia phenotype. Similarly,
disruption of activin A bioactivity, by over-expressing the activin
binding protein, follistatin, in a-KO mice, increased survival time
and modulated tumour development and differentiation [53].
Recently our group described a novel mechanism of activin
antagonism providing evidence that activin-bC antagonises
activin bA in a-KO mice reducing the progression of sex-cord
stromal tumours and blocking cachexia [54]. Thus, antagonism of
activin A in the a-KO mice produces a consistent phenotype
regardless of whether the ligand, receptor or intracellular
signalling is targeted (Fig. 2).
2.3. Strategies to antagonise the activin pathway and improve the
cachexia weight loss
Several strategies have been described to antagonise the activin
pathway in animal disease models. We report below recent
advances in activin antagonism (Fig. 3) and their potential
biological applications to treat cancer-associated weight loss
(Fig. 4).
2.3.1. Activin type I receptor antagonists
Small molecule inhibitors that control the pathogenic effects
and/or modulate effects of activin in normal responses may offer
clinical utility for cancer associated weight loss. Two molecules
with similar characteristics have been described: SB-431542 and
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Fig. 2. Abbreviated diagram of shifted balance towards catabolic factors and muscle wasting leading to the weight loss, weakness and fatigue that characterise cancer
cachexia. Elevated levels of activin (speciﬁcally activin A) can enhance tumour formation and lead to cancer-associated weight loss. Strategies to antagonise the activin
pathway in animal disease models suggest the potential biological application to treat cancer cachexia shifting the balance towards anabolic factors, fat and muscle weight.

SB-505124, both of which antagonise the activin type I receptor
[55,56]. SB-50124 is a more potent inhibitor when compared to SB431542, it selectively inhibits ALK4, ALK5, and ALK7 dependent
Smad-2 and Smad-3 with activation in a concentration dependent
manner but does not alter ALK1, ALK2, ALK3, ALK-6-induced Smad
signalling. Experiment performed using SB-50124 showed that
this compound is not only selective but also not toxic and water
soluble, favourable characteristics for a therapeutic agent to
modulate the pathogenic effects of excess activin.
2.3.2. Activin type II receptor antagonists
Harrison and co-workers used a mutagenesis strategy to
identify activin A mutants that could bind ActRII but not ALK4,
being therefore, a speciﬁc type II receptor antagonist. The mutant
identiﬁed in their study, M108A was unable to form a cross-linked

complex with ALK4 in the presence of ActRII indicating that its
ability to bind ALK4 was disrupted. The M108A mutant antagonised activin-A and myostatin, but not TGF-b, signalling in 293T
cells suggesting its possible selectivity to block ligands that signal
via ActRII/IIB thus providing the opportunity for therapeutic
intervention in human diseases involving activin type II receptors
including muscular dystrophy, cachexia, wound healing, liver
regeneration, and cancer [57].
Other studies conducted by Donaldson and co-workers
demonstrated that a soluble form of the extracellular domain of
the type II activin receptor is sufﬁcient for high afﬁnity ligand
binding. The soluble form of the ActRII (ActRII ECD) was
functionally active, suggesting it could be used as a tool to
modulate the effects of activin in animals and in human [58]. Later
Leal and colleagues showed treatment of cultured rat anterior

Fig. 3. Schematic representation of activin signalling and its control by antagonists. Activins bind and activate a type II receptor (ActRII), resulting in recruitment and
phosphorylation of a type I receptor (ActRI). ActRI phosphorylates Smad-2/3. Activated Smad-2/3 forms a complex with Co-Smad (Smad-4) and translocate to the nucleus
where the complex initiates gene transcription [6]. Using an antagonist of activin receptors: ActRII (M108A), follistatin, inhibin, CRIPTO, BAMBI, a soluble receptor ActRII ECD,
activin C or small-molecule inhibitors of ActRI (SB-431542 and SB-505124) induce a blockade of activin signalling pathway [56,57,71,72].
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Fig. 4. High levels of activin and myostatin binding the receptor type II induce an activation of the intracellular signalling molecules, which cause gene transcription and
FOX3A to be activated. This results in muscular atrophy, cancer associated-weight loss and development of gonadal tumours (A). Treatment with activin receptor antagonists
(follistatin, sActRII, activin C) leads to decreased activin signalling, thereby preventing muscular atrophy, cancer associated-weight loss and modulating gonadal tumour
phenotype in the inhibin a-KO mouse [53,54,70].

pituitary cells with the ActRII ECD or adenovirus-mediated
overexpression of the ActRII ECD attenuates secretion of FSH in
response to exogenous activin A or endogenous activin B [59].
2.3.3. Generation of a speciﬁc activin antagonist by modiﬁcation of
the activin A propetide
Recently Makanji and colleagues modiﬁed the activin A
propetide to generate a speciﬁc activin antagonist. Interestingly
by linking the C-terminal region of the TGF-b1 propetide to the Nterminal region of the activin A propetide, they generated a
chimeric molecule (activin/TGF-b1-AT propetide) with increased
afﬁnity for activin A. The AT propetide was 30-fold more potent
than the activin A propeptide at suppressing activin-induced FSH
release by the LbT2 pituitary gonadotrope cells [60]. The
identiﬁcation of this AT propetide represents the ﬁrst speciﬁc
activin antagonist which is likely to be an effective reagent for
blocking activin actions in vivo.
2.3.4. Decoy receptor to antagonise the activin pathway and
rescue cachexia
Increased signalling by the ActRII pathway and in particular
ActRIIB has been described in many cancers [61–66]. Therefore,
several research groups have tried to target ActRII to deﬁne the
mechanism by which the ActRIIB pathway may modify the course
of cancer cachexia and the wasting of skeletal muscle. Many
studies have clariﬁed that the ubiquitin–proteasome proteolytic
pathway plays a major role in the degradation of muscle proteins
during cachexia [67]. The expression of the two important
muscle-speciﬁc ubiquitin ligases is essential for the ubiquitination and degradation and myoﬁbrillar proteins: MURF1 and
atrogin.
In a recent publication Zhou and co-workers examined the
potential of blocking the ActRIIB pathway on muscle wasting and
survival using an ActRIIB decoy receptor (sActRIIB) in several
mouse models of cachexia (including the a-KO model). The
promising results from this study were that treatment of mice with
the sActRIIB not only prevents further skeletal muscle wasting, but
also restores previous muscle loss, with no effect on the fat mass.
An important feature investigated in this study was the effect of
the sActRIIB on the cardiac atrophy treatment completely blocked

