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Background: Snail transcription factors mediate key cellular transitions in many
developmental processes, including spermatogenesis, and their production can be regulated by
TGF-p superfamily signalling. SNAIl and SNAI2 support many cancers of epithelial origin.
Their functional relevance and potential regulation by TGF-f superfamily ligands in germ cell

neoplasiatateunknown.

Methods: SNAI1, SNAI2 and importin 5 (IPOS5; nuclear transporter that selectively mediates
BMP signalling)scellular localisation was examined in fixed normal adult human and/or
neoplastic testes.using in situ hybridisation and/or immunohistochemistry. SNAI1 and SNAI2
functions wgre assessed using the well characterised human seminoma cell line, TCam-2. Cell
migration, adhesion/proliferation, and survival were measured by scratch assay, xCELLigence
and flow cytometry following siRNA-induced reduction of SNA/I and SNAI2 in TCam-2 cells.
The potentialsregulation of SNAI/I and SNAI2 in TCam-2 cells by TGF-f signalling ligands,
activin A and BMP4, was evaluated following 48 hours culture, including with siRNA
regulation of TPOS to selectively restrict BMP4 signalling.

Results: In normal testes, SNAII transcript was identified in some spermatogonia and in
spermatocytes, and SNAI2 protein localised to nuclei of spermatogonia, spermatocytes and
round spermatids:In neoplastic testes, both SNA/I and SNAI2 were detected in GCNIS and in
seminoma cells."SNAI1 and SNAI2 reduction in TCam-2 cells by siRNAs significantly
inhibited 'migration and survival, respectively. Exposure to BMP4, but not activin A,
significantly increased SNAI2 (~18-fold). /POS5 inhibition by siRNAs decreased BMP4-
induced SNAI2=wapregulation (~5-fold). Additionally, SNAI2 reduction using siRNAs inhibited
BMP4-induced TCam-2 cell survival.

Conclusions:=This is the first evidence that SNAIl and SNAI2 are involved in human
spermatogenesis;,with independent functions. These outcomes demonstrate that SNAII and
SNAI2 inhibition‘leads to loss of migratory and viability capacities in seminoma cells. These
findings show the potential for therapeutic treatments targeting SNAIL or BMP4 signalling for

patients with metastatic testicular germ cell tumours.

Introduction
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Snail proteins belong to a family of zinc-finger transcription factors that play crucial roles in
cell migration, chromatin remodelling and cell signalling to impact on many biological
processes in normal embryonic development and tumorigenesis (1, 2). The three Snail factors
exert their functions through tight transcriptional regulation. Their highly conserved C-terminal
region contains4 to 6 zinc fingers in a DNA-binding domain which interacts directly with
target genes. Once bound, Snail proteins recruit several co-factors through their N-terminal
SNAG domain; these are mainly chromatin remodelling enzymes that directly repress or

activate gene activity depending on cell-context (1, 3, 4).

There is limited information from studies of the adult mouse testis to suggest Snail factors
mediate key cellular transitions by controlling changes in gene expression. In adult mice,
aberrant Snail/or Snai2 synthesis disrupted spermatogenesis. Specifically, analysis of ubiquitin
ligase f-Tropkneckout mice provided indirect evidence that elevated SNAII in spermatogonia
can cause germ.cell loss (5). A testicular phenotype was reported in mice lacking Snai2 at six
weeks of age, with'testicular atrophy resulting from an apparent reduction in germ cell number
(6). However,;mo"further characterisation of these testes is available. We previously identified
the precise [cellular sites of Snail transcription factor activity in the postnatal mouse testis,
revealing distinct and dynamic profiles for each. SNAI1 and SNAI2, not SNAI3, were detected
in the nucleuswef germ cells at different stages of maturation. They co-localised with chromatin
remodelling™enzymes, such as LSD1 and PRC2 components (7), and thus mediate

transcriptome reprogramming during spermatogenesis (8, 9).

Snail functions-are'well defined in epithelial cells. By regulating epithelial cell gene expression,
Snail factors can'induce an epithelial to mesenchymal transition (EMT) (10) in which an
epithelial cell'acquires the migratory and invasive capacities of a mesenchymal cell (11). EMT
is required (for normal embryonic development, but in adults, Snail-induced reduction of
epithelial markersy such as CDH1, is a hallmark of tumour initiation, providing cancer cells

with the ability,toimigrate from the primary tumour and metastasise to distant sites (12).

Snail activities also contribute to normal tissue homeostasis and cancer progression, as elevated
Snail levels®drive cells to acquire stem cell properties. In mouse small intestinal epithelium,
Snail expressiongis localised to the stem cell population where it is required for their
maintenance (13, 14). Increased Snail levels promote a stem cell-like phenotype in various
cancers including those of the breast epithelium (15) and human pancreas (16); this allows

cancer cells to adopt self-renewing capacities, become chemotherapy resistant and metastatic

This article is protected by copyright. All rights reserved



91
92
93
94
95

96
97
98
99
100
101
102
103
104
105
106

107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

and cause relapse (17). Snail overexpression can also increase proliferation of human
glioblastoma cells (18) and support survival of two gastrointestinal stromal tumour cell lines
by regulating pro-apoptotic and anti-apoptotic gene activity (19). As Snail proteins function
beyond EMT, it is evident that they promote cancers of non-epithelial origins, such as testicular

germ celltumours (TGCTs).

TGCTs arise from a common precursor cell known as germ cell neoplasia in situ (GCNIS),
first describedsassan atypical spermatogonia in testicular biopsies of patients who subsequently
developed testicular cancer (20). Similarities in morphology and gene expression profiles
between GCNIS and human foetal germ cells indicates that GCNIS originates from an early
gonocyte that has failed to differentiate, but persists in adulthood (21, 22). Unknown events
that occur at puberty drive GCNIS cells to proliferate and progress into one of the two
malignant TGETs«(23): either seminoma or non-seminomas, the latter characterised by loss of
germ cell phenotype and activation of somatic differentiation. Among men with TGCTs,
approximately 50% are diagnosed with seminomas (24, 25) which histologically appear as
undifferentiatedeells that resemble GCNIS with characteristic lymphocytic infiltration in the

supporting stroma.

