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Suppression of Sertoli cell tumour development during the
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Abstract. A dynamic partnership between follicle-stimulating hormone (FSH) and activin is required for normal Sertoli
cell development and fertility. Disruptions to this partnership trigger Sertoli cells to deviate from their normal
developmental pathway, as observed in inhibin a-knockout (/nha-KO) mice, which feature Sertoli cell tumours in
adulthood. Here, we identified the developmental windows by which adult Sertoli cell tumourigenesis is most FSH
sensitive. FSH was suppressed for 7 days in /nha-KO mice and wild-type littermates during the 1st, 2nd or 4th week after
birth and culled in the S5th week to assess the effect on adult Sertoli cell development. Tumour growth was profoundly
reduced in adult /nha-KO mice in response to FSH suppression during Weeks 1 and 2, but not Week 4. Proliferative Sertoli
cells were markedly reduced in adult /nha-KO mice following FSH suppression during Weeks 1, 2 or 4, resulting in levels
similar to those in wild-type mice, with greatest effect observed at the 2 week time point. Apoptotic Sertoli cells increased
in adult Inha-KO mice after FSH suppression during Week 4. In conclusion, acute FSH suppression during the 1st or
2nd week after birth in /nha-KO mice profoundly suppresses Sertoli cell tumour progression, probably by inhibiting
proliferation in the adult, with early postnatal Sertoli cells being most sensitive to FSH action.
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Introduction

A dynamic partnership between follicle-stimulating hormone
(FSH) and activin is fundamental to establish an appropriately
sized, mature Sertoli:germ cell niche (Boitani et al. 1995;
Meehan et al. 2000; Barakat er al. 2008). Disturbances to this
partnership can trigger Sertoli cells to deviate from their normal
developmental pathway and perturb normal testis growth in
adulthood. One example is inhibin a-knockout (/nha-KO)-
deficient mice, which develop focally invasive Sertoli cell
tumours by 4 weeks of age (Matzuk ez al. 1992). The stimulatory
effect of pathological circulating activin levels on FSH secretion
from the pituitary in this model leads to conditions under which
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a subset of proliferating Sertoli cells is prevented from differ-
entiating in adulthood (Matzuk et al. 1992). Although unop-
posed activin action is thought to drive tumour formation in
Inha-KO mice, it has been unequivocally shown that FSH
augments tumour growth, because deficiency in both /nha and
the FSH B-subunit (FSH) results in slower-growing and less-
haemorrhagic tumours (Kumar et al. 1996, 1999). However,
when and how FSH acts to stimulate Sertoli cell tumour growth
in Inha-KO mice is not known.

During normal Sertoli cell development from fetal life until
around puberty, FSH stimulates expansion of the Sertoli
cell population in many species by promoting Sertoli cell
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proliferation (Orth 1984; Arslan et al. 1993; Schlatt ef al. 1995;
Singh and Handelsman 1996; Buzzard ef al. 2002; Allan et al.
2004; Meachem et al. 2005a, 2005bh) and preventing Sertoli cell
apoptosis (Abel et al. 2000; Chausiaux et al. 2008). Sertoli cells
are first responsive to FSH during late fetal development
(Orth 1984, 1982) and changes in FSH levels during postnatal
development have profound effects on Sertoli cell number in
adulthood. For example, adult Sertoli cell numbers increase
130%-220% in rats treated with recombinant human FSH
during postnatal life (Meachem et al. 1996) and are reduced
30%—-40% in FSHB-KO (Wreford et al. 2001) and FSH receptor
(FSHR)-KO (O’Shaughnessy ef al. 2012) mice. There are also
age-dependent differences in Sertoli cell responsiveness to FSH
(Boitani et al. 1995; Buzzard et al. 2003; Meachem et al.
2005a); Sertoli cell proliferation is most dependent on FSH
after birth, with the greatest response at 9 days post partum
(d.p.p.) in rats, with little to no response by 18 d.p.p., coincident
with the timing of puberty.

Similarly, there is an important transition in activin responses
during Sertoli cell development, which occurs after the 1st week
post partum (Boitani ez al. 1995; Buzzard et al. 2003). Initially,
only SMAD3 is required to transduce the activin signal, which
drives gene expression in proliferating Sertoli cells (Li et al.
2007b; Itman et al. 2009), by a mechanism yet to be established.
Sertoli cells transition to a state in which activin signals
are transduced by SMAD2 and SMAD3, and this drives expres-
sion of genes corresponding to their differentiated status (Itman
et al. 2009).

For over a century it has been believed that adult Sertoli cell
differentiation is fixed for life, a phenomenon called ‘terminal’
differentiation (Sertoli 1878), with a loss in proliferative ability
considered a defining feature of the differentiated state (Sharpe
etal. 2003). This largely stems from data in rats (Steinberger and
Steinberger 1971; Orth 1982) and mice (Kluin et al. 1984;
Vergouwen et al. 1991; Baker and O’Shaughnessy 2001), where
Sertoli cells permanently cease proliferation between 15 and
21 d.p.p. (rats) or between 12 and 20 d.p.p. (mice). However,
research efforts over the past decade, largely from the seasonal-
breeding Djungarian hamster, have challenged this dogma by
revealing that adult Sertoli cells are capable of re-entering the
cell cycle and dedifferentiating (Meachem et al. 2005b; Tarulli
et al. 2006, 2013; for a review, see Tarulli er al. 2012), a
phenomenon regulated by FSH. Moreover, it was recently
reported that adult Sertoli cell numbers increase between 30
and 70 d.p.p. in normal wild-type (WT) mice (Hazra et al. 2013).
However, to date, Sertoli cells have not been observed to
proliferate in vivo per se in the adult rodent, or primate testis,
under normal conditions.