atrophy of the cardiac muscle, with no change in expression of the
atrophy-speciﬁc ubiquitin ligase, MuRF1 or atrogin-1, or stimulation of stem cell proliferation. This study showed an increase in the
survival time of the treated animals even though tumour growth
was not inhibited, reﬂecting the importance of cachexia in
determining the survival of patients with cancer.
2.3.5. Activin C subunit a new mechanism of antagonism
A study conducted by our group provided the ﬁrst evidence that
activin C is an antagonist of activin A both in vitro and in vivo [68].
Based on this evidence, we used mice over expressing activin C
crossed with inhibin a-subunit knock-out mice (a-KO/actC++) to
assess any biological effect of the activin C overexpression on the
onset of gonadal tumours and cancer associated cachexia. The aKO/actC++ mice showed no signiﬁcant weight loss and the tumour
formation was modiﬁed.
Increased apoptosis was evident in the livers of a-KO/actC++
mice compared to WT controls but this was signiﬁcantly less
compared to the a-KO group. Increased in proliferation in the aKO/actC++ partially restored liver weight compared to the a-KO
group.
Serum levels of activin A in the a-KO/actC++ mice were
signiﬁcantly lower compared to the a-KO. Therefore, like other
strategies to antagonise activin A, abolished cancer associated
cachexia and modulated gonadal tumour development.
2.3.6. Soluble form of activin receptor type IIB (ActRIIB) to promote
muscle growth in humans
Attie and colleagues showed interesting results using ACE-031,
a soluble form of activin receptor IIB (ActRIIB), to increase muscle
mass in post-menopausal women. This study represented the ﬁrstin-human, randomised phase 1 study and provided evidence that
the compound ACE-031 was generally well-tolerated in healthy
postmenopausal women and its biological activity was consistent
with that observed previously in animal studies. Data from this
study support the possibility to develop compound able to
antagonise the activin receptor, with potential application not
only to increase muscle strength and to treat cachexia but
eventually to be used to improve strength in patients with
neuromuscular diseases [69].
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3. Conclusion and future directions
Antagonising TGF-b signalling is a promising therapy against
cancer. Pre-clinical and clinical trials using TGF-b antagonists are
underway and show the efﬁcacy of these factors in animal models
and in human cancers. Due to the high homology between TGF-b
and activins, including tissue regulation, proliferation, apoptosis
control and a dichotomous role in tumour progression, human
diseases may beneﬁt from treatment with activin antagonists.
Exciting recent results provide the rationale for anti-activin
therapies [70] and raise the possibility for modulating activin
pathway in diseases such as cachexia and cancer, which result
from a deregulated activin pathway. Additionally, since inhibition
of the activin receptor has been proven to help combat muscle loss
in animal models and in a study conducted on healthy volunteers
[69], antagonists of the activin pathway could be used in catabolic
conditions such as neuromuscular disorder and/or musculoskeletal disorders.
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Abstract
Activins are involved in the regulation of a diverse range of physiological processes including development,
reproduction, and fertility, and have been implicated in the progression of cancers. Bioactivity is regulated by
the inhibin α-subunit and by an activin-binding protein, follistatin. The activin-βC subunit was not considered
functionally significant in this regard due to an absence of phenotype in knockout mice. However, activin-βC
forms heterodimers with activin-βA and activin-C antagonizes activin-A in vitro . Thus, it is proposed that
overexpression, rather than loss of activin-βC , regulates activin-A bioactivity. In order to prove biological efficacy,
inhibin α-subunit knockout mice (α-KO) were crossed with mice overexpressing activin-βC (ActC++). Deletion of
inhibin leads to Sertoli and granulosa cell tumours, increased activin-A, and cancer-associated cachexia. Therefore,
cachexia and reproductive tumour development should be modulated in α-KO/ActC++ mice, where excessive
activin-A is the underlying cause. Accordingly, a reduction in activin-A, no significant weight loss, and reduced
incidence of reproductive tumours were evident in α-KO/ActC++ mice. Overexpression of activin-βC antagonized
the activin signalling cascade; thus, the tumourigenic effects of activin-A were abrogated. This study provides
proof of the biological relevance of activin-βC . Being a regulator of activin-A, it is able to abolish cachexia and
modulate reproductive tumour development in α-KO mice.
Copyright  2012 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction
Activins are involved in the regulation of a range of
physiological processes including embryonic development, reproduction, and fertility. They have also been
implicated in the progression of cancers, especially of
the gonads [1–6]. A range of activins are produced
from the five activin β-subunits (designated βA through
βE ), which form dimers [activin-A (βA βA ), activin-B
(βB βB ), activin-AB (βA βB )] with differing bioactivity
[7]. Of these, activin-A is of particular interest as
it is a potent growth and differentiation factor and
can elicit biological action at low concentrations
[8]. In murine studies, elevated activin-A induces
cachexia-like weight loss by reducing muscle and fat
mass, causing apoptosis in the liver and depletion of
the parietal cells in the stomach, leading to death by
12 weeks in males and 17 weeks in females [1,2]. In
humans, cachexia affects many cancer patients and
accounts for death in nearly 30% of cases [9]. Thus,
understanding the regulation of activin synthesis and
signalling may be of therapeutic utility for disorders
such as cachexia and reproductive cancers [10,11].
Copyright  2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

