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Abstract
Activin is required for testis development. Activin signals via the phosphorylation and nuclear
accumulation of SMAD2 and SMAD3. We present novel findings of developmentally regulated
activin signalling leading to specific transcriptional outcomes in testicular Sertoli cells. In immature,
proliferating, Sertoli cells, activin A induces nuclear accumulation of SMAD3, but not SMAD2,
although both proteins become phosphorylated. In post-mitotic differentiating cells, both SMAD
proteins accumulate in the nucleus. Furthermore, immature Sertoli cells are sensitive to activin
dosage; higher concentrations induce maximal SMAD3 nuclear accumulation and a small increase
in nuclear SMAD2. Microarray analysis identified distinct transcriptional outcomes correlating with
differential SMAD utilization and new activin target genes, including Gja1 and Serpina5, which are
essential for Sertoli cell development and male fertility. In transgenic mice with altered activin
bioactivity that display fertility phenotypes, Gja1 and Serpina5 are significantly altered. Thus,
differential SMAD utilization in response to activin features during Sertoli cell maturation.
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Introduction
During embryogenesis, morphogen gradients formed by transforming growth factor-beta
(TGFβ) superfamily ligands contribute to the temporal and spatial regulation of diverse
developmental events, including the determination of mesodermal competency by activin A
in Xenopus (Dyson and Gurdon, 1998), wing disc formation by Dpp in Drosophila (Bollenbach
et al., 2008), digit formation in response to BMP/BMP-like ligands in the chick (Hu et al.,
2008; Suzuki et al., 2008) and border formation between the cerebral cortex and the
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telencephalic dorsal midline by BMP4 during embryonic brain development (Hu et al.,
2008). Examination of morphogen gradients and target cell responsiveness using mathematical
modelling (Bollenbach et al., 2008) as well as in vitro (Dyson and Gurdon, 1998) and in vivo
(Hu et al., 2008; Suzuki et al., 2008) approaches established that cell fate is determined by the
availability of ligand and the distance of the target cell from the source of ligand production.
It is well established that disruption or dysregulation of TGFβ signalling can alter
developmental outcomes and is associated with disease (reviewed in (Chang et al., 2002)).

Whereas the above studies examined cellular responses to a morphogen gradient at a specific
developmental timepoint, we sought to examine circumstances where ligand production
changes during development. As a model developmental system, we examined activin A
signalling in the murine fertility-determining Sertoli cell, the nurse cell to developing sperm.
Activin A is required for the proliferation of immature Sertoli cells and for quantitatively
normal sperm production in the adult. Production of activin A changes dramatically during
testis development, being 15-fold higher in the neonatal testis compared to the adult testis, with
a dramatic drop in production occurring around puberty (Barakat et al., 2008; Buzzard et al.,
2003; Buzzard et al., 2004). During puberty, the Sertoli cell switches to a post-mitotic
phenotype associated with its terminal differentiation, which occurs by 12 days of age. The
post-mitotic Sertoli cell is functionally different to the immature Sertoli cell, exhibiting
dynamic changes in gene expression required for the support of ongoing spermatogenesis.
Thus, the study of Sertoli cell maturation, in an environment of changing activin levels, presents
the opportunity to examine the mechanisms by which activin responses are developmentally
regulated and to determine the consequences of altered activin signalling on target gene
expression.

Sertoli cells and the adjacent peritubular myoid cells, which surround the seminiferous cord,
are the predominant sources of activin A in the testis, and both immature and post-mitotic
Sertoli cells express activin receptors (de Winter et al., 1992; de Winter et al., 1994; Fragale
et al., 2001; Kaipia et al., 1992). A discrete upregulation of type IIA activin receptor subunit
(Acvr2) mRNA just prior to Sertoli cell maturation has been observed (Fragale et al., 2001),
but how this impacts on the Sertoli cell responsiveness to activin or whether post-mitotic cells
can respond to activin has not been directly tested. In vitro, activin A is a well established
mitogen for immature Sertoli cells (Boitani et al., 1995; Buzzard et al., 2003; Fragale et al.,
2001), whereas in vivo, delayed testis maturation, subfertility or infertility, including Sertoli
cell-derived cancer, are consequences of altered activin production (reviewed in (Itman et al.,
2006)).

Activin signals via the transcription factors SMAD2 and SMAD3. Upon activin binding to cell
surface receptors, SMAD2 and SMAD3 are phosphorylated, complex with SMAD4,
accumulate in the nucleus and regulate expression of target genes (Heldin et al., 1997;
Massague et al., 2005). Several studies have established that SMAD2 and SMAD3 are not
functionally redundant. Strikingly different phenotypes are observed in mice lacking SMAD2,
which exhibit embryonic lethality (Waldrip et al., 1998), compared to mice lacking SMAD3,
which develop to adulthood (Zhu et al., 1998), and common as well as distinct roles for SMAD2
and SMAD3 have been identified in TGFβ signal transduction (Kretschmer et al., 2003; Piek
et al., 2001; Yang et al., 2003) with signal intensity reflected by the concentration of SMAD
proteins within the nucleus (Inman et al., 2002). These parameters have not yet been examined
in relationship to activin signalling.

While documenting the dynamic patterns of SMAD synthesis and localization during mouse
testis development, we discovered that SMAD2 and SMAD3 exhibit different subcellular
localization, with SMAD2 apparently excluded from the nuclei of immature, proliferating
Sertoli cells from 6 day old mice. This was not observed in post-mitotic Sertoli cells from 15
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day old mice. The present study profiles the responsiveness of immature Sertoli cells to activin
A and also examines responsiveness to the three TGFβs, which also signal via SMAD2 and
SMAD3 (Heldin et al., 1997; Massague et al., 2005). We show that immature Sertoli cells are
uniformly and dose-dependently responsive to activin A but not to TGFβ1, TGFβ2 or TGFβ3.
We characterize this newly revealed developmentally regulated response to activin, identifying
a novel phenomenon in which the regulated nuclear accumulation of SMAD3 and of
phosphorylated SMAD2 governs activin responses and developmental outcomes. The
physiological relevance of these findings is established by the identification of activin target
genes that display different expression levels when activin production is altered in testes of
mice with altered activin levels, preceding the onset of fertility phenotypes observed in these
mice.