The Transforming:Growth Factor (TGF-f) signalling pathway is central to testis development
and reproductivehealth (26), in addition to embryogenesis and tumorigenesis (27, 28). Briefly,
activin A binding' to serine/threonine kinase receptor subunits induces phosphorylation of
SMADs 2 and/or 3. In contrast, BMP4 binding to cognate receptors, including those shared
with activingleads to phosphorylation of SMAD 1/5/9 (29). Once phosphorylated, SMADs
bind to SMAD4 forming a trimeric complex which is transported into the nucleus to activate
target gene transcription in concert with specific co-factors (30, 31). Protein transport from the
cytoplasm into the nucleus is mediated by importins (32). IPOS is one of the several importin
molecules readilypdetected in the embryonic and postnatal mouse testis (33, 34), and in the
normal adult.human testis (35). Its dynamic and cell-specific expression profile suggests that
[PO5 plays_a_rele during major developmental switches, potentially influencing testis
development and sperm production. Recent studies identified IPO5 as an intracellular mediator
of the BMP4, signalling pathway translocates SMADs 1/5/9, but not SMADs 2/3, from
cytoplasm to nucleus initiating transcription of BMP4 target genes (36). Thus, the selective
transport of SMADs 1/5/9 by IPOS indicates its expression and function is particularly
important as a BMP4 signalling mediator; its presence and role in TGCTs is yet to be

elucidated.
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Several lines of evidence link aberrant TGF-f signalling with TGCT progression. Elevation of
the activin A type II receptor in the adult testis is observed only within seminoma cells (37),
and upregulation of activin inhibitors, betaglycan and inhibin (38), is also detected in some
seminoma samples. This highlights the potential involvement of disrupted activin signalling in
TGCT. Altered*BMP signalling in TGCT is indicated by BMPR expression in paediatric
seminomas/germinomas (39) and mutation in activin receptor-like kinase (alk6b), a BMP
receptor, in'zebrafish germ cell tumours (40). An important model of human seminoma with
early gonocyte features, the TCam-2 human seminoma cell line, responds differentially to
activin A and BMP4 (41). It features hallmarks of early foetal germ cells and primary
seminoma tumours including PRDM1 (BLIMP1), KIT, OCT3/4, SOX17, AP2y, and NANOG
(42). Activin' A treatment of TCam-2 cells significantly increases KIT transcript level, while
exposure to BMP4 increases survival (41), indicating the TGF-f superfamily pathway regulates
transcription of factors associated with germ cell development. Snail transcription factor levels
are regulated by the TGF-f superfamily (11) in the uterus to allow extravillus cytotrophoblasts
invasion of the endometrium to support placental development (43). In the oesophagus, BMP4-
induction of. SNVA42 expression mediate the transformation of premalignant squamous epithelial
cells into oeseophageal adenocarcinoma (44). However, Snail regulation mediated by activin A

or BMP4'in seminomas has not been studied.

The presentStudy was performed to investigate how Snail transcription factors may influence
TGCT initiation and progression. For the first time, we provide evidence that SNAIl and
SNAI2 are present in germ cells of the normal adult human testis, supporting the hypothesis
that Snail tramseription factors might regulate gene expression changes at key spermatogenic
stages, as previously documented in mice. Identification of SNAI1 and SNAI2 in GCNIS and
seminomas /Suggests that Snail factors contribute to TGCT initiation and progression. To
address their functions in cell migration, proliferation, adhesion and survival, TCam-2 cells
were used and treatment of TCam-2 cells with activin A and BMP4 identified a potential

mechanism for Snail regulation.

Materials and Methods
Histological analysis of normal and neoplastic human testis samples
Snail transcript and protein expression patterns were analysed using 4 um thick, Bouin’s or

PFA fixed, paraffin-embedded sections of normal adult human testis, GCNIS with or without
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areas of normal spermatogenesis, and seminomas. GCNIS and seminoma tissue samples
employed in this study were derived from adult male patients, ranging between 27 and 55 years
old. All procedures involving normal adult human testis and TGCT samples were approved by
the Monash University Human Research Ethics Committee and the Regional Committee for

Medical Research Ethics (Copenhagen), respectively.
DIG-labelled RNA probes and in situ hybridisation

DIG-labelled RNA probes for in situ hybridisation were originally generated from RT-PCR
products (primer sequences in Table 1) cloned into the pGEM-T-Easy vector (Promega,
Madison, WI, USA) and validated by sequencing (Gandel Genomics Centre, Monash Health
Translation Preeinct). These plasmids were amplified by RT-PCR using pBS forward and
reverse primefs to create templates for in vitro transcription to generate sense and antisense

cRNA probes.

In situ hybridisatien was used to detect SNA/I and SNAI2 in Bouin’s fixed section of human
testis samples,used standard procedures (7). In brief, hybridisation was performed with 3 pg/ml
probe dilutedin“in siru hybridisation buffer at 55°C overnight. Bound-cRNA probe was
detected using an alkaline phosphatase-labelled-anti-DIG antibody (1:1000 in 10 X DIG
blocking buffer, Roche) and visualised using a substrate for alkaline phosphatase (BCIP/NBT,
Thermo Fisher"Scientific). Sections were counterstained with Harris haematoxylin (Sigma-
Aldrich) and mounted with GVA aqueous mounting solution (Genemed, San Francisco, CA,
USA). In situ hybridisation was performed using the SNA// cRNA probes on 2 and 3 normal
adult and neoplastic human samples, respectively. The SNAI2 antisense cRNA probe was used
to detect SNA/2 transcript in normal adult human testes only. SNAI2 expression pattern in
normal and neoplastic adult human samples was further delineated by immunohistochemistry

using an anti=SNAJ2 antibody as described below.
Immunohistochemistry

Immunostainingswas performed to localise SNAI2 in the normal adult human testis and
TGCTs, anddPOS in TGCTs. The SNAI2 antibody used in this study was previously validated
on Snai2 knoekout mouse testis samples (7); the [POS5 antibody was previously used on adult
human testis and validated by Western blot using HeLa cells and adult mouse testis lysates
(35). SNAI2 and IPOS5 antibodies were applied using a standard protocol.