The activin signalling pathway has been elucidated [10]. Activin binds to one of two type II
serine/threonine receptor-kinase receptors (ActRIIA/
ActRIIB), which recruit and phosphorylate ALK4,
a type I activin receptor. ALK4 phosphorylates the
intracellular signalling molecules Smad-2 or Smad-3.
Activated Smad-2 and Smad-3 complex with Smad4 and move to the nucleus, leading to activation or
repression of target genes [10]. Zhou et al . recently
showed that blockade of this pathway reverses muscle wasting and prolongs survival in mouse models
of cancer-associated cachexia, thus definitively linking
this pathway with cachexia [11].
The synthesis and bioactivity of activin-A are
tightly regulated by antagonists, which act both by
reducing the levels of activin-A and by disrupting
signalling [8,10]. Follistatin and inhibin are the two
best-characterized of these antagonists. Follistatin
binds activins with high affinity to form biologically
inactive complexes [12], while the activin-βA subunit
heterodimerizes with the inhibin-α subunit to form
inhibin-A (α-βA ). Inhibin-A opposes the action of
activin-A primarily in the reproductive axis, where it
J Pathol 2013; 229: 599–607
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inhibits (while activin stimulates) follicle-stimulating
hormone (FSH) release from the pituitary and by
opposing the local actions of activin in the testis and
ovary [3,13,14].
The recently discovered activin-βC subunit is also an
activin-A antagonist. The importance of this subunit
has only recently been recognized, as initial studies
into activin-βC revealed an absence of phenotype in
knock-out mice [15]. However, we recently demonstrated that overexpression of activin-βC led to a series
of pathologies in the testis and liver [16]. In vitro
studies showed that the activin-βC subunit formed heterodimers with activin-βA to form activin-AC, with a
concomitant reduction in the formation of activin-A
[17] and recombinant activin-C antagonized activinA [16]. This antagonistic effect was also evident in
vivo, as transgenic mice overexpressing activin-βC had
lowered circulating activin-A [16]. Furthermore, male
transgenic mice showed an increase in apoptosis and a
reduction in activin signalling in the testis, as well as
an increase in proliferation in the liver, also consistent
with an inhibitory effect on activin-A activity [16].
The importance of antagonizing activin-A is clearly
demonstrated in the α-KO mouse. Deletion of inhibin
leads to the formation of Sertoli cell tumours in
males and granulosa cell tumours (GCTs) in females,
increased activin-A [> 10-fold higher than wild-type
(WT) littermate controls], and severe cancer-associated
cachexia [1,2]. GCTs are sex-cord stromal tumours
and represent up to 10% of human ovarian tumours.
Although considered relatively non-aggressive, they
are characterized by recurrence in more than one-third
of patients. The molecular events leading to GCTs are
unknown; however, FOXL2 mutation is evident in 97%
of adult GCTs [18]. Sertoli cell tumours are non-germ
cell tumours and are rare in humans (up to 1.5% of
testicular tumours). A discrepancy between mice and
humans in relation to inhibin expression in gonadal
tumours is evident; inhibin appears to be a tumour
suppressor in mice, yet human granulosa and Sertoli
cell tumours are reported to secrete inhibin [19].
Tumour development in α-KO mice can be modulated by blocking the activin receptor or intracellular
signalling molecule Smad-3 [20,21]. Similarly, disruption of activin-A bioactivity, by overexpression of
follistatin, in α-KO mice increased survival and modulated tumour development [22]. Thus, antagonism of
activin-A produces a consistent phenotype, regardless
of whether it is activin-A itself or the signalling pathway that is targeted. Whether or not these mechanisms
produce an additive effect has yet to be elucidated.
We hypothesize that activin-βC will function as
an activin-A antagonist in α-KO mice, reducing the
progression of granulosa and Sertoli cell tumours and
blocking cachexia. However, we predict that activinβC will act via a different mechanism to follistatin.
Therefore, additive effects will be evident in vitro. To
address this hypothesis, α-KO mice were crossed with
ActC++ mice; the progeny were examined for weight
loss and reproductive tumours; and the in vitro effects
Copyright  2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

E Gold et al

of activin-A, activin-AC, activin-C, and follistatin were
assessed.

Materials and methods
ActC++ mice
Human activin-βC under the control of a CMV
promoter was used to produce C57/BL6 ActC++
transgenic mice by standard methods. Initially, three
independent founder-lines were produced [16]. Line-2
was used in this study as it had 5–10 copies of the
transgene; testis transgene mRNA 10-fold higher than
other lines; and no significant differences in endogenous FSH, activin-βC or activin-βA mRNA [16].

α-KO mice overexpressing activin-βC
All procedures were carried out in accordance with
the National Health and Medical Research Council
Guidelines for the Care and Use of Laboratory Animal
Act and according to the Animal Experimentation
and Ethics Committee at Monash Medical Centre,
Clayton, Australia. ActC++ mice [16] were crossed
with heterozygous α-KO mice kindly provided by
Professor Martin Matzuk (Baylor College of Medicine
Houston) [1,2,16].

Tissue collection
Mice were obtained from the same litters at age
8 weeks. Organs (testis, ovary, and liver) were
removed, wet-weight recorded, and immersion fixed
in Bouin’s solution for histology or stored at −80 ◦ C
for RNA and protein extraction.