Results
Regulated utilization of SMAD2 and SMAD3 in activin A signal transduction features in Sertoli
cell development

Activin promotes the proliferation of immature rodent Sertoli cells, however a response to
activin by post-mitotic Sertoli cells has not been documented (Boitani et al., 1995; Buzzard et
al., 2003), nor have the specific transcriptional outcomes been characterized. We began by
performing immunohistochemistry to determine the localization of the activin signal
transducers SMAD2 and SMAD3, reasoning that a nuclear signal would indicate their active
involvement in signal transduction. Each exhibited a different subcellular localization in Sertoli
cells of 6 day old mouse testes (Figure 1A). SMAD2 was readily detected within the cytoplasm
and displayed distinctive localization at the nuclear membrane with little to no intranuclear
staining. In contrast, SMAD3 was also cytoplasmic but was easily detected within the nucleus.

We then compared the in vitro responsiveness to activin of immature (6 dpp) Sertoli cells and
post-mitotic Sertoli cells (15 dpp). An established approach was used to enrich Sertoli cells
and culture them on laminin for 24 hours in serum-free conditions (Itman and Loveland,
2008), after which they were either left untreated or stimulated with concentrations of activin
A ranging from 5 to 50 ng/ml, for 45 minutes. Our aim was to find a concentration that
approximated physiological conditions, that of nuclear localization of SMAD3, but not
SMAD2, in immature Sertoli cells in vivo (Figure 1A). SMAD proteins were then visualized
by immunofluorescence using specific antibodies (see Supplementary Figure S1). In immature
(6 dpp) Sertoli cells, SMAD2 and SMAD3 were detected in both the nucleus and cytoplasm
in the absence of stimulation (Figure 1B (a,b)). Upon treatment with activin A, SMAD3
exhibited nuclear accumulation, which was enhanced with higher activin doses (Figure 1B
(d,f); 5 and 50 ng/ml pictured). However, SMAD2 localization appeared unaltered at all activin
concentrations, remaining distributed between the nucleus and cytoplasm (Figure 1B (c,e); 5
and 50 ng/ml). In post-mitotic (15 dpp) Sertoli cells, SMAD2 and SMAD3 were nuclear and
cytoplasmic in the absence of stimulation (Figure 1C (g,h)) but both SMAD2 and SMAD3
accumulated in the nucleus following treatment with 5 and 50 ng/ml activin A (SMAD2: Figure
1C (i,k); SMAD3: Figure 1C (j,l)). We continued our study with the consideration that 5 ng/
ml activin A (0.1 pmol per 2 cm2 surface area of well) is likely to be physiologically relevant
as this induced nuclear accumulation of only SMAD3 in immature Sertoli cells. We also
predicted that 50 ng/ml activin A exceeded the physiological concentration in the immature
testis.

As the lack of SMAD2 nuclear accumulation in response to activin in immature Sertoli cells
was somewhat surprising, this was further examined in 6 dpp spermatogonia (Supplementary
data Figure S2A, B). Treatment with 10 ng/ml activin A induced nuclear accumulation of both
SMAD2 and SMAD3 in spermatogonia, confirming that the lack of nuclear accumulation of
SMAD2 in immature Sertoli cells is a particular feature of these cells.
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As SMAD2 and SMAD3 also transduce TGFβ signals, we examined the response of immature
Sertoli cells to TGFβ1, TGFβ2 and TGFβ3. This was performed in an analogous fashion to the
activin studies, using concentrations of 1 and 5 ng/ml. As depicted in Supplementary Figure
S3, no nuclear accumulation of SMAD2 or SMAD3 was observed in response to TGFβ1 or
TGFβ3 whereas following treatment with TGFβ2, a small proportion (less than 0.5%) of cells
exhibited nuclear accumulation of SMAD3. The bioactivity of each of the three TGFβs was
confirmed by treatment of mouse dermal fibroblasts (Verbruggen and Salomon, 1980), in
which nuclear localization of SMAD3 was observed for all three growth factors. We therefore
focussed on the response of Sertoli cells to activin A for the remainder of the study.

Analysis of confocal images of untreated Sertoli cells and cells treated with 5 to 50 ng/ml
activin A was performed to quantify activin A-induced SMAD2 and SMAD3 nuclear
accumulation. These Fn/c values confirmed that in immature Sertoli cells, activin A exposure
led to significant dose-dependent nuclear accumulation of SMAD3, with maximal nuclear
SMAD3 measured in samples treated with 25 and 50 ng/ml (Figure 1B′). SMAD2 nuclear
levels did not change with lower activin concentrations but a small, significant, increase in
SMAD2 nuclear accumulation was measured when the SMAD3 level in the nucleus was
maximal. In post-mitotic Sertoli cells, both SMAD2 and SMAD3 exhibit similar profiles of
nuclear accumulation, with maximum nuclear accumulation for both SMAD proteins observed
at 5 ng/ml activin A and no graded response observed (Figure 1C′).

To determine whether immature Sertoli cells exhibited temporal responsiveness to activin A,
SMAD2 localization was examined by immunofluorescence 10, 45 and 90 minutes after
treatment with 10 ng/ml activin A. No change in SMAD2 subcellular distribution was observed
(data not shown). These data establish that Sertoli cells exhibit developmental-stage specific
SMAD responses to activin A.

SMAD2 and SMAD3 are phosphorylated in response to activin A but nuclear accumulation
of SMAD2 at lower activin concentrations is impaired

To confirm the immunofluorescence results depicting differential SMAD2 and SMAD3
nuclear accumulation in immature Sertoli cells in response to activin A, Western blot analysis
was performed with nuclear and cytoplasmic extracts from untreated Sertoli cells and cells
treated with 5 or 50 ng/ml activin A (Figure 2A). In untreated cells, both SMAD2 and SMAD3
were detected in nuclear lysates. Following activin A treatment, no change in SMAD2 protein
levels in nuclear lysates was apparent at either 5 or 50 ng/ml, but SMAD3 protein levels in
nuclear lysates increased. Antibodies to LAMIN B1 (Goldman et al., 2002) and to α-TUBULIN
(Piperno et al., 1987) demonstrated that the nuclear and cytoplasmic fractions were highly
purified. These results are consistent with the data presented in Figure 1, confirming that
SMAD3 is preferentially used in activin A induced signal transduction by immature Sertoli
cells. The absence of a detectable increase in SMAD2 nuclear localization by Western blot in
immature cells treated with 50 ng/ml of activin A suggests that this assay is less sensitive than
immunofluorescence.