In the present study we determined how alterations in FSH
and activin action during early postnatal and post-pubertal
development affect the Sertoli cell population and tumour
progression in the adult mouse. To do this, we took advantage
of a model in which Sertoli cell proliferation is abnormally
sustained in adulthood, namely the /nha-KO mouse. The aims
of the present study were to: (1) investigate whether short-term
FSH suppression can affect Sertoli tumour development;
(2) identify the particular developmental windows most
sensitive to perturbations in FSH action; (3) elucidate whether

J. T. Haverfield et al.

FSH-induced effects are a result of changes in proliferation
and/or apoptosis; and (4) test the ability of adult Sertoli cells to
proliferate in WT mice. To do this, FSH action was selectively
suppressed by immunoneutralisation in Weeks 1, 2 or 4 after
birth to reflect early postnatal, prepubertal and post-pubertal
periods of development, respectively. The effects of early pre-
and postnatal FSH suppression on adult Sertoli cell proliferation
and apoptosis were assessed using flow cytometry, whereas
Sertoli cell tumour growth was monitored via quantitative
histological analysis.

Materials and methods

Mice

Male Inha-KO mice were maintained by heterozygote breeding
on a C57Bl/6 background at the Monash University Central
Animal Services (Melbourne, Vic., Australia) under a fixed 12-h
light—dark cycle with free access to food and water. For timed
matings, heterozygous males were caged with heterozygous
females overnight, and the visualisation of a copulatory plug the
next morning was recorded as 0.5 days postcoitum (d.p.c.).
Natural birth occurred between 19 and 21 d.p.c., which was
counted as Day O d.p.p. All animal experimentation was
approved by the Monash Medical Centre Animal Ethics Com-
mittee and adhered to the National Health and Medical Research
Council of Australia code of practice for the care and use of
animals.

Acute suppression of FSH

To selectively suppress FSH action, /nha-KO mice and their WT
littermates were administered daily subcutaneous injections of
an ovine polyclonal antiserum raised against rat FSH (FSHAD;
3mgkg_1; Meachem et al. 1998, 1999, 2005b) or a control
sheep immunoglobulin (ConAb; 3 mgkg™") for 7 days during
0-7 d.p.p. (Week 1), 7-14 d.p.p. (Week 2) or 21-28 d.p.p.
(Week 4; n =4-6 KO and n =4-6 WT animals per group). The
3mgkg " per day dose is 1.5-fold higher than that administered
previously to adult rats, which achieved a level of serum FSH
neutralisation >90% (reaching the assay detection limit; Mea-
chem et al. 1998). The dose used in the present study was
increased by 1.5-fold to account for elevated serum FSH levels
in Inha-KO mice (Matzuk et al. 1992). All mice were killed by
CO, inhalation at 35 d.p.p. All endpoints were assessed at
35 d.p.p. for three reasons: (1) tumours are observed histologi-
cally from 4 weeks after birth (Matzuk et al. 1992); (2) at this
age, one full spermatogenic wave has occurred; and (3) mice at
this age are relatively healthy (they suffer from a cachexia-like
wasting syndrome from 6—12 weeks of age; Matzuk ef al. 1992).

Sample collection

Eighteen hours before mice were killed, they were given an
intraperitoneal injection of 5-ethynyl-2’-deoxyuridine (EdU;
Life Technologies, Carlsbad CA, USA) at a dose of 5 mgkg ™' in
sterile saline. Following CO, asphyxiation, mice were decapi-
tated to collect trunk blood (~1mL), from which serum was
isolated (~0.1 mL) and stored at —80°C for hormone analysis.
Both testes were excised. Approximately 50 mg of one testis was
collected using a scalpel and snap frozen at —80°C for later
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quantitative polymerase chain reaction (QPCR) analysis, with
the remainder of the testis placed into phenol red and fetal calf
serum (FCS)-free Dulbecco’s modified Eagle’s medium
(DMEM) for flow cytometry analysis. The second testis was
fixed in Bouin’s solution for less than 5h, weighed and pro-
cessed in paraffin wax for quantitative histological tumour
analysis. For all analyses, four to six testes per group were used.

Histological tumour analysis

The entire Bouin’s-fixed testis from each mouse (n =4-6 mice
per group) was serially sectioned at 5 um (~600 total sections
per testis) and adhered to Superfrost Plus slides (Thermo Sci-
entific, Waltham, MA, USA). To obtain an unbiased represen-
tation of tumour growth, six sections per testis were
systematically selected using a uniform random sampling
approach (Meachem et al. 1997). Briefly, sections were selected
from a random start, and every 100th section thereafter was
taken for analysis until a total of six sections were collected.
Sections were stained with haematoxylin and eosin and imaged
at x20 magnification on an Aperio Scan Scope XT (Vista, CA,
USA). For each section, the area of focal tumour growth was
measured as a percentage of total testis area using Imagel
software (http://rsbweb.nih.gov/ij/, accessed 1 February 2013).
The percentage of total tumour area for each testis was calcu-
lated by averaging the percentage of tumour area from the six
sections analysed per testis.