Histology
Paraffin-embedded serial sections were mounted on
Superfrost Plus-slides (Menzel-Glazer, Germany).
Light microscopy was undertaken on an OlympusBX51 microscope (Olympus New Zealand Ltd);
sections were photographed using a Spot-RT camera (Scitech NZ) and Spot version 3.5.4 software
(Diagnostic Instruments).

Immunohistochemistry
Activin-βA (AF338; R&D Systems, MN, USA),
activin-βC (clone-1; Abcam, Cambridge, UK), PCNA
(PC10, DAKO, Australia), activated caspase-3
(Asp175; Cell Signaling, Danvers, MA, USA), and
phosphorylated Smad-2 (clone3101; Cell Signaling) were detected as previously described [16,23].
Negative controls were secondary antibody or
immunoglobulins matched to the primary antibody.

Testis and ovarian tumour assessment
Per cent tumour was assessed based on the Cavalieri
principle using point counting on 5-µm sections spaced
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50 µm apart under 20× magnification using an 8 × 10
counting grid for at least eight sections per animal.
Points landing on tumour were expressed as a percentage of the total points [24].

10% heat-inactivated FCS (ThermoScientific, NZ).
Growth assays were performed using 20 ng/ml activinA, 200 ng/ml activin-AC, 100 ng/ml activin-C, and
50 ng/ml follistatin [16].

Liver proliferation, apoptosis, and Smad-2

Activin in vitro bioassay

The incidence of proliferation (PCNA), apoptosis
(activated caspase-3), and nuclear localization of
Smad-2 were estimated based on a method that
allowed unbiased semi-quantitation of the percentage
of positive cells. Random fields were systematically
selected using Prior Optiscan (Prior Scientific Instruments, Cambridge, UK) and sampling was conducted
using a 10 × 10 cm frame. Frame counting was
performed on sections uniformly spaced throughout
the tissue, 150 frames and 100× magnification per
section, n = 5 sections, with an average of 1000 cells
counted per section using ImageJ [25].

LβT2 pituitary-gonadotrope cells were plated at a density of 2.5 × 105 cells per well. After 24 h, cells were
washed and treated with increasing concentrations of
activin-A or activin-AC (0.05–5 nM) for 24 h. FSH
levels were determined as previously described [27],
employing reagents kindly provided by A Grootenhuis
and J Verhagen (NV Organon, The Hague, The
Netherlands).

Activin gene expression
Total RNA was extracted and reverse-transcribed
(Superscript III; Life Technologies, Paisley, UK)
using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA). PCR was performed in the Applied Biosystems
7900HT Analyzer (Applied Biosystems, Foster City,
CA, USA) with primers that amplified total activin-βC
mRNA (mouse + human). Samples were analysed
in triplicate and data normalized to β-actin [16,26].
The following primer sequences were used for
PCR: activin-βA, F-GGAGAACGGGTATGTGGAGA
and R-TGGTCCTGGTTCTGTTAGCC; activin-βC ,
F-GACTCCAACCACAGTAGTGAAC and R-CAC
TGGCCGACTGAGTATGG; and actin, F-AGGCTG
TGCTGTCCCTGTAT and R-AAGGAAGGCTGGAA
AAGAGC.

SDS-PAGE and western blot
Treated LNCaP and HepG2 cells were assessed for
phosphorylated Smad-2 (Cell Signaling) and Smad2 (clone 3122; Cell Signaling). GAPDH (ab9484;
Abcam) was used as a loading control and the intensity
of each band was assessed with Scion Image (NIH).
Negative controls were undertaken with secondary
antibody.

Serum assays
Activin-A was measured using an ELISA (Oxford
Bio-Innovations, Oxford, UK) [16,26]. The intraand inter-assay coefficients of variation were 5.2%
and 4.7%, respectively, and the limit of detection
was 9 pg/ml.

Cell culture and growth assays
The activin-responsive human prostate cell line LNCaP
(ATCC, CRL-1740) and the HepG2 (ATCC, HB8065) liver cell line were cultured in RPMI (Gibco,
Invitrogen, NY, USA) and DMEM, respectively, with
Copyright  2012 Pathological Society of Great Britain and Ireland.
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ActRIIB binding assay
HEK293T cells were plated at 2 × 105 cells per well
in plates coated with poly-d-lysine. The following day,
cells were transfected with 100 ng of ActRIIB cDNA
using Lipofectamine (Invitrogen, Carlsbad, CA, USA)
and incubated for 48 h at 37 ◦ C. Cells were washed
and incubated with 125 I-activin-A (50 µl, 40 000 cpm
per well) and increasing concentrations of unlabelled
activin-A or activin-AC (0.01–50 nM). Binding data
were analysed using Prism (Version 5; GraphPad
Software, San Diego, CA, USA).

Statistics
Groups were compared using ANOVA. Survival
curves were analysed with the Mantel–Cox log-rank
test (GraphPad, Software, Inc, San Diego, CA, USA,
version 5).