Although SMAD proteins constantly shuttle between the nucleus and cytoplasm, nuclear
accumulation of SMADs following ligand stimulation requires the phoshorylation of two C-
terminal serine residues by activated receptors complexes (reviewed by (Heldin et al., 1997;
Massague et al., 2005)). Western blot analysis performed on whole cell lysates from cells
treated with 5, 10 or 25 ng/ml activin A using antibodies to the phosphorylated forms of
SMAD2 and SMAD3 confirmed that SMAD2 was phosphorylated at all concentrations of
activin A examined, exhibiting a similar profile to phosphorylated SMAD3 (Figure 2B). Hence,
the inability of SMAD2 to accumulate in the nucleus following activin A treatment of immature
Sertoli cells is not due to a lack of C-terminal phosphorylation.
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Having established that, in immature Sertoli cells treated with low levels of activin, SMAD2
and SMAD3 are phosphorylated but only SMAD3 accumulates in the nucleus, the intracellular
distributions of phosphorylated SMAD2 and phosphorylated SMAD3 were examined by
Western blot of nuclear and cytoplasmic extracts from untreated cells and cells treated with 5
or 50 ng/ml activin A (Figure 2C). Treatment with 5 ng/ml activin A induced a marked increase
in phosphorylated SMAD3 in the nuclear and cytoplasmic lysates relative to untreated cells.
Phosphorylated SMAD2 was visible in the cytoplasmic fraction however, in the nuclear
fraction, a very faint signal for phosphorylated SMAD2 was detected in some samples (data
not shown) whereas in other samples, no signal was detected. In cells treated with 50 ng/ml
activin A, phosphorylated SMAD2 and SMAD3 were consistently detected in cytoplasmic and
in nuclear fractions. These results demonstrate that when immature Sertoli cells are stimulated
with activin A, phosphorylated SMAD2 can accumulate in the nucleus, but this capacity is
greatly reduced at lower activin concentrations.

In summary, these data have established that immature and post-mitotic Sertoli cells exhibit
different SMAD-responses to activin A stimulation and that immature cells are sensitive to
activin doses between 5 and 50 ng/ml (Figure 2D).

Identification of candidate genes differentially expressed under conditions correlating with
specific SMAD usage

As immature and post-mitotic Sertoli cells exhibit different signal transduction responses to
activin A and immature Sertoli cells exhibit sensitivity to activin levels, we set out to identify
whether differential SMAD2/3 nuclear accumulation altered transcriptional outcomes
downstream of activin signalling. Microarray analyses were conducted under conditions
correlating with specific SMAD nuclear accumulation profiles to address several questions.

Cells were cultured as described above and treated with activin A for 6.5 hours. Cells from 6
dpp pups were exposed to 5 or 50 ng/ml activin A, corresponding to differential SMAD nuclear
accumulation whereas cells from 15 dpp mice were treated with 5 ng/ml activin A only (Figure
2D). Affymetrix microarray analysis was performed on RNA prepared from two independent
culture experiments. A gene was considered to be expressed if the signal value was 50 or greater
and to be activin regulated if a minimum two-fold change was detected relative to other
treatment groups. Genes identified by microarray analysis as activin regulated are deposited
for public viewing, query and download in the gene expression data repository Gene Expression
Omnibus (GSE13106).

Both upregulated and downregulated genes were detected following exposure of cells to
activin. As defined in the Gene Ontology Database (http://www.ebi.ac.uk/GOA/), these relate
to a diverse range of biological processes, including DNA and chromatin modification, the
ubiquitin cycle, protein transport, RNA processing and ion transport. An important finding is
that some of these genes are required for male fertility. Also of note is that most genes exhibiting
a two-fold expression change were only found in one treatment group, suggesting that SMAD2
and SMAD3 may have distinct activities in the regulation of activin target gene expression in
Sertoli cells (Figure 3). For example, 95 candidate genes were upregulated relative following
treatment of 6 dpp cells with 5 ng/ml activin A whereas 51 different candidate genes were
upregulated in 6 dpp cells treated with 50 ng/ml activin A. Only five genes were commonly
upregulated at both concentrations (Arhgap27, BB022048, Hsd17b1, Mup1 and Spna1). A
similar pattern was evident in genes exhibiting downregulation in immature cells, with 12
candidates downregulated following treatment with 5 ng/ml activin A, whereas 23 different
candidate genes were downregulated with 50 ng/ml activin A; only Iqseq1 was downregulated
at both concentrations. A single gene, Rnf14, was commonly upregulated in 6 dpp treated with
50 ng/ml activin A and 15 dpp cells, whereas an entirely different gene set was downregulated
by activin in 15 dpp cells; none of these overlapped with those identified in 6 dpp cells. A
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selection of genes spanning a range of biological processes that were identified by microarray
is listed in Table 1 alongside their fold-change relative to untreated cells.

Activin-regulated gene expression is developmentally regulated
Several genes were selected for further analysis by quantitative PCR. These include Pdgfb, a
known SMAD-target gene (Bruna et al., 2007), as well as genes not previously identified as
being activin regulated, including Tescalcin, Cryl1, Rarres1, Gja1 and Serpina5. Testicular
expression of Tescalcin, which encodes a calcium binding protein, and of Pdgfb has previously
been described (Gnessi et al., 1995; Loveland et al., 1995; Perera et al., 2001); the findings
presented here are the first identification of Cryl1 and Rarres1 transcripts in the testis. The
requirement for Gja1 and Serpina5 expression for normal Sertoli cell development and male
fertility has already been established; mice with Sertoli cell-specific ablation of Gja1 (Brehm
et al 2007, Sridharan et al 2007) or which do not express Serpina5 (Anway et al 2005) are
infertile.

Total RNA isolated from two additional independent cultures of 6 and 15 dpp cells was treated
in a manner identical to that described for microarray samples to measure expression levels of
selected activin target genes by Real Time PCR. Data normalization with either 18S or beta-
actin generated similar results, and these experimental outcomes were consistent with our
findings that 6 dpp Sertoli cells exhibit dose-dependent responsiveness to activin A.