Flow cytometry

Freshly dissected testes were decapsulated and incubated in
3mL FCS-free DMEM (Life Technologies) containing
0.5mgmL ™" collagenase and 1 mgmL ™' deoxyribonuclease I
(#C0130 and #DN25, respectively; Sigma-Aldrich, St Louis,
MO, USA) for 30 min at 35°C on an orbital shaker at 130 r.p.m.
To remove interstitial cells, dissociated tubules were resus-
pended in 3 mL DMEM with 1 mgmL ™" collagenase, 0.5 mg
mL ! deoxyribonuclease I and 1 mg mL ™' hyaluronidase type IT
(#H2126; Sigma-Aldrich) for 20 min at 35°C and 130 r.p.m. To
produce a single cell suspension, tubules were resuspended in
I mL TrypLE Express (Life Technologies) for 15 min at 35°C
and 130 r.p.m. Phosphate-buffered saline (PBS) + 10% FCS
was added to quench the TrypLE Express reaction and cells
were then filtered through a 70-pm cell strainer and counted to
collect 1 x 10° cells per testis for flow cytometry staining and
analysis. Dissociated cells were resuspended in 2% parafor-
maldehyde fixative for 10 min, then washed in PBS—1% bovine
serum albumin (BSA) and resuspended in 100 puL Click-iT
saponin-based permeabilisation and wash reagent (Life Tech-
nologies) for 10 min all at room temperature. EAU incorporation
to monitor proliferation was detected using the Click-iT EdU
Alexa Fluor 647 Flow Cytometry Assay (Life Technologies).
Before antibody staining, cells were blocked with 10% normal
goat serum for 45 min on ice. Cells were then stained with mouse
anti-f3 III tubulin antibody (TUJ1) (BIII-tubulin; MMS-435P;
Covance, Princeton, NJ, USA; dilution 1 : 16 000) as a marker of
Sertoli cells and rabbit anti-cleaved caspase 3 (#9664; Cell
Signaling, Beverly, MA, USA; dilution 1:400) as a marker of
apoptosis. Negative controls were performed by incubating cells
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in either mouse or rabbit IgG isotype control at a concentration
equivalent to that of the primary antibody. Secondary antibodies
(goat anti-mouse 488 or goat anti-rabbit 405; Life Technologies;
1:5000 dilution) were applied for 1h on ice. All serum and
antibodies were diluted in PBS—1% BSA. Cell populations
(50 000-100 000) were analysed using a BD FACS Canto™™ II
Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA)
with 405-, 488- and 635-nm excitation lasers. Data were ana-
lysed using FlowJo software (Tree Star, Ashland, OR, USA).

Immunofluorescent colocalisation

To monitor proliferation, KO tissues (n =3 per group) treated
with ConAb or FSHADb were examined with antibodies against
proliferating cell nuclear antigen (PCNA; a marker of S phase
proliferation; M087901-2; Dako, Glostrup, Denmark; 1: 1000
dilution) and GATA binding protein 4 (GATA4) (a marker of
somatic cells; 14-9980-82; eBioScience; 1 : 100 dilution) using a
protocol modified from Haverfield ez al. (2013). Briefly, sec-
tions were dewaxed in histolene (2 x 5 min) and 100% ethanol
(2 x 5min) before rehydration in a graded series of ethanol (90%,
70%, 50% and 30% x5 min each) and finally in HO (5 min).
Antigen retrieval was performed by heating slides in 1 mM
EDTA-NaOH, pH 8, in a 1000-W microwave at 100% power for
10 min, before cooling at room temperature for 1 h. To block non-
specific staining, sections were treated with 10% normal goat
serum (Chemicon, Temecula, CA, USA) diluted in neat CAS
block (Invitrogen, Paisley, UK) for 20 min, before incubation
with the primary antibody overnight at room temperature.
Samples were incubated with the secondary antibody (goat anti-
rabbit Alexa-488; Molecular Probes, Eugene, OR, USA; dilution
1:200) in the dark for 1h at room temperature. Sections were
mounted with FluorSave (Calbiochem, La Jolla, CA, USA) and
immunofluorescence was visualised using a confocal microscope
(Fluoview FV300; Olympus, Mt Waverley, Vic., Australia).
Enumeration of the number of tubule cross-sections stained with
GATA4 only or GATA4/PCNA double staining was performed
using a systematic uniform random sampling method within an
unbiased frame (Meachem ez al. 1998).