Results
Overexpression of activin-βC prevents weight loss
and prolongs survival
The weights of α-KO mice steadily declined from
4–5 weeks of age. The males lost 7.25 ± 1.52% of
their body weight per week from 4 weeks (Figure 1A,
p < 0.05), while the females declined by 2.85 ± 1.43%
per week from 5 weeks (Figure 1B, p < 0.05). There
was no significant weight loss in α-KO/ActC++
mice and at 8 weeks, weights were not different
from WT controls (Figures 1A and 1B). Associated
with the abrogation of weight loss, overexpression
of activin-βC prolonged the survival of α-KO male
mice. Whereas 63% (7/11) of male α-KO mice died
by 8 weeks (p = 0.006 versus WT), only 22% (2/9)
of the α-KO/ActC++ mice died (p = 0.281 versus
WT and 0.050 versus α-KO, Figure 1C). Similarly,
56% (5/9) of female α-KO mice died by 8 weeks
(p = 0.014 versus WT), while only 12.5% (1/8) of
α-KO/ActC++ female mice died (p = 0.317 versus
WT and 0.055 versus α-KO, Figure 1D).
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Figure 1. Overexpression of activin-βC abolished severe weight loss, prolonged survival, and modulated gonadal tumour development in
α-KO mice. (A) Male and (B) female weekly body weight showing that α-KO mice lost a significant amount of weight, whereas α-KO mice
overexpressing activin-βC (α-KO/ActC++) did not. Values shown represent mean ± SEM. n = 6–9 mice per group. *p < 0.05 versus WT
littermate controls assessed with ANOVA and a Bonferroni post-hoc test. (C) Male and (D) female Kaplan–Meier survival plots illustrating
overexpression of activin- βC prolonged survival in α-KO mice. *p < 0.05 versus WT and # p < 0.05 versus α-KO log-rank (Mantel–Cox) test
in n = 8–11 mice per group and also includes mice requiring sacrifice due to excessive (> 10%) weight loss in 24 h. H&E staining of (E)
testis and (F) ovarian sections showing normal morphology in WT mice, overt haemorrhagic tumours in α-KO mice, and a reduction in the
development of gonadal tumours in α-KO/ActC++ littermates. Scale bar = 50 µm.

Reduction of gonadal tumours in α-KO/ActC++
mice
In α-KO mice, there was an increase in testis
(712 ± 26 mg, p < 0.01) and ovarian weights
(58 ± 6 mg, p < 0.01) compared with WT controls
(testis 222 ± 33 mg and ovary 20 ± 4 mg). This tumourassociated increase was abrogated in α-KO/ActC++
mice, with testis (272 ± 26 mg) and ovary (29 ± 6 mg)
weights not significantly different from WT controls. By 8 weeks (Figure 1E), 100% of the testis
tubules in the α-KO mice had Sertoli cell tumours
(p < 0.001 versus WT controls). In contrast, only
12% of α-KO/ActC++ testis tubules had Sertoli cell
tumours (p < 0.05 versus WT controls and p < 0.01
versus α-KO). At 8 weeks, 70% of α-KO female mice
developed granulosa cell tumours (GCTs, Figure 1 F)
Copyright  2012 Pathological Society of Great Britain and Ireland.
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in 58% of the ovarian tissue (p < 0.01 versus WT
controls), whilst only 18% of ovarian tissue from αKO/ActC++ mice showed evidence of these tumours
(p < 0.01 versus α-KO and p < 0.05 WT controls).

Overexpression of activin-βC decreased hepatocyte
apoptosis and increased proliferation
The livers of α-KO mice were smaller than those of
WT controls (Figure 2A, p < 0.01 versus WT) due to
a 5-fold increase in the number of cells undergoing
apoptosis (Figure 2B). However, there was no difference in hepatocyte cell proliferation (Figure 2C).
Although increased apoptosis was evident in the livers
of α-KO/ActC++ mice compared with WT controls
(p < 0.05, Figure 2B), this was significantly less than in
α-KO mice (∼1.5-fold). Proliferating hepatocytes were
J Pathol 2013; 229: 599–607
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mice, activin-A levels (1.5- to 2-fold higher than WT
controls, p < 0.05) were also significantly lower than
in α-KO mice, which were 10- to 12-fold higher than
in WT controls (p < 0.001, Figures 3B–3D).

Elevated activin-βA and activin-βC mRNA was
evident
Activin-βA subunit mRNA was significantly elevated
in α-KO/ActC++ versus WT mouse testis, ovary, and
liver tissues (p < 0.01, Figure 3E). Overexpression of
activin-βC subunit protein was also evident in the αKO/ActC++ mice compared with WT controls, with
increased levels of total activin-βC subunit mRNA
(mouse + human) detected in the testis, ovary, and liver
(p < 0.01). Total activin-βC subunit mRNA was also
elevated in the livers of α-KO mice compared with
WTs (p < 0.05, Supplementary Figure 1).

Overexpression of activin-βC modulated testis and
ovarian tumours by antagonizing Smad-2

Figure 2. Overexpression of activin-βC partially restored liver
weight due to a decrease in apoptosis and an increase in
proliferation. (A) Liver weight was significantly lower in α-KO mice
and overexpression of activin-βC partially restored liver weight
(α-KO/ActC++). Liver weight was recorded in male mice aged
8 weeks at cull and a portion was fixed in Bouin’s solution,
paraffin-embedded, and serial-sectioned for stereological analysis
for evidence of apoptosis and proliferation. (B) Increased apoptosis
(activated caspase-3-positive) was evident in the livers of αKO mice and overexpression of activin-βC partially abolished
this increase in apoptotic hepatocytes. (C) Increased proliferation
(PCNA-positive) was evident in the livers of α-KO/ActC++ mice.
Values represent mean ± SEM. n = 8 WT, 6 α-KO, and 7 αKO/ActC++. ***p < 0.001 and **p < 0.01 versus WT littermate
controls; ANOVA with a Bonferroni post-hoc test.

significantly higher in α-KO/ActC++ versus WTs
(23.2 ± 4.5% versus 8.8 ± 2.3%, p < 0.01, Figure 2C).
This increase in proliferation partially restored the liver
weight (p < 0.05 versus α-KO), but the α-KO/ActC++
livers of male mice, aged 8 weeks, were still significantly smaller than those of WT controls (p < 0.05,
Figure 2A).