Briefly, Bouin’s fixed sections were dewaxed and rehydrated, then placed in antigen retrieval

solution (SNAI2 probed sections in 10 mM Citrate Buffer, pH 6.0; IPOS5 probed sections in 50
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mM Glycine, pH 3.5) for 10 minutes in a 1000W Pressure Cooker (Tefal). After cooling to
room temperature (RT), the sections were treated with 0.3% hydrogen peroxide for 5 minutes
at RT, then washed twice for 5 minutes at RT in Tris-buffered saline (TBS; 50 mM Tris, 150
mM NaCl, pH 7.5). Blocking solution consisted of CAS Block (Invitrogen, Thermo Fisher
Scientificy™for™1*hr at RT in a humid chamber. Sections were incubated with anti-SNAI2
(Abcam, ab27568, 1:200, diluted in CAS Block) or anti-IPOS5 (Santa Cruz, sc-11369, 1:1500,
diluted in CAS Block) overnight at RT and at 4°C, respectively, then with biotinylated anti-
rabbit secondary antibody (Invitrogen, #656140, 1:500, in CAS Block). Signal was amplified
using Vectastain, Elite ABC kit reagents following the manufacturer’s instructions (Vector
Laboratoriesy Burlingame, CA, USA), then a brown reaction product detected with DAB (3,3-
diaminobenzidine tetrahydrochloride, DAKO, Steinheim, USA). Sections were counterstained
using Harris haematoxylin, dehydrated and mounted using Dibutylphthalate Polystyrene
Xylene (DPX) (Sigma-Aldrich). Control sections lacked primary antibody to observe non-
specific secondary antibody binding. SNAI2 immunostaining antibody was performed on 2
normal adult human testes, 3 GCNIS and 3 seminoma samples, and IPOS5 in 3 GCNIS and 4
seminoma samples.

TCam-2 cellline/culture

The TCam-2+¢eell line, derived from a human seminoma (45), has been characterised as an
appropriatermodel for studies of human seminoma (46), primordial germ cells, and early
gonocytes (41). TCam-2 cells were maintained at 37°C (5% CO,) in growth medium consisting
of RPMI 1640 medium (Gibco) containing 10% foetal calf serum (FCS; Bovogen, New
Zealand) with™0.5% Penicillin/Streptomycin (Pen/Strep, Gibco) and passaged at 90%

confluency.
Immunofluorescence on fixed TCam-2 cells

Immunofluorescence detection of SNAI1 and SNAI2 in TCam-2 cells was performed on cells
seeded in a ‘12 well tissue culture plate on 12 mm round glass coverslips (Menzel) at 1 x 103
cells/well and cultured overnight. Once confluent, cells were rinsed in phosphate buffered
saline (PBS35"Gibco), then fixed in 4% PFA for 10 minutes. Coverslips were rinsed in PBS,
cells permeabilised in 0.1% Triton-X 100/PBS (Merck, Darmstadt, Germany) for 10 minutes
and 0.5% Bovine Serum Albumin (BSA, Sigma-Aldrich)/PBS was added for 1 hour at RT to
block non-specific binding. Cells were incubated with primary antibodies diluted in 0.5%

BSA/PBS overnight at RT. Primary antibodies used were: anti-SNAI1 (Cell Signalling,

This article is protected by copyright. All rights reserved



220
221
222
223
224
225
226

227

228
229
230
231
232
233
234
235
236
237
238
239
240
241

242

243
244
245
246
247
248
249
250

251

C15D3, 1:100) and anti-SNAI2 (Abcam, ab27568, 1:100). The following day, cells were
washed 3 times in PBS, then Alexa Fluor 546 goat anti-rabbit (Invitrogen, A11010, 1:500 in
0.5% BSA/PBS) secondary antibody was applied for 1 hr at RT. Cells were rinsed in PBS and
stained with 300 nM DAPI (Molecular Probes, Invitrogen) diluted in PBS for 5 minutes, rinsed
in PBS and mounted on slides under GVA. The specificity of the SNAII antibody is evident
from over 183 publications, including by western blot (47). The SNAI2 antibody was validated

as discussed above.
Transfections

TCam-2 cells were seeded in 6 well plates (2 X 10 cells/well), then incubated overnight in
growth mediumeto reach 60% confluency. Medium was replaced with RPMI + 5% FCS,
lacking Pen/Strep. Transfections used the Lipofectamine™ RNAIMAX system (Invitrogen)
following manufacturer’s instructions. Pre-designed small interfering RNAs (siRNAs)
(Silencer select siRNA, Thermo Fisher) were used to selectively reduce SNA/I (Invitrogen, 5
nmol, Cat #4392420, ID #s13187), SNAI2 (Invitrogen, 5 nmol, Cat #4392420, ID # s13128),
and /POS5 (Invitrogen, 5 nmol, Cat #4392420, ID S7935). Following dose-response testing, the
SNAII siRNA construct was used at a final concentration of 25 pmol/well of 6 well plate and
SNAI2 anddPO5siRNA constructs were used at 12.5 pmol/well. The Silencer Select Negative
Control siRNA SCRAMBLE (SCRAM) (Thermo Fisher, 40 nmol, Cat # 4390844) served as
controls in‘eachrexperiment. To validate transfection efficiency, TCam-2 cells were collected
1 and 4 days post-transfections in TRIzol (Ambion, Life Technologies, Carlsbad, CA, USA).
Efficiency of geneknockdown was assessed by qRT-PCR. All experiments were independently

reproduced @at least 3 times.
Migration assay

TCam-2 cells were grown to confluence in 6 well plates, then a cell free gap was generated
across the well using a P200 pipette tip. Growth medium was replaced with RPMI + 5% FCS
lacking Pen/Strep. Transfections were performed immediately after wound formation. Three
indicator marks per well were drawn on the plate bottom to determine specific regions of the
gap for subsequent imaging. Plates were photographed using a 4X objective at 0 hrs, then again
at 1, 2, 3, and 4 days post-gap formation to assess migration. The percentage of gap size
normalised to O hrs was determined by measuring the wound area using Image J. All

experiments were performed on 3 separate occasions.

Viability Assay
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Two and three days post-transfections, TCam-2 cells were harvested using 0.1%
trypsin/versene (TV; 2.5% trypsin, diluted in PBS/EDTA, Gibco), rinsed in PBS and
resuspended in 5% FCS/PBS containing 0.05 mg/ml propidium iodide (PI, 5 mg/ml, Sigma-
Aldrich). The viable to non-viable cell ratio based on PI incorporation was measured on the
LRS-Fortessa®X=20 Analyser (gated at B710-A) at the Monash University Bioplatform
Flowcore Facility = MHTP node. Three independent experiments were performed. The results
are graphed as fold-change in non-viable cells, relative to the SCRAM siRNA control value.