Activin A and B serum concentrations

Activin A was measured using a specific ELISA (Oxford Bio-
Innovations, Oxfordshire, UK; Knight et al. 1996), using a pro-
tocol modified from Okuma ez al. (2006). Recombinant activin A
standard and samples, diluted in 5% BSA-PBS (pH 7.4), were
treated with sodium dodecyl sulfate (SDS; final concentration
3%) and boiled for 3 min. Once cooled, samples were treated with
H,0, (final concentration 2%) and incubated for 30 min at room
temperature. Samples were added to duplicate wells in E4 anti-
body-coated plates and incubated for 1 h at room temperature.
Plates were then probed with biotinylated-E4 antibody and
incubated overnight at room temperature. After washing with
PBS with 0.5% Tween (pH 7.4), a PolyS streptavidin—horseradish
peroxidase (HRP; Sanquin, Amsterdam, The Netherlands)
conjugate diluted in 1% casein solution (Sanquin) was added
to the wells and incubated at room temperature for 1h. After
further washes with PBS with 0.5% Tween, HRP activity was
detected with 3,3’,5,5'-tetramethylbenzidine (TMB) substrate
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(Life Technologies) by measuring absorbance at 450 nm. Sample
preparation was similar for activin B standard and sample, except
that after boiling in SDS, 50 uL Triton assay diluent (25 mM Tris,
0.15M NacCl, 5% Triton-X100, 0.1% NaN; and 10% BSA) was
added to each tube. Samples were added to duplicate wells in
46A/F antibody-coated plates together with biotinylated-46A/F
antibody and incubated for 1h at room temperature. Detection
following the addition of streptavidin-HRP and TMB was the
same as for activin A (Ludlow ef al. 2009). The sensitivity of the
activin A and B activin ELISAs was 5 and 8.6pgmL ",
respectively. Because of the small volume (~0.1 mL) of serum
obtainable from mice, direct measurement of FSH concentrations
was not possible in the present study, because at least 1 mL
serum is required to remove the assay interfering bound and
unbound fraction of the FSHAb from the serum by using HPLC
(Meachem et al. 1998). Therefore, we chose to measure the
relative mRNA levels of FSH-regulated genes as an indirect
assessment of FSH levels.

RNA isolation and quantitative reverse transcription—
polymerase chain reaction

The relative mRNA levels of four known FSH-regulated genes,
namely Smad3, steroidogenic acute regulatory protein (Star),
insulin-like growth factor-binding protein 3 (Igfbp3) and
17-beta-hydroxysteroid dehydrogenase 1 (Hsd17b1), were mea-
sured. These genes were selected because they feature the most
significant change in expression when FSH is acutely sup-
pressed in rats (Meachem et al. 20054). Total RNA extraction
from frozen mouse testes and reverse transcription was per-
formed as described previously (McCabe et al. 2010). Smad3,
Star, Igfbp3 and Hsd17b1 transcript levels were measured using
SYBR green gene expression assays according to the manu-
facturer’s instructions (Applied Biosystems, Foster City, CA,
USA). Oligonucleotide primers were designed using Primer-
BLAST (National Centre for Biotechnology Information,
Bethesda, MD, USA) for accession numbers NM_016769.4
(Smad3; forward: AGTTGGACGAGCTGGAGAAG:; reverse:
GGCAGTAGATAACGTGAGGGA), NM_011485.4 (Star;
forward: TTGGGCATACTCAACAACCA; reverse: TGATGA
CCGTGTCTTTTCCA), NM_008343.2 (lgfbp3; forward:
GGAAACCCATAACCGAGTGAG; reverse: TCCCACAGTT
CCCAAGTAGATC) and NM_010475.1 (Hsd17b1; forward:
GTTATGAGCAAGCCCTGAGC; reverse: AAGCGGTTCGT
GGAGAAGTA) obtained from Sigma Genosys (Castle Hill,
NSW, Australia). All reactions were amplified using an Applied
Biosystems 7900HT Fast-Start Real-time PCR system at 95°C
for 10 min, followed by 40 cycles of 15s at 95°C and 60s at
62°C. All samples (n=>5 animals per group) were assayed in
triplicate and candidate gene expression was normalised against
that of B-actin (NM_007393.3; oligonucleotide pairs; forward:
AGGCTGTGCTGTCCCTGTAT; reverse: AAGGAAGGCT
GGAAAAGAGC), which is unaffected by FSH perturbations
(Haverfield et al. 2014).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
5.0d (GraphPad Software, La Jolla, CA, USA). Data were
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analysed using one-way analysis of variance or, in the case of
non-parametric data, a Kruskal-Wallis test for multiple com-
parisons between groups, followed by Tukey’s post hoc test.
Statistical significance was accepted at P <<0.05. Data are
expressed as the mean =+ s.d.

Results
Effects of FSH suppression on adult testis weights

We first sought to examine the effects of FSH suppression
during Weeks 1, 2 or 4 on adult testis weight. [nha-KO mice
treated with FSHAb during Week 1 exhibited a 36% decrease
(P=0.02) in testis weight at 35 d.p.p. compared with age-
matched Inha-KO mice treated with ConAb, with testis weight
comparable to that of WT mice (P = 0.6; Fig. 1a). Inha-KO mice
treated with FSHAD during Weeks 2 and 4 showed no significant
change in testis weights at 35 d.p.p. compared with ConAb-
treated Inha-KO mice (P=0.2 and 0.4, respectively; Fig. la).
Testis weights were increased 38%—49% in Inha-KO mice
treated with ConAb during Weeks 1, 2 and 4 compared with
age-matched WT mice receiving identical treatment with
ConAb (P < 0.05; Fig. 1a).