Activin levels in serum and tissue are reduced in
α-KO/ActC++ mice
Activin-A was significantly elevated in serum and
tissue of α-KO mice (Figure 3). Serum activin-A
levels, which were 45 pg/ml in WT controls, were significantly lower in the α-KO/ActC++ mice (93 pg/ml)
than in the α-KO mice (6.5 ng/ml, Figure 3A). In
the liver, testis, and ovary of the α-KO/ActC++
Copyright  2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

Overexpression of activin-βC together with elevated
activin-βA subunit expression could reduce activin-A
ligand levels through the formation of heterodimeric
activin-AC [17]. The activin-AC ELISA used in our
previous studies [17] was optimized for media and
not for serum. When tested with mouse serum, the
assay failed to achieve linearity and recoveries of
activin-AC were less than 50%; therefore it was not
possible to measure activin-AC in mouse serum or
tissue. Phosphorylated Smad-2 was therefore measured to determine activation of the activin-signalling
pathway. Smad-2 phosphorylation was reduced in
α-KO/ActC++ testis (Figure 3 F, p < 0.01), ovary
(p < 0.01), and liver (p < 0.05) compared with α-KO
mice. Not only was this consistent with the notion that
overexpression of activin-βC antagonized the activin-A
signalling, but it raised the possibility that activin-AC
might also antagonize activin-A.

Activin-AC binds activin receptors, activates
Smad-2, and regulates liver and prostate
proliferation
Recombinant activin-AC bound to ActRIIB with a
20- to 30-fold lower affinity than was observed for
activin-A (Figure 4A). Like activin-A, activin-AC
stimulated FSH release (Figure 4B) and was a negative growth regulator in LNCaP and HepG2 cells
(Figure 4C). However, the potency of activin-AC was
10-fold less than that of activin-A (20 ng/ml versus
200 ng/ml). Activin-AC increased Smad-2 phosphorylation in LNCaP and in HepG2 cells (Figure 4D). We
then determined whether the antagonistic effect of follistatin and activin-C was additive.

Additive effects of activin-C and follistatin
Follistatin and activin-C antagonized the growth
inhibitory effects of activin-A and -AC in LNCaP
J Pathol 2013; 229: 599–607
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Figure 3. Elevated activin-A and Smad-2 phosphorylation evident in α-KO mice were significantly reduced by activin-βC overexpression.
Activin-A homodimer assessed by ELISA in the serum (A), liver (B), testis (C), and ovary (D). Values represent mean ± SEM in n = 8 WT, 6
α-KO, and 7 α-KO/ActC++. ***p < 0.001, **p < 0.01, *p < 0.05 versus WT littermate controls; ANOVA with a Bonferroni post-hoc test. (E)
Gene expression analysis of the activin-βA subunit mRNA in the testis, ovary, and liver shows that overexpression of activin-βC did not
reduce the production of activin-βA subunit mRNA. (F) SDS-PAGE and western blot analysis of phosphorylated Smad-2 relative to total
Smad-2 in the testis, ovary, and liver of WT, α-KO, and α-KO/ActC++ littermates. Values represent mean ± SEM in n = 5 mice per group
assessed in duplicate. **p < 0.01, *p < 0.05 versus WT littermate controls; ANOVA with a Bonferroni post-hoc test.

and HepG2 cells (Figure 4E). Reduced Smad-2
phosphorylation was evident in both cell lines treated
with activin-A plus follistatin or activin-C alone
or in combination (Figure 4 F). Additive effects of
follistatin and activin-C were evident in both cell
lines, as growth and Smad-2 were elevated compared
with the media-control (p < 0.01) and each antagonist
alone (p < 0.05). Supplementary Figures 2 and 3 show
representative western blots.

Discussion
Up-regulation of activin-βC abrogates the progression
of Sertoli and granulosa cell tumours and blocks the
cachexia-like syndrome in α-KO mice, thereby increasing survival rates. The mechanism by which this occurs
is two-fold: a reduction in the production of activin-A
and down-regulation of the activin-signalling cascade,
likely due to activin-AC acting as a weak agonist
Copyright  2012 Pathological Society of Great Britain and Ireland.
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and activin-C acting as an antagonist. While we were
unable to directly measure the levels of activin-AC in
α-KO mice, expression of activin-βA and activin-βC
subunit mRNA was elevated in α-KO/ActC++
mice, indicating that the likely activin dimers were
activin-AC and -C. We had previously shown that one
of the mechanisms of action of the activin-βC subunit
is through intracellular heterodimerization to form
activin-AC [17]. This is the same mechanism by which
the inhibin-α subunit opposes the action of activins
[4,13,14]. Overexpression of activin-βC modulated
activin-A homodimer expression but not mRNA,
demonstrating a post-translational function, likely heterodimerization to form activin-AC, rather than activinβC controlling the expression of activin-βA mRNA.
We showed that overexpression of activin-βC
reduced, but did not abolish, tumour development.
These results are similar to other strategies where
activin bioactivity is antagonized. In an α-KO activin
receptor subunit (ActRIIA) double knock-out mouse
model, liver abnormalities and severe weight loss were
J Pathol 2013; 229: 599–607
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Figure 4. Activin-AC has activin-A-like effects and follistatin and activin-C are additive. (A) FSH release in LβT2 cells in response to
increasing concentrations of activin-A or activin-AC. (B) Affinity of activin-A and -AC to displace iodinated activin-A from the ActRIIB
receptor. (C) Assessment of the effects of activin-A and -AC on the growth of HepG2 LNCaP cells. **p < 0.01 versus media control. (D)
SDS-PAGE and western blot analysis of phosphorylated Smad-2 relative to total Smad-2 in HepG2 and LNCaP cells treated with activin-A
(20 ng/ml) and activin-AC (200 ng/ml). **p < 0.01 versus media control. (E) Assessment of the effects of follistatin (40 ng/ml; FS) and
activin-C (100 ng/ml) alone, and in combination, on the activin-A- and -AC-mediated inhibition of growth in HepG2 and LNCaP cells.
**p < 0.01, *p < 0.05 versus media control. (F) SDS-PAGE and western blot analysis of phosphorylated Smad-2 relative to total Smad-2 in
HepG2 and LNCaP cells treated with follistatin (FS) and activin-C alone and in combination on activin-A- and -AC-mediated inhibition of
growth. *p < 0.05 versus media control. Values are mean ± SEM and are representative of 3–4 wells per treatment in three independent
experiments; ANOVA with Bonferroni post-hoc test.