All experiments were repeated on 3 separate occasions.
Real-time monitoring of TCam-2 cell adhesion/proliferation

TCam-2 cells were seeded in 6 well plates and transfected at confluency in RPMI + 5% FCS
lacking Pen/Strep. One-day post-transfections, TCam-2 cells were detached using TrypLE
Express (Gibco) at 37°C for 5 minutes, and the reaction was quenched by adding medium. A
150 pl suspension of 1 x 10* cells was added to each well of an E-plate (16 wells) (ACEA
Biosciences, San Diego, CA). For this assay, cells were maintained in RPMI + 5% FCS. The
E-plate was loaded onto the xCELLigence System Real-Time Cell Analyser (RTCA; Roche)
in a 37°C incubator, and adhesion/proliferation measured by monitoring the impedance value
(Cell Indexs:€l)-of each well every 15 minutes over 3 days. In simplest terms, the greater the
CI value, the greater the level of cell adhesion. Conversely, when the CI decreases, the net
adhesion'is'decreased. The cell growth rate was calculated from the slope of the line between

values at specific time points. Four independent experiments were performed.
EdU (5-ethynyl-2’-deoxyuridine) incorporation to measure proliferation

Three days pest=transfection, medium was replaced with RPMI + 5% FCS containing 10 uM
EdU (Click#T, EdU Flow Cytometry Assay Kit, Invitrogen). Cells were incubated at 37°C for
2 hrs, detached using TrypLE Express for 5 minutes and the reaction quenched. Cells were
pelleted, resuspended in 4% PFA/PBS, and fixed at RT for 10 minutes. After rinsing three
times in PBS, EdU staining was performed following the manufacturer’s protocol. The ratio of
proliferative to_nen-proliferative cells, based on EdU incorporation, was measured by flow
cytometryo(LRS-Fortessa X-20 Analyser at the Monash University Bioplatform Flowcore
Facility - MHTP node). Data are presented as mean values, collected in duplicate experiments.
Results are shown as fold-change relative to values obtained for the SCRAM siRNA control

sample.

Activin A and BMP4 treatments of TCam-2 cells
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To determine the signalling pathways that regulate SNA/I and SNAI2 transcripts, TCam-2 cells
were seeded in a 12 well plate and incubated in growth medium. Once confluent, cells were
serum starved (grown in RPMI alone) for 12 hrs, then treated with activin A (AA) (R&D
Systems Inc, Minneapolis, USA) and BMP4 (R&D Systems Inc, Minneapolis, USA), diluted
in RPMI enly"medium. A dose-response test (Fig. S3) was performed to determine the final
concentratign of AA and BMP4 to use. TCam-2 cells were serum-starved overnight, then
treated with2.5,'5, 10 and 20 ng/ml of AA or BMP4. Forty-eight hours post-treatment, TCam-2
cells were collected to measure SNA/I and SNAI2 transcript levels by qRT-PCR. SNAII (Fig.
S3 A, B) andsSNAI2 (Fig. S3 C, D) transcript levels reached a plateau at 5 ng/ml, suggesting
this as the optimal concentration of AA or BMP4 to use in this study. An equivalent volume of
diluent (4 mM HCI/BSA) was used as vehicle control. Forty-eight hours post-treatment, TCam-
2 cells were collected in TRIzol (Ambion) and Snail transcript levels were measured by qRT-
PCR. All experiments were repeated on 3 separate occasions. To delineate whether IPOS is
required to mediate AA or BMP4 cellular responses, TCam-2 cells were seeded in a 12 well
plates, incubated in RPMI + 10% FCS + 0.5% Pen/Strep until 60% confluent, then transfected
with SCRAMworgdPO5 siRNAs. Twenty-four hours post-transfections, TCam-2 cells were
serum-starved for12 hours, then treated with 5 ng/ml of AA or 5 ng/ml of BMP4 for 48 hours.
The SCRAM siRNA and vehicle were used as transfection and treatment controls, respectively.
TCam-2 cells. were then collected in TRIzol (Ambion) and SNAII and SNAI2 transcripts were
measured by qRT-PCR. All experiments were repeated 3 times.

Migration assay following IPOS5 or SNAI2 knockdown, and AA or BMP4 treatments

TCam-2 cells were seeded in 6 well plates, incubated overnight until confluent and transfected
with 12.5 pmol of SCRAM and SNAI2 or IPO5 siRNA constructs. Twenty-four hours post-
transfections, cells were serum-starved (grown in RPMI alone) for 12 hrs, then SNAI2
transfected eells were treated with 5 ng/ml of AA or BMP4, where IPOS5 transfected TCam-2
cells were treated.with 5 ng/ml of BMP4 only. A single scratch was generated across the well
and the closure of the gap size was measured over 3 days. The SCRAM siRNA construct and
vehicle were used as transfection and treatment controls, respectively. Percentage of gap size
normalised™te, 0 hrs was determined by measuring the wound area using Image J. All

experiments were performed on 3 separate occasions.

Quantitative Real-Time PCR (qRT-PCR)
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Following RNA extraction using TRIzol, TCam-2 RNA samples were treated with the DNase-
free kit (Invitrogen Life Technologies, Oregon, USA) following the manufacturer’s
specifications. First strand cDNA synthesis was performed with 50 uM random hexamers
(Promega, Madison, WI, USA) and 10 uM dNTPs (Sigma, St Louis, MO) for 500 ng of
RNA/samplemSamples were incubated at 65°C for 5 minutes to denature RNA, placed on ice,
then 0.1 M DTT, First Strand Buffer and Superscript III Reverse Transcriptase (Invitrogen, 200
U/ul) were added for incubation at 50°C for 1 hr. Enzymes were inactivated at 70°C for 15
minutes. N¢gative control reactions lacking Superscript III were included for each sample.
Quantitative Real-Time PCR was performed on the Applied Biosystems 7900HT Sequencing
Detection machine (Applied Biosystems, Medical Genomics Facility, Monash Health
Translation Preeinct) at 95°C for 10 minutes, with 45 cycles of amplification at 95°C for 15
seconds, and 62°C for 30 seconds. Reactions were standardised against TCam-2 ¢cDNA diluted
1:10, 1:40, 1:160,:1:640, 1:2560 in filtered MilliQ water. Following qRT-PCR, results were
analysed using the SDS Automatic Controller 2.3 (Applied Biosystems). Three independent
experiments were performed for each primer pair, with error bars indicating standard error of

the means (SEM)=The sequences are listed in Table 1.
Statistical analyses

Values from control versus treated samples are presented as 3 or 4 independent experimental
results, as deseribed in each figure legend. Mann-Whitney test, and non-parametric ANOVA
and Tukey’s multiple comparison test were performed using GraphPad Prism™, with p <0.05

determining'significance.