Effects of FSH suppression on Sertoli cell tumour
development

Next, we examined the effects of FSH suppression during
Weeks 1, 2 or 4 on the extent of Sertoli cell tumour development
in the adult testis. /nha-KO mice treated with FSHAb during
Week 1 exhibited significantly reduced tumour areas at 35 d.p.p.
compared with age-matched /nha-KO mice treated with ConAb
(tumour area 0.8% vs 7.2%, respectively; P=0.02; Fig. 1b).
Similarly, /nha-KO mice treated with FSHAb during Week 2
exhibited a marked reduction in tumour area at 35 d.p.p. com-
pared with Inha-KO mice treated with ConAb (0.4% vs 6.5%,
respectively; P=0.0005; Fig. 15). However, Inha-KO mice
treated with FSHAb during Week 4 did not exhibit reduced
tumour area at 35 d.p.p. compared with /nha-KO mice treated
with ConAb (P = 0.1), presumably because of the large standard
deviation in tumour area in /nha-KO mice treated with ConAb
(Fig. 1). WT mice treated with ConAb during Weeks 1, 2 and 4
had no observable tumours at 35 d.p.p. (Fig. 15). Representative
images of tumour area at 35 d.p.p. in /nha-KO mice treated with
either ConAb or FSHAb during Weeks 1, 2 or 4 are shown in
Fig. lc. Further qualitative immunofluorescent investigations
support these data by showing a marked reduction in the area of
colocalisation of PCNA, a marker of proliferative cells, and
GATAA4, a marker of Sertoli cells, at 35 d.p.p. in /nha-KO mice
following FSHAD treatment (Fig. 1d4; images representative of
Week 2 treatment group). Interestingly, we also observed that
the tumours in ConAb-treated /nha-KO mice were surrounded
by abnormal Sertoli cell-only seminiferous tubules that lacked
germ cells, as determined by lack of PCNA immunostaining
(Fig. 1d). Subsequent quantification revealed a marked reduc-
tion in the percentage of abnormal Sertoli cell-only tubules in
Inha-KO mice at 35 d.p.p. following treatment with FSHAD
during Week 2 compared with age-matched /nha-KO mice
treated with ConAb (7.5% vs 20.5%, respectively; Fig. 1d, e).
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Fig. 1. (a, b) Effects of acute FSH suppression during Weeks 1, 2 and 4 of postnatal life on testis weights (a) and tumour area (b) in Day 35

inhibin a-knockout (/nha-KO) mice. Data are the mean =+ s.d. Statistically significant differences across groups are denoted by different letters.
WT, wild-type mice. (c) Representative images of Sertoli cell tumour area for /nia-KO mice treated with an ovine polyclonal antiserum raised
against rat FSH (FSHADb; 3 mgkg ") or a control sheep immunoglobulin (ConAb; 3 mgkg ') during Weeks 1, 2 and 4 (n = 3-6 mice per group).
(d, ) Immunofluorescent staining of proliferating cell nuclear antigen (PCNA; green) and GATA binding protein 4 (GATA4) (red) on 35 d.p.p.
testis tissue from /nha-KO mice treated with ConAb (d) or FSHAD (e) during Week 2. The boundary of each tumour is denoted by white dotted
lines. Qualitatively abnormal seminiferous tubules surrounding tumours stain for GATA4 only (red staining only; asterisk), and therefore lack
germ cells. Qualitatively normal seminiferous tubules surrounding tumours stain for both GATA4 and PCNA (green and red staining; closed
square). Scale bars =200 um.
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Fig. 2. Effects of acute FSH suppression during Weeks 1, 2 or 4 of postnatal life on (a) the proportion of Sertoli cells (BIII-tubulin-positive cells),
(b) Sertoli cell proliferation (BIII-tubulin- and 5-ethynyl-2'-deoxyuridine (EdU)-positive cells) and (c) Sertoli cell apoptosis (BI1I-tubulin- and cleaved
caspase 3-positive cells) in Day 35 inhibin a-knockout (/nha-KO) mice. Data are the mean + s.d. (» =37 mice per group.) Statistically significant
differences across groups are denoted by different letters. WT, wild-type mice.

Effects of FSH suppression on Sertoli cell numbers

To test the effect of FSH suppression on Sertoli cell numbers, we
used an established Sertoli cell-specific marker, namely BIII-
tubulin. /nha-KO mice treated with FSHAb during Week 1 had
fewer BIII-tubulin-positive cells (33% reduction; P =10.008)
at 35 d.p.p. compared with ConAb-treated Inha-KO mice
(Fig. 2a), resulting in numbers analogous to those in WT mice
(P =0.6; Fig. 2a). There was no change in Sertoli cell numbers
at 35 d.p.p. in /nha-KO mice treated with FSHAb during
Weeks 2 and 4 (P=0.1 and 0.8, respectively) compared with
ConAb-treated /nha-KO mice (Fig. 2a). Sertoli cell numbers
were increased (28%-32%) in Inha-KO mice treated with
ConAb during Weeks 1, 2 and 4 compared with age-matched
WT mice (P < 0.05; Fig. 2a).