abolished, but not tumour development [20]. Administering a chimeric activin receptor (ActRIIA-mFc) to
α-KO mice [22] reduced tumour growth and prevented
weight loss. An α-KO Smad-3 double knock-out
showed alleviation of weight loss and modulation of
testis but not ovarian tumours [21].
Similar to our mouse model, α-KO mice overexpressing follistatin survived significantly longer. While
tumours were still evident, development was delayed
(evident at 7–12 weeks, rather than 4 weeks) [28].
These studies indicate that blocking activin bioactivity by one antagonist alone does not abolish tumours
Copyright  2012 Pathological Society of Great Britain and Ireland.
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[28], implicating the importance of other factors, one
of which may be activin-βC . In support of this, we
showed additive effects of activin-C and follistatin.
Activin-βC overexpression reduced cachexia in
α-KO mice. Cachexia impacts the quality of life in
patients with chronic disease, while the reversal of this
condition aids cancer treatment [9]. A recent study
showed that blockade of the activin pathway reverses
muscle-wasting and prolongs survival, regardless of
tumour growth [11]. Our results support this finding
as the cachexia-like weight loss in α-KO mice was
abrogated in α-KO/ActC++ mice. This effect is likely
J Pathol 2013; 229: 599–607
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due to activin-βC subunit proteins down-regulating the
Smad signalling cascade and a reduction in circulating
activin-A.
Activin-A is a potent negative growth regulator in
the liver. Accordingly, elevated activin-A in α-KO
mice and mice administered activin-A display hepatocyte apoptosis [29,30]. These effects were ameliorated
in the α-KO/ActC++ mice, suggesting that activinβC subunit proteins modulate the apoptotic effects of
activin-A in the livers of α-KO mice. Increased proliferation was also evident in α-KO/ActC++ mice; we
previously showed that overexpression of activin-βC
influenced hepatocyte proliferation to a greater extent
than apoptosis [16].
A problem when considering animal models is the
issue of species differences. This is evident when
considering the role of inhibin in mice versus humans;
in mice, inhibin-α appears to be a tumour suppressor
with gonadal and adrenal specificity [2], whereas the
equivalent tumours in humans overexpress inhibin [31].
However, elevated activin-A has been associated with
cachexia in both mice and humans [11]. Our hypothesis
was that activin-βc antagonizes activin-A; therefore
α-KO/ActC++ mice are a useful model to test this.
This study provides proof of the biological relevance of activin-βC . Being a regulator of activin-A,
it is able to abolish cancer-associated cachexia and
modulate reproductive tumour development in α-KO
mice. Therefore, like follistatin, the activin-βC subunit should be considered a significant regulator of
activin-A bioactivity.

Acknowledgments
We thank Professor Martin Matzuk (Baylor College
of Medicine Houston) for kindly providing inhibin
heterozygous knock-out mice, and Sara Ferreira and
Sylvia Zellhuber-McMillan (University of Otago) for
their expert technical assistance. This work was supported by a National Health and Medical Research
Council Australia Project Grant (1008058; to GR), the
Health Research Council of New Zealand (09–259),
Deans Bequest, and a University of Otago Research
Grant (09–259; to EG).

Author contribution statement
EG designed the study, carried out data collection
and data analysis, and wrote the manuscript. FEM
undertook the histological and statistics analysis, and
reviewed and revised the manuscript. CH and TM
carried out the FSH release and ActRIIB binding
experiments, wrote the methods and results sections
relevant to their experimental contribution, and revised
the manuscript. GR designed the study and wrote the
manuscript. All authors have read and approved the
final version.
Copyright  2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