Results

SNAI1 and SNAI2 have distinct expression profiles within the normal adult and

neoplastic human testis

Our previous investigation of the postnatal mouse testis revealed that each Snail family member
has a distinct cellular expression profile in somatic and germline cells (7), with SNAI1 and
SNAI2 developmentally regulated in spermatogenic cells. We examined whether Snail
expression is conserved in adult human testis. In the absence of an antibody suitable for SNAI1
detection in paraffin embedded human tissue samples, we employed in situ hybridisation using

a validated probe and observed SNA/I transcript in some, but not all spermatogonia,
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spermatocytes and peritubular cells, with a faint signal detected in Sertoli cells. Round and
elongated spermatids contained no detectable SNAII transcript (Fig. 1A, Fig. S1). In situ
hybridisation for detection of SNAI2 transcript identified a signal in spermatogonia,
spermatocytes, round spermatids and Sertoli cells of the normal adult human testes (Fig. 1B).
Further immunohistochemical analysis of normal adult human testis revealed SNAI2
expression (to be, stage-specific with nuclear signal evident in some Agx and Apqe
spermatogonia, late pachytene spermatocytes and round spermatids; elongated spermatids were
negative. Additionally, some Sertoli cell nuclei, peritubular and interstitial cells exhibited
SNAI2 immunostaining (Fig. 1C, Fig. S2). These data suggest that SNAI1 and SNAI2 are
active during,major cellular transitions that occur during spermatogenesis and identify germ,
Sertoli and gperitubular cells as common sites for Snail production within the normal adult

human testis.

As Snail transcription factors are central to the induction of many cancers (48-50), we further
investigatedtheir” expression in testicular samples containing neoplasms that retain the
phenotypic features of germ cells; GCNIS and seminomas. /n situ hybridisation demonstrated
SNAII mRNA in some premalignant GCNIS cells (Fig. 1D, Fig S1). In seminomas, SNAI/I was
identified in seminoma cells and in the somatic cells around them (Fig. 1F, S1).
Immunohistéehemical analysis of GCNIS samples showed strong SNAI2 in some GCNIS cell
nuclei, peritubular cells and in the extracellular matrix component (ECM) with no signal
evident in interstitial cells (Fig. 1E, S2 B). SNAI2 was detected as an intense signal in the
nuclei of seminoma cells in every sample (Fig. 1G, Fig. S2). Interestingly, only two of the
samples analysed,showed nuclear SNAI2 within cells which resemble immune infiltrates (Fig.
1G, Fig. S2'D). OQverall, these results indicate that SNAI1 and SNAI2 are both expressed in
TGCTs.

The TCam-2 seminoma cell line as an in vitro model to assess the function of Snail proteins

To delineate the role of SNAI1 and SNAI2 in TGCTs, we evaluated the suitability of using the
human TCam-2" seminoma cell-derived line as a model for in vitro analyses. We first
interrogated”their expression in TCam-2 cells. Existing RNASeq data (51) indicates that
transcripts encoding SNAI1 and SNAI2, but not SNAI3, are present in TCam-2 cells (Fig. S4
A). This was further validated by immunofluorescence detection of nuclear SNAI1 and SNAI2

protein (Fig. 2A), which is in accord with their expression in seminoma cells (Fig. 1).

SNAII loss increases SNAI2 transcript levels
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To establish conditions for identifying SNAIl and SNAI2 functions in seminoma cells, we
manipulated their levels in TCam-2 cells. SNAII and SNAI2 were reduced using siRNA
constructs; knockdown efficiency was validated by qRT-PCR. SNAII was significantly
reduced following both 1 day (~ 55%) and 4 days (~ 50%) exposure to SNAII siRNA, compared
to SCRAM<eontrol sample levels (Fig 2B). SNAI2 was significantly reduced to 70% 1 day post-
transfection/ with ' SNA/I2 siRNA, however there was no significant difference from SCRAM
control sample levels at 4 days (Fig 2C); this was considered as an indication that TCam-2 cells
lacking SNA12 might not be viable and was tested below. We examined the potential for SNAI
and SNAI2 te cempensate for each other’s loss in TCam-2 cells, as described during mouse
chondrogenesis (82). In TCam-2 cells, lowering SNAII levels significantly increased SNAI2 at
4 days poststransfection (Fig 2B), however decreased SNAI2 did not alter SNAII (Fig 2 C).
This identifies a potential feedback that can occur in seminoma cells between SNAII and SNAI2

transcripts.
SNAI1 mediates cell migration and SNAI2 supports survival of TCam-2 cells

To test specific potential functions of SNAII and SNAI2 in seminoma cells, TCam-2 behaviour
was assessed following siRNA-mediated transfections. We initially employed a monolayer
scratch assaystosexamine SNAI1 and SNAI2 in TCam-2 cell migration. Cells were grown in
5% FCS containing medium, a condition appropriate to support transfected cell growth
throughoutthe4-day culture period, without well overgrowth. A gap was created at day 0 of
transfection and was measured daily. The gap size in the SCRAM controls reduced up to 50%
within 4 daystlnssamples with reduced SNAII levels, a significant decrease in gap closure (to
~ 80% of ¢riginal size) was measured (Fig. 3A), while SNAI2 knockdown resulted in a
significant gap size increase between 2 and 4 days (up to ~ 125% by day 4) following
transfection (Fig. 3A).

As a gap sizeslarger than 100% suggests cell death has occurred in the sample, TCam-2 cell
survival was measured by flow cytometry at 48 and 72 hrs post-transfection by propidium
iodide incorporation. TCam-2 cell viability was significantly decreased by SNAI2 reduction,
compared.to"SCRAM control (Fig. 3B). Major contributing factors to cell death can include
loss of cell adhesien and cell proliferation arrest. To assess this, TCam-2 cells were transfected
with SNAII and SNAI2 siRNA constructs for 24 hrs, then adhesion analysed by xCELLigence
every 15 minutes over 6 hours. Reduced SNA/2 significantly decreased the proportion of

adherent TCam-2 cells (Fig. 3C). An initial examination by xCELLigence (Fig. 3E) suggested
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that SNAI2 knockdown significantly reduced the proportion of proliferating cells, however
further assessment by EdU incorporation identified no changes in cell proliferation when
measured at 72 hrs post-transfection (Fig. 3D). SNAII reduction did not affect TCam-2 cell
viability, adhesion or proliferation (Fig. 3 B —E).