Treatment of immature Sertoli cells with 5 ng/ml activin A elicited no significant increase in
Gja1, Pdgfb, Serpina5 or Tesc mRNA levels relative to untreated cells (Figure 4A). In contrast,
exposure to 50 ng/ml activin A significantly elevated the transcriptional response of immature
Sertoli cells for each of these genes (Gja1, 1.5-fold relative to untreated cells; Pdgfb, 2.8-fold;
Serpina5, 2.1-fold; Tesc, 3.8-fold). Notably, treatment of 15 dpp cells with just 5 ng/ml activin
significantly increased the expression of Pdgfb (2.2-fold relative to untreated 15 dpp cells),
Serpina5 (1.9-fold) and Tesc (2.1-fold); Gja1 expression increased 1.9-fold but this was not
significant.

Dose-dependent downregulation of mRNA levels was also measured (Figure 4B). In immature
cells, significant downregulation of Dhcr24 was observed at 5 and 50 ng/ml activin A, to 84%
and 80% of levels measured in untreated cells, respectively. Interestingly, Dhcr24 expression
in 15 dpp cells was not altered, indicating developmental stage-specific responsiveness of some
loci to transcriptional machinery. In 6 dpp cells, Cryl1 was not significantly altered by 5 ng/
ml activin A but was downregulated to 0.75 of untreated levels by 50 ng/ml. Rarres1 was
downregulated by 5 and 50 ng/ml activin A, to 0.5 and 0.25 of the levels measured in untreated
cells, respectively. Downregulation of Cryl1 (to 0.7 of untreated levels) and Rarres1 (to 0.5 of
untreated levels) was also observed in 15 dpp cells.

A clear outcome from these experiments is the observation that treatment of immature Sertoli
cells with 50 ng/ml activin A induces a transcriptional response similar to that induced in post-
mitotic cells at a 10-fold lower activin concentration. In immature cells, this is associated with
maximal SMAD3 and uncharacteristic SMAD2 nuclear accumulation correlating with the
observation in post-mitotic cells of nuclear accumulation of both SMAD2 and SMAD3. These
findings suggest that regulated SMAD utilization in activin signal transduction is a feature that
is required for appropriate responses by immature Sertoli cells to activin A.

Altered in vivo activin levels affect activin target gene expression in mouse testes
To examine the potential for activin to regulate these target genes in vivo, we examined whether
their expression was altered in testes from mice with reduced activin bioactivity
(InhbaBK/BK) and in mice with excessive activin signalling (Inha−/−). Both mouse strains
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display testicular phenotypes; adult InhbaBK/BK mice have smaller testes and reduced sperm
output (Brown et al., 2000) and Inha−/− mice develop Sertoli cell-derived stromal tumours
(Matzuk et al., 1992). Reduced Sertoli cell number in InhbaBK/+ and InhbaBK/BK mice relative
to wildtype littermates is evident at 7 dpp, although they are not significantly different to each
other whereas the number of Sertoli cells in testes from 7 dpp Inha−/− mice is not different to
wildtype (our unpublished results).

Real Time PCR confirmed that Gja1 and Serpina5 mRNA levels are unchanged in Inhba+/+

and InhbaBK/+ testes but are significantly lower in InhbaBK/BK testes (Table 3), with Gja1
transcripts present at less than half and Serpina5 approximately 40% of the levels measured in
testes from wildtype and heterozygous littermates. In testes from Inha−/− pups, Gja1,
Serpina5 and Tesc mRNA levels were all significantly greater (2-, 1.3- and 2.5-fold
respectively) than in wildtype littermates. These data establish that activin-regulation of
Gja1 and Serpina5 occurs in vivo, demonstrating the impact of modulated activin production
on transcription in immature Sertoli cells and its important physiological outcomes.

Discussion
Activin A signal transduction is regulated at the level of SMAD nuclear accumulation

The testis is a powerful model for the study of activin signalling in development as activin is
required for normal testis development and its production is highly regulated. We have
determined that immature Sertoli cells are particularly sensitive to extracellular cues and are
vulnerable to subtle changes in activin levels that can trigger them to deviate from their normal
developmental pathway. By effectively mimicking a morphogen gradient in vitro, we have
shown that Sertoli cell responses to activin A are different at different developmental stages.
Furthermore, immature Sertoli cells are sensitive to activin dosage, apparent in the increased
phosphorylation of both SMAD2 and SMAD3 that is observed with increasing activin
concentration. It has previously been shown that receptor occupancy within a morphogen
gradient is a key determinant in specifying the outcome of activin signalling (Dyson and
Gurdon, 1998) and that sensitivity to activin concentration leads to a dose-dependent increase
in nuclear accumulation of exogenous Smad2 (Saka et al., 2007). Our data add to these findings
by illustrating that activin can also induce dose-dependent nuclear accumulation of SMAD3
and that the phosphorylated forms of SMAD2 and SMAD3 differ in their capacity to
accumulate in the nucleus.

Similar to the temporally regulated nuclear accumulation of SMAD2 described here during
Sertoli cell maturation, developmentally regulated SMAD2 nuclear accumulation in response
to activin has previously been described in Xenopus (Grimm and Gurdon, 2002; Saka et al.,
2007). During Xenopus embryogenesis, nuclear accumulation of GFP-tagged SMAD2
corresponds to the time of mesoderm induction. However, prior to and following this period
of mesodermal competence, activin fails to induce GFP-SMAD2 nuclear accumulation or to
induce the expression of mesodermal markers. Phosphorylation within the linker region of
SMAD2 was established as the determining factor blocking SMAD2 nuclear accumulation,
with this event required for the termination of mesodermal induction. Thus, blocking SMAD2
nuclear accumulation is a developmental switch that restricts the size of the cell population
directed into the mesodermal lineage and permits progressive development of the embryo
(Grimm and Gurdon, 2002). In an analogous manner, our finding that activin-induced nuclear
accumulation of SMAD2 in Sertoli cells is restricted to post-mitotic cells may reflect specific
requirements for SMAD2-mediated transcription in post-mitotic, but not immature, Sertoli
cells.