Effects of FSH suppression on Sertoli cell proliferation

Suppression of FSH in /nha-KO mice during Weeks 1, 2 or 4
resulted in a significant reduction in the number of EdU-positive
Sertoli cells at 35 d.p.p. compared with their ConAb-treated
counterparts (P =0.0003, 0.0001 and 0.0005, respectively),
reaching levels comparable to those in ConAb-treated WT mice
(P> 0.05; Fig. 2b). In testes from 35 d.p.p. Inha-KO mice,
compared with ConAb treatment, the proportion of EdU-
positive Sertoli cells was reduced from 7.2% to 2.9% following
FSHAD treatment during Week 1, from 6.0% to 1.6% following
FSHAD treatment during Week 2 and from 6.7% to 3.8% fol-
lowing FSHAD treatment during Week 4 (Fig. 2b). Fold-change
calculations revealed that FSH suppression during Week 2
results in the greatest reduction (3.8-fold) in Sertoli cell
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Fig.3. Effectsofacute FSH suppression during Weeks 1, 2 or 4 of postnatal life on serum (@) activin A and () activin B levels in
Day 35 wild-type (WT) mice treated with control sheep immunoglobulin (ConAb; 3 mgkg ") and inhibin a-knockout (Inka-KO)
mice treated with ConAb or an ovine polyclonal antiserum raised against rat FSH (FSHAb; 3 mgkg ') during Weeks 1, 2 or 4.
Data are the mean =+ s.d. Statistically significant differences across groups are denoted by different letters.

proliferation at 35 d.p.p. across all injection periods (Fig. 2b). As
expected, EdU-positive Sertoli cell numbers were significantly
increased (50%—68%) in Inha-KO mice treated with ConAb
during Weeks 1, 2 and 4 compared with ConAb-treated WT
mice (Fig. 2b).

Proliferative ability of adult Sertoli cells in WT mice

It has long been considered that Sertoli cells in the adult testis are
a strictly homogeneous ‘terminally’ differentiated population.
In the present study, WT mice treated with ConAb during
Weeks 1, 2 and 4 of postnatal life had 3.6%, 2.9% and 2.2%
EdU-positive 35 d.p.p. Sertoli cells, respectively (Fig. 2b). These
data demonstrate that at least a subset of Sertoli cells in the adult
testis is in the cell cycle and exhibits proliferative activity.

Effects of FSH suppression on Sertoli cell apoptosis

Treatment of /nha-KO mice with FSHAb during Weeks 1 and 2
had no significant effect on the percentage of cleaved caspase
3-positive Sertoli cells at 35 d.p.p. (P = 0.8 and 0.9, respectively)
compared with corresponding ConAb-treated /nha-KO mice
(Fig. 2¢). However, Inha-KO mice treated with FSHAb during
Week 4 exhibited a 50% increase in cleaved caspase 3-positive
Sertoli cells at 35 d.p.p. compared with ConAb treatment
(P=0.03; Fig. 2¢). These findings show that FSH plays an
important role in regulating Sertoli cell apoptosis during the 4th
week of postnatal life in mice, but not at the earlier time points
studied. No significant differences in the percentage of cleaved
caspase 3-positive Sertoli cells were observed between WT and
Inha-KO mice treated with ConAb during Weeks 1, 2 or 4
(P=0.06, 0.4 and 0.9, respectively; Fig. 2¢).

Effects of FSH suppression on activin A and activin B

Levels of activins A and B at the 35 d.p.p. time point were
significantly elevated in /nha-KO mice treated with ConAb
(2.5- and 4.7-fold, respectively) compared with WT mice trea-
ted with ConAb across all treatment groups (Fig. 3). Inha-KO
mice treated with FSHAD did not show differences in levels of
activin A or activin B at 35 d.p.p. in any group; furthermore,
levels did not differ from those in ConAb-treated KO mice
(P=0.8 and 0.7, respectively; Fig. 3).

Effects of FSH suppression on gene expression

Acute suppression of FSH in /nha-KO mice during Weeks 1, 2
or 4 had no effect on the relative mRNA levels of the known
FSH-regulated genes Star, Hsdl17bl, Igfbp3 and Smad3 in
35 d.p.p. testes compared with ConAb treatment (see Fig. S1,
available as Supplementary Material to this paper).

Discussion

An important role for FSH in the growth of Sertoli cell tumours
has been demonstrated in /nha-KO mice with combined deletion
of FSHR (Kumar et al. 1996, 1999). In the present study we
expand on this finding by selectively suppressing FSH action
during distinct windows throughout first wave of spermato-
genesis in the /nha-KO mouse to identify when FSH has the
greatest effect on tumour growth and the cellular kinetics
underpinning how FSH augments tumour growth. The results
show that FSH action during the 2nd week of postnatal life has
the greatest effect on Sertoli cell tumour growth and acts by
promoting Sertoli cell proliferation, not apoptosis. Overall, we
have demonstrated that transient inhibition of FSH for only
7 days in early postnatal life profoundly suppresses tumouri-
genesis in /nha-KO mice, as shown by little to no observable
tumour development, resembling that of the WT testis.

The present study shows that FSH drives Sertoli cell tumour
progression in /nha-KO mice by regulating proliferation, at least
within the first 2 weeks of life. These findings are consistent
with the period in which FSH stimulates Sertoli cell prolifera-
tion in normal rodents during the first wave of spermatogenesis
(Meachem et al. 2005a). However, the supraphysiological
levels of FSH alone are unlikely to underpin the onset of
tumourigenesis, because neonatal treatment of animals with
exceedingly high levels of recombinant human FSH does not
result in Sertoli cell tumours, but instead increases the adult
Sertoli cell population (Meachem et al. 1996). Similarly, neo-
plastic changes have not been reported in studies treating
gonadotrophin-deficient boys with recombinant human FSH
(Raivio et al. 1997,2007). Therefore, we speculate that tumouri-
genesis in this model is the result of the concerted actions of
both FSH and activin, which is pathologically elevated in the
Inha-KO mouse (Matzuk et al. 1992). This is supported by