SNAI2 transcript is elevated following stimulation with BMP4 but not activin A

We investigated“candidate members of the TGF-f3 superfamily previously linked with early
germline development an TGCT progression for their ability to drive expression of SNAI1 and
SNAI2. TCam-2 cells were treated with either activin A or BMP4 (5 ng/ml), then SNA/I and
SNAI2 transcripts quantified. SNAII levels were not significantly different in response to
activin A or BMP4 (Fig. 4A). SNAI2 was robustly increased by BMP4 treatment, but unaffected
by activin A(Fig#4B). This result identifies SNAI2 as a selective target of BMP4 in seminoma

cells.
IPOS, an intracellular BMP4 signalling mediator, regulates SNAI2 expression

IPO5 was recently identified to selectively transport SMADs 1/5/9 into the nucleus of human
liver cells tQ initiate BMP4-induced cellular responses (36). Immunohistochemistry identified
[POS5 as_predominantly cytoplasmic in GCNIS and Sertoli cells (Fig. S4A-C), while
heterogenous ¢ytoplasmic and nuclear distribution of IPO5 was apparent between the different

seminoma'samples analysed (Fig. 4C, D; Fig. S4D, E).

Published RNASeq data (51) showed that /PO5 transcript levels are high in TCam-2 cell
samples (Fig.” S4F) and was observed that the protein is readily detected by
immunoflugrescence (data not shown). To investigate whether SNAI2 elevation following
BMP4 is mediated by IPOS, an siRNA construct targeting /POS5 was introduced and effectively
reduced /POJ levels (to < 95%, compared to SCRAM control levels) after 24 hrs (Fig. S4G).
At 24 hrs_following /POS5 knockdown, TCam-2 cells were serum-starved for 12 hrs, then
treated withseither5S ng/ml of activin A or BMP4. Cells were collected 48 hrs later and SNAII
and SNAI2 transeript levels were quantitated. /POJ5 knockdown did not affect SNAII expression
following exposure to either factor (Fig. 4E), reinforcing evidence (Fig. 4A) that these
signalling pathways do not alter SNA/! transcription. However, /PO5 knockdown significantly
reduces the BMP4-mediated increase in SNAI2 (Fig. 4F). This reveals for the first time that
IPOS levels determine the outcome of BMP4 signalling and specifically affect SNAI2.

BMP4-induced survival of TCam-2 cells is modulated by SNAI2
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BMP4 signalling pathway was shown to support TCam-2 seminoma cell survival (41). To
determine whether SNAI2 contributes to BMP4-induced cellular response, we transfected
TCam-2 cells with the SNAI2 siRNA constructs. Cells were serum-starved for 12 hrs, then
treated with 5 ng/ml of vehicle control, activin A or BMP4 for 3 days. The functional response
was assessed'with a migration assay as described above, where a gap size larger than 100% of
original siz¢ indicates cell death. Vehicle (control) treatment following SNAI2 knockdown
resulted in a significant increase in gap size (~ 110% of original gap size) compared to the
SCRAM control (reduced to ~ 80%) (Fig. 4G), indicating that reduced SNAI2 levels result in
TCam-2 cell.death, as expected and previously shown (Fig. 3 A, B). Activin A treatment of
TCam-2 cells following SNAI2 knockdown resulted in gap closure (Fig. 4H); this confirms that
SNAI2 is not'a downstream target of activin A and suggests that activin A can support TCam-
2 cell migration, even when SNAI2 is reduced. Interestingly, BMP4 treatment following SNAI2
knockdown resulted in a significant increase in gap size (~ 110%) (Fig. 41), demonstrating that
BMP4 is unable to rescue the effects of SNAI2 knockdown. These results further indicate that
SNAI2 is required for BMP4-induced survival in TCam-2 cells and confirm SNAI2 as a
downstream.target of the BMP4 signalling pathway.

To determine whether IPOS is implicated in the signal transduction pathway proposed above,
TCam-2 cellsswere transfected with IPO5 siRNA. Cells were serum-starved for 12 hours, then
treated with™5 ng/ml of the vehicle (control) or BMP4. Functional response was assessed using
a scratch assay, where the gap size was measured over a period of 3 days. Vehicle (control)
and BMP4 ‘treatments following /PO5 knockdown, showed a significant decrease in gap
closure (to ~95%,0f original gap size) compared to SCRAM siRNA control (Fig. 4 J, K). These
results suggest that reduction in /POS5 levels did not affect BMP4-induced cell survival as
drastically as"observed following the SNAI2 knockdown (Fig. 4 ). As demonstrated by qRT-
PCR, IPO5%nockdown significantly reduced the BMP4-induced increase in SNA/2, however
SNAI2 transcript levels remained higher than in the vehicle control (Fig. 4F). This indicates
that a lower level of SNAI2 can partially support TCam-2 cell survival.

Discussion

Evidence implicating Snail transcription factors in mammalian spermatogenesis is limited. The
current study was performed to understand how Snail factors may influence normal and