Our current understandings of SMAD2 and SMAD3 target gene regulation is based on studies
in cell lines using overexpression or knockdown technologies (Kim et al., 2005; Kretschmer

Itman et al. Page 7

Dev Dyn. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 2003; Labbe et al., 1998; Uemura et al., 2005; Yang et al., 2003), Smad2- or Smad3-
deficient fibroblasts (Piek et al., 2001) or from phenotypic analysis of knockout mice (Waldrip
et al., 1998; Zhu et al., 1998). We undertook to characterize activin signal transduction by
measuring the activation and utilization of endogenous SMAD proteins and by distinguishing
between SMAD2 and SMAD3. The novel findings we present are therefore particularly
insightful and highlight a level of complexity in activin signal transduction that has not
previously been described. These data suggest that, in cells that express both SMAD2 and
SMAD3, intrinsic mechanisms exist to modulate the participation of phosphorylated SMAD2
versus phosphorylated SMAD3 in regulating gene expression. Ongoing studies in our
laboratory are addressing the mechanisms underpinning this differential utilization and the
selective roles that SMAD2 and SMAD3 play in the regulation of activin target genes which
we expect will considerably expand our understanding of TGFβ superfamily signalling.

Regulated activin responsiveness is required for Sertoli cell transition from an immature to
terminally differentiated state

This study identified numerous activin target genes previously known to be expressed in the
testis, including Gja1 and Serpina5. Gja1 encodes the gap junction protein connexin43 required
for Sertoli cell maturation; Sertoli cell-specific knockout mice are infertile (Sridharan et al.,
2007). Serpina5 encodes a serine protease inhibitor, also required by post-mitotic Sertoli cells;
male mice that do not express Serpina5 are infertile (mPCI knockout mice) (Uhrin et al.,
2000). The select upregulation of these genes in post-mitotic cells supports the hypothesis that
temporal control of these genes confers developmentally regulated gene expression. These
genes, and others identified by microarray herein, also represent a valuable selection of novel
markers that can distinguish immature from post-mitotic Sertoli cells, the utilization of which
will advance investigations into testis development and testicular pathologies where altered
Sertoli cell maturation is suspected.

The hypothesis that regulated responsiveness to activin is a feature of normal Sertoli cell
maturation and that altered responses by immature Sertoli cells would influence developmental
outcomes in vivo was confirmed using two mouse models of altered activin synthesis (Figure
5). In a chronic model of altered activin signalling, we predict that the delayed testis
development in InhbaBK/BK mice is, at least in part, due to impaired Sertoli cell development
arising from insufficient production of Gja1 and Serpina5. In contrast, elevated activin
exposure led to excessive nuclear accumulation of SMAD3 and premature nuclear
accumulation of SMAD2 in immature Sertoli cells, associated with increased transcription of
activin target genes. Importantly, altered expression of these genes preceded the onset of the
phenotypes associated with Sertoli cell malfunction in mouse models: the delayed fertility
observed in InhbaBK/BK mice and the Sertoli cell-derived tumours in Inha−/− mice (Sridharan
et al., 2007;Uhrin et al., 2000). Collectively, these data indicate that maximal nuclear
accumulation of SMAD3 and premature nuclear accumulation of SMAD2 in immature Sertoli
cells alters gene expression profiles resulting in detrimental consequences on their
development. The demonstration that Smad3 deletion relieves the Sertoli cell tumour-forming
phenotype of the inhibin alpha knockout mouse (Li et al., 2007;Looyenga and Hammer,
2007) reinforces the concept that regulation of SMAD3 nuclear accumulation at this
developmental stage is of particular importance.

Activin as a coordinator of other biological processes
The approach undertaken here to identify activin target genes has generated considerable
information about the potential influence of activin on other biological processes. For example,
substantial dose-dependent downregulation of Rarres1 (also called TIG-1, tazarotene-induced
gene 1) was observed. Rarres1 was previously identified as a tumour-suppressor that is
upregulated by retinoic acid signalling (Nagpal et al., 1996), and loss of Rarres1 expression is
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a seen in a broad spectrum of cancers (Youssef et al., 2004) including colorectal (Wu et al.,
2006), esophageal (Mizuiri et al., 2005), breast (Wilson et al., 2006) and prostate cancer, in
which ectopic expression significantly reduces invasiveness and tumorigenicity (Jing et al.,
2002). In these cases, downregulation of retinoic acid signalling was thought to be the cause
of reduced Rarres1 expression, however this should be revisited in the light of a recent report
of elevated serum activin A levels in patients with prostate or breast cancer (Incorvaia et al.,
2007).

The calcium-binding protein tescalcin, negative signalling regulators Fstl3, Soc2 and Numb-
like, the growth factor Pdgfb and two genes encoding steroidogenic enzymes (Hsd17b1,
Hsd17b3) were upregulated by activin A. Each of these genes influence developmental and
disease processes. Tescalcin directs megakaryocytic differentiation by controlling expression
of the transcription factors Fli-1, Ets-1 and Ets-2 (Levay and Slepak, 2005); Fstl3, Socs2 and
Numb-like downregulate the response of cells to cytokines whereas PDGFB is a potent mitogen
and angiogenic factor (Betscholtz et al., 2001). The potential for altered steroidogenic capacity
in response to activin suggests that modulation of activin responsiveness could influence
androgen production, of relevance not only to male fertility but also to other androgen-regulated
processes such as prostate development and disease (Taplin, 2008).

To conclude, we have identified a novel developmental regulation of activin signalling in which
the nuclear accumulation of SMAD2 and SMAD3 is modulated, presumably to direct
appropriate activin signalling outcomes during development. The physiological relevance of
these findings is evident in the identification of activin target genes required for normal Sertoli
cell function and male fertility. Insufficient or excessive in vivo exposure of immature Sertoli
cells to activin leads to altered activin target gene expression, preceding the onset of fertility
phenotypes observed in mice with altered activin levels. These data highlight that activin
production and target cell responsiveness must be tightly regulated to drive specific
transcriptional outcomes appropriate to developmental stage.