E Gold et al

References
1. Matzuk MM, Finegold MJ, Mather JP, et al . Development of cancer
cachexia-like syndrome and adrenal tumors in inhibin-deficient
mice. Proc Natl Acad Sci U S A 1994; 91: 8817–8821.
2. Matzuk MM, Finegold MJ, Su JG, et al . Alpha-inhibin is a tumoursuppressor gene with gonadal specificity in mice. Nature 1992; 360:
313–319.
3. Risbridger GP, Schmitt JF, Robertson DR. Activins and inhibins in
endocrine and other tumours. Endocrine Rev 2001; 22: 836–858.
4. Risbridger GP. Activins, growth factors & cytokines. In Encyclopedia of Hormones, Henry HL and Norman AW (eds). Elsevier
Press, Academic Press: San Diego, 2006; 23–29.
5. Risbridger GP, Butler C. Activins and inhibin in cancer progression.
In Transforming Growth Factor-Beta in Cancer Therapy, Volume
I: Basic and Clinical Biology, Jakowlew SB (ed). Humana Press:
Totowa, NJ, 2008; 411–424.
6. Meulmeester E, Ten Dijke P. The dynamic roles of TGF-beta in
cancer. J Pathol 2011; 223: 205–218.
7. Robertson D, Klein R, de Vos FL, et al . The isolation of
polypeptides with FSH suppressing activity from bovine follicular
fluid which are structurally different to inhibin. Biochem Biophys
Res Commun 1987; 149: 744–749.
8. Phillips DJ. Regulation of activin’s access to the cell: why is mother
nature such a control freak? Biessays 2000; 22: 689–696.
9. Tisdale MJ. Mechanisms of cancer cachexia. Physiol Rev 2009; 89:
381–410.
10. Harrison CA, Gray PC, Vale WW, et al . Antagonists of activin
signaling: mechanisms and potential biological applications. Trends
Endocrinol Metab 2005; 16: 73–78.
11. Zhou X, Wang JL, Lu J, et al . Reversal of cancer cachexia and
muscle wasting by ActRIIB antagonism leads to prolonged survival.
Cell 2010; 142: 531–543.
12. de Winter JP, ten Dijke P, de Vries CJ, et al . Follistatins neutralize
activin bioactivity by inhibition of activin binding to its type II
receptors. Mol Cell Endocrinol 1996; 116: 105–114.
13. de Kretser DM, Loveland KL, Meehan T, et al . Inhibins, activins
and follistatin: actions on the testis. Mol Cell Endocrinol 2001; 180:
87–92.
14. Woodruff TK, Mather JP. Inhibin, activin and the female reproductive axis. Annu Rev Physiol 1995; 57: 219–244.
15. Lau AL, Kumar TR, Nishimori K, et al . Activin betaC and betaE
genes are not essential for mouse liver growth, differentiation, and
regeneration. Mol Cell Biol 2000; 20: 6127–6137.
16. Gold E, Jetly N, O’Bryan MK, et al . Activin C antagonizes activin
A in vitro and overexpression leads to pathologies in vivo. Am J
Pathol 2009; 174: 184–195.
17. Mellor SL, Ball EM, O’Connor AE, et al . Activin betaC-subunit
heterodimers provide a new mechanism of regulating activin levels
in the prostate. Endocrinology 2003; 144: 4410–4419.
18. Shah SP, Kobel M, Senz J, et al . Mutation of FOXL2 in granulosacell tumors of the ovary. N Engl J Med 2009; 360: 2719–2729.
19. Robertson DM, McNeilage J. Inhibins as biomarkers for reproductive cancers. Semin Reprod Med 2004; 22: 219–225.
20. Coerver KA, Woodruff TK, Finegold MJ, et al . Activin signaling
through activin receptor type II causes the cachexia-like symptoms
in inhibin-deficient mice. Mol Endocrinol 1996; 10: 534–543.
21. Li Q, Graff JM, O’Connor AE, et al . SMAD3 regulates gonadal
tumorigenesis. Mol Endocrinol 2007; 21: 2472–2486.
22. Li Q, Kumar R, Underwood K, et al . Prevention of cachexialike syndrome development and reduction of tumor progression in
inhibin-deficient mice following administration of a chimeric activin
receptor type II-murine Fc protein. Mol Hum Reprod 2007; 13:
675–683.
J Pathol 2013; 229: 599–607
www.thejournalofpathology.com

Activin-βC modulates tumours and cachexia in inhibin knock-out mice

23. Gold EJ, O’Bryan MK, Mellor SL, et al . Cell-specific expression
of betaC-activin in the rat reproductive tract, adrenal and liver. Mol
Cell Endocrinol 2004; 222: 61–69.
24. McPherson SJ, Hussain S, Balanathan P, et al . Estrogen receptor
beta activated apoptosis in benign hyperplasia and cancer of the
prostate is androgen-independent and TNF- mediated. Proc Natl
Acad Sci U S A 2010; 107: 3123–3128.
25. Gold EJ, Zhang X, Wheatley AM, et al . βA- and βC-activin, follistatin, activin receptor mRNA and βC-activin peptide expression
during rat liver regeneration. J Mol Endocrinol 2005; 34: 505–515.
26. Barakat B, O’Connor AE, Gold E, et al . Inhibin, activin, follistatin
and FSH serum levels and testicular production are highly modulated during the first spermatogenic wave in mice. Reproduction
2008; 136: 345–359.
27. van Casteren JI, Schoonen WG, Kloosterboer HJ. Development of time-resolved immunofluorometric assays for rat

28.

29.

30.

31.

607

follicle-stimulating hormone and luteinizing hormone and
application on sera of cycling rats. Biol Reprod 2000; 62:
886–894.
Cipriano SC, Chen L, Kumar TR, et al . Follistatin is a modulator
of gonadal tumor progression and the activin-induced wasting
syndrome in inhibin-deficient mice. Endocrinology 2000; 141:
2319–2327.
Schwall RH, Robbins K, Jardieu P, et al . Activin induces cell
death in hepatocytes in vivo and in vitro. Hepatology 1993; 18:
347–356.
Yasuda H, Mine T, Shibata H, et al . Activin A: an autocrine
inhibitor of initiation of DNA synthesis in rat hepatocytes. J Clin
Invest 1993; 92: 1491–1496.
Robertson DM, Cahir N, Burger HG, et al . Inhibin forms in serum
from postmenopausal women with ovarian cancers. Clin Endocrinol
(Oxf) 1999; 50: 381–386.

SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article.
Figure S1. Elevated activin-βC was evident in α-KO/ActC++ mice.
Figure S2. Representative western blot: (A) phospho-Smad-2 (Smad-2p) and (B) total Smad-2 HepG2 cells.
Figure S3. Representative western blot: (A) phospho-Smad-2 (Smad-2p) and (B) total Smad-2 LNCaP cells.
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