616 Reproduction, Fertility and Development

evidence showing activin can only stimulate Sertoli cell prolif-
eration in conjunction with FSH in postnatal testis fragment
cultures (Boitani et al. 1995). Moreover, increasing systemic
activin A concentrations in adult mice using an adeno-associated
virus system does not induce Sertoli cell proliferation in vivo
(Nicholls et al. 2012). Furthermore, excess activin and FSH
signalling synergistically activate the SMAD3 tumourigenic
pathway in Sertoli cells (Li et al. 2007a, 2007b; Looyenga
and Hammer 2007). Given that not all testicular cells become
tumourigenic in the /nha-KO mouse, it is plausible that the
exclusive expression of the FSH receptor (FSHR) on Sertoli
cells (Griswold 1998) makes them uniquely vulnerable to
aberrant activin signalling. Establishing the Sertoli cell FSHR
expression profile throughout pre- and postnatal life in the
Inha-KO mouse is an important next step towards pinpointing
the specific temporal contribution of FSH to the pathogenesis of
Sertoli cell tumours.

The present study also showed that FSH supports Sertoli cell
survival in the Inha-KO mouse in the 4th week of life, but not
within the first 2 weeks. Indeed, that FSH is not a survival factor
for Sertoli cells in postnatal and prepubertal life has been
demonstrated in rats (Meachem et al. 2005a) and mice
(Mazeyrat et al. 2001); however, the present study is the first
to document that FSH is an anti-apoptotic factor for postpubertal
Sertoli cells. Although others have shown that Sertoli cell
apoptosis results from gonadotrophin insufficiency in rats (Yagi
et al. 2007) and mice (Chausiaux et al. 2008), these results are
likely confounded by the effects of androgens, which are also
anti-apoptotic in Sertoli cells in vitro (Tesarik et al. 1998). In
addition to inducing apoptosis, FSH inhibition altered the
proliferative status of postpubertal Sertoli cells. Together, these
findings show that adult mouse Sertoli cells are not a stable
population, and their cellular kinetics are adaptable to a chang-
ing endocrine environment. This differs from earlier work
showing the absence of overt Sertoli cell division or degenera-
tion in hormonally manipulated adult rats (Russell and Clermont
1977; Muffly et al. 1994; McLachlan et al. 1995), but supports a
growing body of evidence in other species, such as hamsters
(Meachem et al. 2005b; Tarulli et al. 2006) and humans (Tarulli
et al. 2013), indicating that postpubertal Sertoli cells are
modifiable in terms of their differentiation status. Moreover,
this inherent plasticity of adult Sertoli cells has been shown in
mice by their ability to dedifferentiate into granulosa-like cells
in the absence of doublesex and mab-3 related transcription
factor-1 (DMRT1) (Matson ef al. 2011). The combined use of
in vivo (immunohistochemistry) and ex vivo (flow cytometry)
labelling of proliferating cells now affords a level of sensitivity
that can detect previously unidentified proliferating mouse
Sertoli cells. The potential for the adult Sertoli cell to be
replenished opens up novel therapeutic implications to rescue
a failing Sertoli cell population in syndromes of infertility,
testicular insult or following oncological treatment.

The findings from the present study show that Sertoli cells
exhibit a developmental switch in their responsiveness to FSH
action in the /nha-KO mouse. This is consistent with the age-
dependent responsiveness of Sertoli cells to the mitogenic
actions of FSH (Boitani e al. 1995; Meehan et al. 2000; Buzzard
et al. 2003; Meachem et al. 2005a) and activin (Itman et al.
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2009) in the developing normal rodent testis. With regard to
FSH, why Sertoli cells at certain ages are more sensitive to the
actions of FSH than others is poorly understood. The number of
FSHRs is unlikely to contribute to differences in FSH sensitivity
because numbers per Sertoli cell are constant from postnatal
Day 2 to 21, with the highest number of receptors measured in
adulthood (Bortolussi et al. 1990). Furthermore, FSH binding
affinity to its receptor does not change from Day 2 to —60
(Ketelslegers et al. 1978). Although a sharp rise in FSH levels
occurs from Day 10 to 16 in mice, these levels persist into
adulthood (Barakat et al. 2008). Therefore, FSH levels alone
cannot account for the differences in proliferation and tumour
growth across groups in the present study. We speculate that
these differences are caused by changes in intricate interactions
between FSH and growth factors and/or cytokines throughout
development, via agonistic or antagonistic effects with FSH or
its receptor. Data supporting this speculation are limited, but a
range of factors both interact with FSH and regulate Sertoli cell
proliferation, including insulin and insulin-like growth factor-1
(Kanematsu ef al. 1991; Soldani et al. 1994; Pitetti ef al. 2013),
glial cell line-derived neurotrophic factor (Hu et al. 1999),
interleukin-1 (Petersen et al. 2002), activin (Boitani et al.
1995; Buzzard et al. 2003; Nicholls et al. 2012) and inhibin
(Robertson er al. 1985; Buzzard et al. 2004), which also
antagonises activin action (Hedger and Winnall 2012).