Experimental Procedures
Experimental animals and tissues

Wildtype mice (CBAxC57Bl6 F1) were housed at the Monash University Central Animal
Services, InhbaBK/BK mice at the Monash Medical Centre Animal Facility, and Inha−/− at the
Baylor College of Medicine, Houston, Texas (as described in the NIH Guide for the Care and
Use of Laboratory Animals). All investigations conformed to the NHMRC/CSIRO/AAC Code
of Practice for the Care and Use of Animals for Experimental Purposes and were approved by
the Monash University Standing Committee on Ethics in Animal Experimentation.

Testes for RNA extraction were decapsulated, snap frozen and stored at −80°C until use. Intact
tissue for immunohistochemistry was fixed for five hours in Bouin's fixative immediately after
collection, dehydrated through a graded ethanol series, paraffin embedded and placed as 4
μm sections onto Superfrost Plus II slides (Lomb Scientific, Sydney Australia).

Cell culture
Enrichment and culture of Sertoli cells was performed as described (Itman and Loveland,
2008). After 24 hours, floating spermatogonia were aspirated and medium replaced. Medium
was changed again after one hour and cells were exposed to medium with or without activin
A, TGFβ1, TGFβ2 or TGFβ3 for 45 minutes (R&D Systems, Minneapolis, MN). Following
activin stimulation, cells used for immunofluorescence were fixed in a solution of 2%
paraformaldehyde (BDH Laboratory Supplies, Poole, UK) in PBS for 10 minutes, washed
twice in PBS and stored in PBS at 4°C. For protein analysis of whole cell lysates, cells were
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scraped and collected by centrifugation at 13,000 rpm at room temperature for 1 minute; cell
pellets were snap frozen on dry ice and stored at −80°C. Nuclear and cytoplasmic lysates were
prepared as per (Rosner et al., 2007). For microarray and Real Time PCR analysis, cells were
exposed to activin A for 6.5 hours.

Western Blot
Cell lysate preparation and Western blots were performed as described (Itman and Loveland,
2008). Anti-SMAD2 and anti-SMAD3 (Zymed, San Francisco, CA) were used at 0.25 μg/ml;
anti-phospho-SMAD2 and anti-phospho-SMAD3 (Cell Signalling Technologies, Beverly,
MA), anti-LAMINB1 (Zymed), anti-β-TUBULIN and anti-α-TUBULIN (Sigma-Aldrich, St.
Louis, MO) antibodies were used at 1:1000 dilution. Bound primary antibodies were detected
using goat-anti-rabbit Alexa Fluor 680 (Invitrogen, Carlsbad CA) or goat-anti-mouse IR-800
(Rockland, PA, USA) and measured with the Li-Cor Odyssey System. Measurement of
SMAD2 phosphorylation was performed five times and SMAD3 three times. In nuclear and
cytoplasmic lysates, total SMAD2 and SMAD3 were measured twice and phosphorylated
SMAD2 and SMAD3 four times.

Immunohistochemistry and immunofluorescence
Immunohistochemistry (Meehan et al., 2000) and immunofluorescence were performed as
previously described (Itman and Loveland, 2008) using anti-SMAD2 and anti-SMAD3
antibodies (Zymed; 2μg/ml and 0.5μg/ml respectively). Verification of SMAD2 and SMAD3
antibody specificity is presented in Figure S1. Bound primary antibody was detected using
biotinylated anti-rabbit antibody (Chemicon, Temecula, CA) diluted 1:500 in 0.5% BSA/PBS
and streptavidin-FITC (Chemicon) or streptavidin-TR (Calbiochem, La Jolla, CA) diluted
1:500 in 0.5% BSA/PBS. Culture and immunofluorescence experiments for activin A titrations
were performed three times for 6 dpp (days post partum), twice for 15 dpp with a minimum of
200 cells measured per treatment. Images were captured using a Fluorview FV300 Olympus
Scientific confocal laser scanning microscope and analyzed using ImageJ software
(http://rsb.info.nih.gov/ij/). The level of fluorescence in the nucleus (Fn) and in the cytoplasm
(Fc) were each measured and presented as a ratio (Fn/Fc [Fn/c]); an increase in Fn/c indicates
nuclear accumulation (Argentaro et al., 2003).

Statistical Analysis
Statistical analysis was performed with the statistical software GraphPad Prism 5 by one-way
ANOVA and Tukey post hoc test. Differences were considered significant when P < 0.05, with
data expressed as mean +/− SEM.

Mouse genotyping
Inha−/− mice were genotyped as described (Li et al., 2007). InhbaBK/BK mice were genotyped
using the following primers: BK1 forward primer (CTGTTGAGTGGAAGGAGAG, designed
from NM_008380 [Inhba promoter]), BK2 reverse primer
(CGATGAGCCGAAAGTCGATG, designed from NM_008381 [Inhbb mature domain]) and
BK3 reverse primer (GAGATGGGAAGAAGAAGA, designed from NM_008380 [Inhba
mature domain]). Combined within one reaction, these primers generate a 750 bp wildtype
product (BK1 and BK3) and a 500 bp mutant product (BK1 and BK2).

RNA isolation and cDNA synthesis
RNA was prepared using TRIzol (Invitrogen) and DNAse1 (Ambion, TX, USA) and 500 ng
was reverse transcribed using 100 U Superscript III reverse transcriptase (Invitrogen) according
to the manufacturer's guidelines using random hexamers (2.5 μM final concentration).
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Microarray Processing
Microarray analysis was performed on RNA prepared from two independent culture
experiments. Biotinylated cRNA target was created from 10 micrograms of total RNA
generated by reverse transcription using an oligo(dT) primer with a T7 promoter followed by
in vitro transcription using the MEGAScript kit (Ambion) with biotinylated cytosine and
uridine triphosphate. Labeled cRNA was fragmented, hybridized to Mouse Genome 430 2.0
arrays (Affymetrix, Santa Clara, CA) and stained in accordance with the manufacturer's
standard protocol. Washes and post hybridization processing were performed using the Fluidics
Station 450 (Affymetrix) as per manufacturers' instructions and the GeneChip arrays were
scanned using a laser confocal slide scanner (GeneChip Scanner 3000, Affymetrix). Array
quality was assessed and images were quantified using GeneChip Operating Software (GCOS)
v1.2 (Affymetrix). Data were viewed and analyzed using GeneSpring software with expression
determined as a minimum signal of 50 and a two-fold change considered significant.