neoplastic germ cells in the adult human testis. It is known from Drosophila studies that
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Escargot, one of the three Snail members, is expressed in the somatic hub cells, cyst stem cells
(CySCs) and germline stem cells (GCS) of the adult testis; its knockdown indicated that it is
required in hub cells to maintain niche integrity (53). A distinct profile for SNAI1 and SNAI2
in spermatogenic cells of the postnatal mouse testis and their co-localisation with chromatin
remodellifig enzymes, identified their potential involvement in germ cell transitions through
each spermatogenic stage, where tight control of gene expression is essential (7). Aberrant
Snail and Snai2 levels result in germ cell loss (5, 6), implicating regulations of Snail levels are
important imrspermatogenesis. This study demonstrates that expression profiles of SNAII and
SNAI2 in spermatogenic cells are grossly conserved between mouse and human adult testes,
however the heterogeneity observed in SNAI1 and 2 expression in the human testis presents
an interesting contrast to the more homogeneous expression in the mouse testis. Multiple
studies have identified considerable transcriptional heterogeneity across the spermatogonial
stem cell population in mammals; some examples include (54-58). These high stringency
single-cell level observations are increasing in frequency with more recent analyses of human
samples. The data presented in the current study is consistent with the single cell RNAseq data
in (59) studygnewhich human SSCs express SNAI1 and SNAI2 transcripts in around 5% of
SSEA4 positive, SSCs (data available as GSE92276). A similarly heterogeneous expression
pattern in human SSCs was observed by Hermann et al 2018 (accessible at (60), “Queryable
single-cell RNA-seq (10x Genomics) datasets of Human and Mouse spermatogenic
cells”, Mendeley Data, v1http://dx.doi.org/10.17632/kxd5f8vpt4.1). The direct functional
implications,of this heterogeneity are beyond the scope of the present study, but may indicate
there are differential roles for individual SNAIs in the 3-10 clusters of SSC subpopulations, as
defined by(some of the studies above (reviewed in (61)). The tight regulation of SNAI

transcription_factors in spermatogenesis is an ongoing area of interest for our lab.

Despite the'widespread use of mice for studies examining molecular mechanisms involved in
testis development, spermatogenesis and the processes relating to human foetal testis growth,
they have significant limitations as model for human TGCT research. The absence of a mouse
model developing GCNIS and a seminoma-type tumours (62) restricts investigations of TGCT
formationtand acquisition of metastatic potential to primary tissue materials and human cell
lines. The identification of SNAI1 and SNAI2 in TGCTs through histological analyses of
human samples have prompted us to examine whether they may contribute to tumour cell

behaviours.
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By tightly controlling gene transcription, Snail factors promote changes in cell physiology to
facilitate the gain of malignant properties in several cells, including breast, gastric, colon and
prostate (63). Using the TCam-2 tumour cell line as an in vitro model, our functional studies
identified distinct roles for SNAI1 in facilitating migration and SNAI2 in supporting viability
of seminomarcells. SNAII was necessary for maximal TCam-2 cell migration in a wound
healing assdy, in accordance with studies performed with prostate tumour models (64, 65).
SNAI2 downregulation increased TCam-2 cell death, consequently affecting their capacity to
adhere and fmigrate. The role of SNAI2 as a pro-survival factor was previously delineated
during development of neural crest cells (66), in gastrointestinal stromal tumour cells (67), and
in prostate cancer cell lines (68); in these cells, SNAI2 antagonised apoptosis through the
regulation of caspases or repression of pro-apoptotic markers, such as PUMA (69). Although
it was shown during mouse chondrogenesis that SNAI1 and SNAI2 functionally compensate
for each other’s loss (52), their reciprocal regulation was not observed in seminoma cells. We
reported that by reducing SNAII, SNAI2 increased in TCam-2 cells, not vice-versa. This
resulted in survival of TCam-2 cells lacking SNA/I, although increased SNAI2 levels did not
rescue cell migration. These outcomes reinforce the understanding that SNAI1 and SNAI2 are

functionally different (70) despite having highly similar protein structures (1).

Each Snail faetor is regulated by different signalling pathways, including those mediated by
the TGF-fssuperfamily ligands (reviewed in (10)). These ligands are broadly required during
normal embryonic development and late stages of tumorigenesis, where TGF-P activation
upregulates” Snail factors to promote EMT (71). Phosphorylated SMADs and transcripts
encoding ACVRiILA, ACVRIB, BMPR1A and BMPR2 are detectable within seminomas (38),
indicating that TGF-B signalling is active. Primary cultures of seminoma testis fragments
responded to activin A, resulting in a decrease in K/T mRNA and protein (72). TCam-2 cell
exposure”to-activin A or to BMP4 promoted proliferation or survival, respectively (41),
suggesting that TGF-B superfamily signalling activity can influence seminoma progression.
Here we showed that SNAI2, but not SNA/I, dramatically increased in TCam-2 cells following
exposure to BMP4 for 48 hrs (Fig. 4), revealing SNAI2 as a BMP4 downstream target. To
reinforcerthis, we selectively manipulated the BMP4 signalling pathway by knockdown of
IPOS5, and thereby drastically reduced the capacity for BMP4 exposure to elevate SNAI2. These
new findings extend our previous report that showed BMP4 supports TCam-2 cell survival (41)
by revealing SNAI2 as a BMP4 downstream target that mediates BMP4-induced survival in

seminoma cells. The variable distribution of IPO5 between the cytoplasm and nucleus, present
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in individual seminoma cells suggests this may indicate different levels of BMP4 signalling;
cytoplasmic IPO5 would be expected to perform the canonical nucleocytoplasmic transport
role of shuttling transcription factors into the nucleus (73-75), whereas nuclear IPOS5 has been
shown to indirectly modulate gene transcription (76). Despite a previous report that activin A
increases SNAT2*during placental development (43), it did not regulate Snail levels in TCam-2
cells. Moref remains to be learned about the fine-tuning of TGF-f signalling in TGCTs,

including how they interact to effect transcription of different downstream targets.

The novel observations from this study provide evidence that SNAI1 and SNAI2 are important
for both normal and neoplastic germ cell functions. Their concurrent expression in seminoma
cells indicate that SNAI1 and SNAI2 may support the induction and maintenance of the tumour
phenotype. In conclusion, we propose that minimising SNAI2, but not SNAII, levels repress
BMP4-indugedssurvival of seminoma cells, suggesting that SNAI2 is a potential therapeutic

target.
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Figures
Figure SNAI1 and SNAI2 are present in normal and neoplastic human testis samples.

In situ hybridisation with SNA/I antisense cRNA probe detected SNAII transcript in normal
adult humanstestis(A), GCNIS (D), and seminoma (F) samples. Immunocytochemical staining
revealed SNAI22mRNA (B) and protein (C) in the normal adult human testis, and SNAI2
protein in GCNIS (E) and seminoma (G) samples. Primary antibody was omitted in negative
control (insert). Blue arrow = spermatogonia; green arrow = spermatocytes; white arrow =
spermatids;“grey arrow = Sertoli cells; red arrow = peritubular cells; yellow arrow = interstitial
cells; purplerarrow = GCNIS cells; orange arrow = seminoma cells; pink arrow = immune cell

infiltrates. Scale bar = 10 um.