The differential FSH responsiveness of Sertoli cells may also
be due to effects further downstream. FSH acts via its G-protein-
coupled receptor located exclusively on Sertoli cells to activate
at least five signal transduction pathways (for a review, see
Walker and Cheng 2005). FSH alone triggers both activation
and inhibition of extracellular signal-regulated kinase (ERK)
mitogen-activated protein kinases according to the age of Sertoli
cells. For example, FSH stimulates cAMP-dependent ERK
activation in 5 d.p.p. Sertoli cells, which supports a proliferative
response by upregulating cyclin D1, but negatively regulates the
ERK pathway in 19 d.p.p. Sertoli cells (Crépieux et al. 2001).
FSH also targets the phosphatidylinositol 3-kinase—Akt—
mammalian target of rapamycin complex 1 (mMTORC1)-dependent
pathway, which increases mRNA levels of the proto-oncogene
c-Myc, thereby stimulating Sertoli cell cycle progression (Riera
et al. 2012). c-Myc has been implicated in many other types of
cancers (Lin ef al. 2012) and, importantly, in a patient with a
bilateral Sertoli cell tumour (Xiao et al. 2012). It is also possible
other endocrine and paracrine factors alter FSH activity by
targeting convergent signalling pathways with FSH. For exam-
ple, FSH-stimulated proliferation is suppressed at puberty by
activating AMP-activated protein kinase (Riera et al. 2012), an
enzyme activated by retinoic acid and thyroid hormone, with
levels of both of these increasing at puberty. FSH is also an
important regulator of aromatase (Cypl9A41) transcription
(McDonald et al. 2006; for a review, see Haverfield ef al
2011) and, indeed, disturbances to the levels of androgens and
oestrogens have been implicated in the development of Sertoli
cell tumours in /nha-KO mice (Shou et al. 1997; Burns et al.
2003). Thus, it is likely that an imbalance in activin, FSH,
androgens and oestrogens, and the resulting changes in their
independent or convergent downstream signalling pathways,
may contribute to Sertoli cell tumourigenesis in our model.
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To define the direct effects of FSH action on Sertoli cell
tumourigenesis and cell population kinetics would provide
valuable insight. This was beyond the scope of the present study
because of fiscal constraints; however, we would predict the
immediate affect of FSH inhibition on the Sertoli cell population
(proliferation and survival) and tumour formation during the 1st,
2nd and 4th weeks of postnatal life would be even more
profound than what is reported in the present study at Day 35.

An important finding from the present study was the demon-
stration that postpubertal Sertoli cells from WT mice are in the
cell cycle. An average of 2.9% of adult Sertoli cells across all
WT mice incorporated EdU, a thymidine analogue integrated
during DNA synthesis. Although postpubertal mouse and rat
adult Sertoli cells readily proliferate in culture (Ahmed et al.
2009; Chui et al. 2011; Nicholls et al. 2012), in vivo studies
reported the absence of Sertoli cell proliferation in the normal
adult rodent testis (Steinberger and Steinberger 1971; Russell
and Clermont 1977; Orth 1984) which led to the classification of
adult Sertoli cells as ‘terminally’ differentiated. Our finding
challenges this long-standing classification and supports other
data showing that adult Sertoli cells express a combination of
genes and proteins that are not present in other ‘terminally’
differentiated cells. These include inhibitor of DNA binding
proteins (Id proteins) (Sablitzky et al. 1998; Chaudhary et al.
2001, 2005), cyclin-dependent kinase inhibitor 1B (CDKN1B/
p27kip1; Beumer et al. 1998; Ahmed et al. 2009) and several
DNA repair proteins, including X-ray repair complementing
defective repair in chinese hamster cells 5 (XRCCS5) (KU86) and
X-ray repair complementing defective repair in chinese hamster
cells 6 (XRCC6) (KU70), poly (ADP-ribose) polymerase 1
(PARP1), tumor protein P53 binding protein 1 (TP53BP1) and
phosphorylated X-ray repair cross-complementing protein 1
(XRCC1) and ATM serine/threonine kinase (ATM) ( Beumer
et al. 1998; Choi et al. 2002; Anway et al. 2003; Hamer ef al.
2003, 2004; Ahmed et al. 2009), although the percentage of
adult Sertoli cells that express these markers has not been
reported. Nonetheless, the ability of adult Sertoli cells to
proliferate under endocrine stimulation (Tarulli et al. 2012)
and their expression of factors associated with cell proliferation,
differentiation and DNA repair suggest that differentiated adult
Sertoli cells maintain the capacity to proliferate and regenerate.
Future research efforts are needed to identify whether only a
discrete population of Sertoli cells is capable of proliferating or
whether all Sertoli cells can enter the cell cycle throughout
spermatogenesis.

In conclusion, the data presented herein show that acute FSH
suppression in the first 2 weeks of life in adult /nha-KO mice
protects against the growth of Sertoli cell tumours. The cascade
of events leading to the formation of Sertoli cell tumours in this
model is not well understood; however, our results delineate a
developmental-specific role for FSH in the pathogenesis of
these tumours by regulating Sertoli cell kinetics. Our model
has enabled us to identify how changes to the testicular endo-
crine environment during development contribute to Sertoli cell
proliferation and tumourigenesis in adult life. Future studies
aimed at targeting components involved in the FSH and activin
partnership may elucidate mechanisms for alternative thera-
peutic interventions for Sertoli cell tumours in boys and men.
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