Real Time PCR
Quantitative real-time PCR analysis was performed using the Applied Biosystems 7900HT
Fast Real-Time PCR System (Applied Biosystems) in a Master mix consisting of 125 nM each
of dACT, dCCt, dTCT, dGCT (Bioline Alexandria, NSW, Australia), 2.5 mM MgCl2 (Sigma-
Aldrich), 20 μg/ml 6-ROX (Invitrogen), 100 nM primers, 1 × AmpliTaq Gold buffer and 10
U/ml AmpliTaq Gold DNA polymerase (Applied Biosystems) in 8% DMSO (Sigma-Aldrich).
Primer sequences are listed in Table 2. Amplification parameters were 95°C for 10 mins, 40
cycles of 95°C (15s), 62°C (15s) and 72°C (30s) using cDNAs diluted 1:50. Standard curves
were generated using 6 dpp mouse testis cDNA diluted at 1:20/60/180/540/1620. Amplification
was normalized to β-actin and 18S for each sample except for Inha−/− tissues, which were
only normalized to β-actin. Data were analyzed using SDS software version 2.3 (Applied
Biosystems) and copy number of target genes was determined by the comparative threshold
cycle method (ΔΔCT) using the Pfaffl method (Pfaffl, 2001). Melting curve data acquisition
to confirm product purity was conducted from 60°C to 95°C and specificity was confirmed by
sequencing as described (Itman and Loveland, 2008). Real time PCR on cultured wildtype cells
was performed on two independently prepared samples, separate to those used for microarray
analysis. Real Time PCR on transgenic Inha and InhbaBK/BK mice was performed using testes
from six wildtype, five heterozygous and six homozygous mutant pups.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A: SMAD3, but not SMAD2, is detected in Sertoli cell nuclei of 6 dpp mouse testes
Immunohistochemical localization of SMAD2 and SMAD3 in 6 dpp mouse testes, indicated
by brown staining and counterstained with Harris haematoxylin to stain chromatin blue.
SMAD2 and SMAD3 were visible within the Sertoli cell cytoplasm (asterisk) and SMAD3
was readily detectable within the nuclei of Sertoli cells (white arrowheads) however little to
no SMAD2 was apparent in Sertoli cell nuclei. The dotted black squares in each image are
enlarged as insets. Spermatogonia: black arrowhead; Sertoli cell cytoplasm: white asterisk;
Sertoli cell nucleus: white arrowhead; interstitial cells: I; peritubular cells: open black arrow.
Scale bar represents 50 μm.
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B,C: SMAD2 and SMAD3 utilization by Sertoli cells is developmentally regulated. Detection
of SMAD2 and SMAD3 by immunofluorescence in 6 and 15 dpp mouse Sertoli cells (Fig 1B
and 1C respectively). Cells were cultured for 24 hours in serum-free medium then either left
untreated or stimulated with activin A for 45 minutes. In 6 dpp Sertoli cells, SMAD2 sub-
cellular localization did not change visibly following activin A treatment, whereas SMAD3
showed increasing nuclear localization with increasing activin concentrations. In 15 dpp Sertoli
cells, both SMAD2 and SMAD3 proteins accumulated in the nucleus with 5 ng/ml activin A
treatment. Scale bar = 25 μm.
B′, C′: Quantitation of SMAD2 and SMAD3 nuclear accumulation in Sertoli cells Changes in
subcellular localization of SMAD2 and SMAD3 in 6 dpp (n=3; Fig 1B′) and 15 dpp (n=2; Fig
1C′) Sertoli cells following activin A treatment (from Figure 1B and 1C respectively) was
measured by analysis of confocal images, with an increase in the ratio of nuclear to cytoplasmic
fluorescence (Fn/c) indicating accumulation of protein in the nucleus. In 6 dpp Sertoli cells,
SMAD3 (black bars) exhibited nuclear accumulation at all concentrations of activin tested, to
a point of saturation (50 ng/ml). SMAD2 distribution did not change at lower concentrations
of activin A tested (grey bars), yet a small but significant increase in SMAD2 nuclear
accumulation was measured when SMAD3 nuclear accumulation was saturated. In 15 dpp
Sertoli cells, both SMAD2 and SMAD3 showed similar profiles of nuclear accumulation, with
significant and maximal increases in SMAD2 and SMAD3 nuclear accumulation observed
with 5 ng/ml activin A. Statistical significance was determined using one-way ANOVA and
Tukey's post hoc test (P<0.05). Different letters signify significant differences between
samples; error bars indicate SEM. ***P<0.001.
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Figure 2. A: Activin A increased the amount of SMAD3, but not SMAD2, in nuclear lysates
Western blot analysis of SMAD2 and SMAD3 in nuclear and cytoplasmic extracts of 6 dpp
Sertoli cells cultured for 24 hours in serum-free medium and either left untreated or stimulated
with activin A at 5 or 50 ng/ml for 45 minutes (n=2). α-TUBULIN and LAMIN B1 signals
indicate highly purified cytoplasmic and nuclear lysates, respectively. An increase in SMAD3
protein in the nucleus of cells treated with 5 and 50 ng/ml activin A was evident whereas there
was no change in the amount of SMAD2 present in nuclei of treated cells.
B: Both SMAD2 and SMAD3 are phosphorylated upon stimulation of immature Sertoli cells
with activin A: Western blot analysis of SMAD2 (n=5) and SMAD3 (n=3) phosphorylation in
6 dpp Sertoli cells cultured for 24 hours in serum-free medium and either left untreated or
stimulated with activin A at 5, 10 or 25 ng/ml for 45 minutes. ALPHA-TUBULIN was used
as a loading control. Increased phosphorylation of SMAD2 and SMAD3 was readily detected
upon treatment of cells with activin A, each exhibiting the same profile of phosphorylation
across the range of concentrations tested.
C: SMAD2 is phosphorylated but is not increased in nuclear lysates from Sertoli cells treated
with 5 ng/ml activin A: Western blot analysis of phospho-SMAD2 and phospho-SMAD3 in
nuclear and cytoplasmic extracts of 6 dpp Sertoli cells cultured for 24 hours in serum-free
medium and either left untreated or stimulated with activin A at 5 or 50 ng/ml for 45 minutes
(n=4). ALPHA-TUBULIN and LAMIN B1 indicate purity of cytoplasmic and nuclear lysates,
respectively. Phosphorylated SMAD2 and phosphorylated SMAD3 were detected in
cytoplasmic fractions of cells treated with both 5 and 50 ng/ml activin A. Phosphorylated
SMAD2 was absent from nuclear fractions of cells treated with 5 ng/ml activin A but is readily
detected in nuclear fractions from cells treated with 50 ng/ml activin A. Intense signals for
phosphorylated SMAD3 were detected in nuclear fractions of 5 and 50 ng/ml activin A treated
samples.
D: Summary of developmentally regulated SMAD usage in Sertoli cells in response to activin
A: Immature Sertoli cells exhibited a dose-dependent response to activin A stimulation in vitro,
with nuclear accumulation of SMAD3, but not SMAD2 at lower concentrations of activin. At
higher concentrations, both SMAD2 and SMAD3 accumulated in the nucleus. Nuclear
accumulation of both SMAD2 and SMAD3 was observed in post-mitotic Sertoli cells at all
concentrations of activin tested.
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Figure 3.
Candidate genes identified by microarray exhibiting a minimum two-fold change in expression
in response to activin A were grouped according to the conditions under which they were
regulated. Most genes were upregulated or downregulated under specific conditions consistent
with the hypothesis that SMAD2 and SMAD3 have distinct activities in the regulation of gene
expression in Sertoli cells at different developmental stages.
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Figure 4. Quantitative analysis of several candidate activin A target genes in 6 dpp and 15 dpp
Sertoli cells
Real Time PCR was used to validate the activin-regulation of several candidate activin target
genes. 6 dpp Sertoli cells were treated for 6.5 hours with 5 (grey bars) or 50 ng/ml (black bars;
bars span lowest and highest values measured) activin A and 15 dpp Sertoli cells were treated
with 5 ng/ml activin A (white bars). Two independent cultures were analyzed and gene
expression was compared to that measured in untreated cells (white bars), which was set at 1.
Normalization to beta-actin or 18S generated equivalent results. Copy number of target genes
was determined by the comparative threshold cycle method (ΔΔCT) using the Pfaffl method
(Pfaffl, 2001). Fold-change in expression relative to untreated cells is depicted under bars (*
P<0.05, ** P<0.01, ***P<0.001).
A: mRNAs increased by activin A. Gja1, Pdgfb, Serpina5 and Tesc were all significantly
upregulated in 6 dpp cells treated with 50 ng/ml activin A, but not in cells treated with 5 ng/
ml. Pdgfb, Serpina5 and Tesc were significantly upregulated in 15 dpp cells following
treatment with just 5 ng/ml; Gja1 exhibited a 1.9-fold increase relative to untreated cells but
this did not reach significance.
B: mRNAs decreased by activin A. Dhcr24, Cryl1 and Rarres1 were all significantly
downregulated in 6 dpp cells treated with 5 ng/ml activin A, with greater downregulation
observed upon treatment with 50 ng/ml. In 15 dpp cells, no change in expression of Dhcr24
was observed in response to activin whereas Cryl1 and Rarres1 were both significantly
downregulated.
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Figure 5. Tightly regulated activin production and Sertoli cell responsiveness to activin are required
for normal testis develoment
Immature Sertoli cells preferentially transduce activin A signals via SMAD3. Insufficient
exposure of Sertoli cells to activin during testis development delays the onset of fertility and
reduces the expression of activin target genes, associated in vitro with insufficient SMAD3
nuclear accumulation. Excessive exposure to activin A, associated with nuclear accumulation
of both SMAD2 and SMAD3, results in premature expression of activin target genes preceding
the development of Sertoli cell-derived stromal tumours and infertility.
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Table 2