Figure 2 SNAI1 and SNAI2 in TCam-2 cells, and evidence of reciprocal expression. (A)
Immunofluoresecence identified SNAI1 and SNAI2 in TCam-2 cell nuclei. Scale bar = 10 pm.
(B, C) siRNA_knockdown of SNAII (B) and SNAI2 (C). Knockdown efficiency and
SNAI1/SNAIZwreciprocal regulation were each documented at 1 (t 1) and 4 (t 4) days post-
transfections. The SCRAM siRNA construct served as transfection control. Graphs are
presented as'mean values, with error bars representing SEM, and significance was determined

using the Mann-Whitney test. *p < 0.05, n = 3.

Figure 3 SNAI1 and SNAI2 differentially affect TCam-2 cell behaviour. TCam-2 cells were
transfected with SNAII, SNAI2 and SCRAM siRNA constructs to measure: (A) migration, (B)
viability, (C) adhesion, and proliferation by BrdU incorporation (D) and xCElligence real-time
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analysis (E). Graphs present mean values, with error bars representing the SEM. For viability,
adhesion and proliferation assays, significance was determined using the Mann-Whitney test,
* p < 0.05. For migration, non-parametric ANOVA and Tukey’s multiple comparison test

determined significance, * p < 0.05.

Figure 4 BMP4<induced survival and migration of TCam-2 cells is reduced by SNAI2
inhibition. (A, B) Changes in SNA/I and SNAI2 transcript levels following activin A (AA) and
BMP4 treatments were assessed by qRT-PCR. (C, D) Immunohistochemical analysis revealed
that IPOS5 subcellular localisation was heterogenous in seminomas (n = 4). Primary antibody
was omittedginenegative controls (inserts; c, d). Scale bar = 10 um. (E, F) TCam-2 cells
transfected with Z/PO5 siRNA construct were treated with vehicle control, AA or BMP4, then
SNAII and SNAIZ2 levels were measured by qRT-PCR. Sc siRNA and vehicle were used as
transfection and treatment controls, respectively. Each value was normalised to RPLP(. Graphs
present mean values; error bars indicate SEM. Statistical analysis was performed relative to the
vehicle control. Significance was calculated using the Mann-Whitney test, * p < 0.05. (G - I)
TCam-2 cells transfected with SNAI2 (G-I) or IPO5 (J, K) siRNA constructs were treated with
vehicle control;mAA or BMP4, then effects on migration were measured. Wound area is
presented relativeésto the gap measured at time point 0. Sc siRNA and vehicle were used as
transfectionrand-treatment controls, respectively. Graphs are presented as mean values, with
error bars indicating SEM, and significance was determined through 2-way Anova. * p <0.05,

n=3.

Fig. S1. Expression of SNAII transcript in the normal adult and neoplastic human testis.
Purple staining indicates the cellular sites of SNA// mRNA synthesis in the additional normal
adult (A) and neoplastic human testis (B — E) samples. Within the second normal adult human
testis sample Blue arrow = spermatogonia; green arrow = spermatocytes; grey arrow = Sertoli
cells; red arrow.=fperitubular cells; yellow arrow = interstitial cells; purple arrow = GCNIS

cells; orange arrow = seminoma cells; pink arrow = immune cell infiltrates. Scale bar = 10 um.

Fig. S2. SNAI2 localisation in the normal adult and neoplastic human testis. Brown
staining indicates SNAI2 protein localisation in the normal adult human testis (A), GCNIS (B,
(), and seminoma (D, E) samples. Intense background signal is evident within the interstitium

of the normal adult human and GCNIS testis samples. Blue arrow = spermatogonia; green
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arrow = spermatocytes; white arrow = spermatids; grey arrow = Sertoli cells; red arrow =
peritubular cells; yellow arrow = interstitial cells; purple arrow = GCNIS cells; orange arrow

= seminoma cells; pink arrow = immune cell infiltrates. Scale bar = 10 pm.

Fig. S3. Dose-response of activin A and BMP4 on Snail transcript levels. Serum-starved
TCam-2 cellswetettreated with increasing dose of activin A and BMP4. Forty-eight hours post-
treatment, SNAII (A, B) and SNAI2 (C, D) transcript levels were measured. Graphs show the

mean values. These experiments were repeated twice.

Fig. S4 IPQS/protein localisation in TGCT samples, and 7PO5 and Snail expression in
TCam-2 cellss(A= E) IPOS subcellular localisation in GCNIS (A — C) and seminoma (D, E)
samples wasrheterogeneous. (F) SNAII, SNAI2, SNAI3 and IPO5 were measured in two
TCam-2 cell samples. The Surani RNASeq demonstrated that SNAII, SNAI2 and IPOS5, not
SNAI3, are detectable in TCam-2 cells. (G) IPOS5 knockdown in TCam-2 cells. TCam-2 cells
were transfected for 24 hrs with 12.5 pmol of SCRAM control and /PO5 siRNA constructs,
then treated with 5 ng/ml of vehicle control, AA or BMP4. Knockdown efficiency was
measured 48 hrsspost-treatment. Graphs show mean values, with error bars representing SEM.
Significan€e was. determined using the Mann-Whitney test. *p < 0.05, n = 3. Purple arrow =

GCNIS cells; grey arrow = Sertoli cells; orange arrow = seminoma cells. Scale bars = 10 um.
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Gene Accession Forward (5’-3’) Reverse (5’-3’) Technique
number

SNAI1 | NM_005985 CTGCGTGGGTTTTTGTATCC TCGGGGCATCTCAGACTCTA in situ
hybridisation

SNAI2 | NM=z003068 GAGAGCTGCAAGAGCATGGA TTGCTGCCAAATCATTTCAA in situ
hybridisation

RPLPO | NM_001002"|"CTATCATCAACGGGTACAAACGAG | CAGATGGATCAGCCAAGAAGG gRT-PCR

SNAI1 | NM_005985 TAGCGAGTGGTTCTTCTGCG AGGGCTGCTGGAAGGTAAAC gRT-PCR

SNAI2 | NM_003068 ACAGCGAACTGGACACACAT GCGGTAGTCCACACAGTGAT gRT-PCR

IPO5 NM_178310 AGGTCCTTCCACACTGGTTG AATTGCCTCGTGCATTTCTC gRT-PCR

Table 1. Primer.sequences used for generation of in situ hybridisation probes and for qRT-

PCR to detect. mouse and human transcripts.
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