Primer sequences for Real Time PCR amplification of candidate activin regulated genes identified by Affymetrix
microarray.

Gene name Accession
number Primer sequences (5′ to 3′) Product

size (bp)

Cryl1 C85932 forward
reverse

AGGAGTGTGTTCCAGAGAACC
TGGTGGATTGACAGGATGAGC 176

Dhcr24 BG295389 forward
reverse

CATCTTCCGCTACCTCTTCG
CTCTGCTTCATCTCCCTTGG 250

Gja1 BB043407 forward
reverse

TCTGTGCCCACACTCCTGTA
TTGCCGTGTTCTTCAATCCCA 176

PDGFB BC023427 forward
reverse

GATCTCTCGGAACCTCATCG
GGCTTCTTTCGCACAATCTC 174

Rarres1 BB035017 forward
reverse

CTGCGCTGCACTTCTTCAAC
TGCTAAATACCAAGTCCACTTCG 126

Serpina5 NM_008785 forward
reverse

ATCCAGGACGTCTTCACCAC
CCGAGCAGATCTGAATGTGA 162

Tescalcin NM_021344 forward
reverse

ACAATGTCCCTGACCTGGAG
GCTTCTCCTTTCGTGACAGC 201

18S X00686.1 forward
reverse

GTAACCCGTTGAACCCCATT
CCATCCAATCGGTAGTAGCG 151

β-actin NM_007393 forward
reverse

AGGCTGTGCTGTCCCTGTAT
AAGGAAGGCTGGAAAAGAGC 388
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Table 3
Expression of activin target genes is altered in testes from mice with altered activin levels

Real Time PCR was used to measure differences in the expression of Gja1 and Serpina5 in testes of 7 dpp
InhbaBK/BK pups (n=6) and their wildtype littermates (n=6) and Inha−/− pups (n=6) and their wildtype littermates
(n=6). Gja1 and Serpina5 expression was significantly reduced in testes from InhbaBK/BK pups whereas
significantly increased expression of Gja1, Serpina5 and Tescalcin was measured in testes from 7 dpp Inha−/−

pups.

Altered expression of mRNAs in testes of
Inha−/− mice

Gja1 2.03-fold increase (P<0.001)

Serpina5 1.31-fold increase (P<0.01)

Tesc 2.48-fold increase (P<0.01)

Altered expression of mRNAs in testes of
InhbaBK/BK mice

Gja1 0.51 of wildtype levels (P<0.001)

Serpina5 0.41 of wildtype levels (P<0.01)
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