
Integrative characterisation of secreted factors involved in
intercellular communication between prostate epithelial or
cancer cells and fibroblasts
Yunjian Wu1,2, Kimberley C. Clark1,2, Birunthi Niranjan1,3, Anderly C. Ch€ueh1,2, Lisa G. Horvath4,5,6,
Renea A. Taylor1,7,8 and Roger J. Daly1,2

1 Cancer Program, Biomedicine Discovery Institute, Monash University, Clayton, Victoria, Australia

2 Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria, Australia

3 Department of Anatomy and Developmental Biology, Monash University, Clayton, Victoria, Australia

4 Garvan Institute of Medical Research, Darlinghurst, New South Wales, Australia

5 University of Sydney, New South Wales, Australia

6 Chris O’Brien Lifehouse, Sydney, New South Wales, Australia

7 Department of Physiology, Monash University, Clayton, Victoria, Australia

8 Cancer Research Division, Peter MacCallum Cancer Centre, The University of Melbourne, Victoria, Australia

Keywords

cell signalling; chemokine; co-culture;

cytokine; follistatin; tumour

microenvironment

Correspondence

R. A. Taylor and R. J. Daly, Cancer Program,

Biomedicine Discovery Institute, Monash

University, Clayton, VIC 3800, Australia

E-mail: roger.daly@monash.edu;

renea.taylor@monash.edu

(Received 17 August 2022, revised 5

December 2022, accepted 5 January 2023,

available online 27 January 2023)

doi:10.1002/1878-0261.13376

Reciprocal interactions between prostate cancer cells and carcinoma-

associated fibroblasts (CAFs) mediate cancer development and progression;

however, our understanding of the signalling pathways mediating these cel-

lular interactions remains incomplete. To address this, we defined secre-

tome changes upon co-culture of prostate epithelial or cancer cells with

fibroblasts that mimic bi-directional communication in tumours. Using

antibody arrays, we profiled conditioned media from mono- and co-

cultures of prostate fibroblasts, epithelial and cancer cells, identifying

secreted proteins that are upregulated in co-culture compared to mono-

culture. Six of these (CXCL10, CXCL16, CXCL6, FST, PDGFAA, IL-

17B) were functionally screened by siRNA knockdown in prostate cancer

cell/fibroblast co-cultures, revealing a key role for follistatin (FST), a

secreted glycoprotein that binds and bioneutralises specific members of the

TGF-b superfamily, including activin A. Expression of FST by both cell

types was required for the fibroblasts to enhance prostate cancer cell prolif-

eration and migration, whereas FST knockdown in co-culture grafts

decreased tumour growth in mouse xenografts. This study highlights the

complexity of prostate cancer cell–fibroblast communication, demonstrates

that co-culture secretomes cannot be predicted from individual cultures,

and identifies FST as a tumour-microenvironment-derived secreted factor

that represents a candidate therapeutic target.
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1. Introduction

Prostate cancer affects millions of men worldwide, and

is the second most common cancer in men, causing

> 350 000 deaths per annum globally [1,2]. Under-

standing the pathophysiological mechanisms of pros-

tate cancer progression is the key to developing novel

therapeutic strategies. Strong evidence has emerged

implicating the tumour microenvironment (TME) in

cancer development and progression [3,4], and intercel-

lular communication within the TME is a key regula-

tor of the malignant behaviour of prostate cancer cells.

Unique characteristics of the prostate TME, comprised

of extracellular matrix (ECM) and diverse stromal cell

types, distinguish it from corresponding normal tissue.

Carcinoma-associated fibroblasts (CAFs) are one of

the most abundant stromal components in the TME

with numerous studies demonstrating their prominent

roles in prostate cancer pathogenesis and progression

[5–8], however the specific mechanisms of intercellular

dialogue between CAFs and prostate epithelial, or

prostate cancer cells, require further characterisation.

These complex mechanisms can involve cell–cell con-

tact, cell-matrix interplay or paracrine communication

mediated by soluble factors [9]. Deciphering the mech-

anisms underpinning tumour stroma-cancer cell inter-

actions during prostate cancer progression will enable

the identification of novel biomarkers and/or treatment

strategies.

The emergence of single-cell technologies has

enabled the identification of different CAF subtypes

within the TME [10]. Two important CAF subpopu-

lations are termed “myCAFs” and “iCAFs”. The

myCAFs exhibit a matrix-producing contractile (my-

ofibroblast) phenotype, while the iCAFs generate an

immunomodulating secretome. CAF-derived soluble

factors mediate autocrine and paracrine signalling,

stimulate cancer cell proliferation, enhance epithelial-

mesenchymal transition (EMT) to facilitate metastasis,

and increase neovascularisation [5,11]. Prostate cancer

cells that come into contact with CAFs activate the

same pro-inflammatory gene signature and become

invasive through EMT [12]. For example, increased

secretion of CCL2 and IL-8 from CAFs in advanced

prostate cancer promotes cancer cell migration [13].

Meanwhile, IL-8 secreted by PTEN-deficient prostate

cancer cells can also augment CAF-derived CCL2 and

CXCL12, leading to increased proliferation and

migration of the cancer cells [14]. Thus, the interac-

tion between stromal and tumour cells results in an

altered secretome, that induces pro-tumourigenic

activities.

To date, various approaches have been employed to

investigate the expression of secreted factors from can-

cer cells and CAFs, including Luminex assays, anti-

body (cytokine/chemokine) arrays and mass

spectrometry. Of note, studies using these methods

usually only focus on the secreted factors from one cell

type and one culture condition (i.e. utilising mono-

cultures) [15,16]. However, the secretome is likely to

be altered in a co-culture environment, where recipro-

cal intercellular signalling is active. In order to address

this, we have systematically profiled the secretomes of

prostate epithelial and prostate cancer cells, and

patient-derived normal prostatic fibroblasts (NPFs)

and CAFs, and compared the secretomes from individ-

ual cell types with corresponding co-cultures. This

approach revealed marked changes in the co-culture

secretomes, with markedly elevated expression of sev-

eral factors compared to mono-cultures. Follistatin

(FST), which can bind and bioneutralise specific mem-

bers of the TGF-b superfamily, including activin A

[17,18], was identified as one such factor. Previous

studies identified increased serum level of FST in pros-

tate cancer patients [19], compared to that in healthy

male and benign prostate hyperplasia patients. In addi-

tion, an increased serum level of FST significantly cor-

related with the presence of bone metastases and

higher prostate specific antigen levels [19]. These find-

ings suggested a role for FST in prostate cancer devel-

opment and progression, but detailed insights into

FST regulation and function in prostate cancer have

been lacking. In this study, we identify FST as a key

regulator of prostate epithelial/cancer cell-fibroblast

intercellular communication, highlighting it as a poten-

tial target for therapeutic intervention.

2. Materials and methods

2.1. Human samples and study approval

Human prostate tissue samples were collected from

patients undergoing radical prostatectomy surgery

between November 2012 and April 2016, with

approval from the following human ethics committees:

Cabrini Institute (No. 03-14-04-08), Epworth Health-

Care (34306 and 53611) and Monash University (No.

2004/145). All methods involving human participants

were performed in accordance with the ethical stan-

dards of the institutional committee and with the 1964

Helsinki declaration and its later amendments and all

experiments were undertaken with the understanding

and written informed consent of each subject. Prostate

cancer patient mRNA data was obtained through the
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Gene Expression Profiling Interactive Analysis

(GEPIA) [20] and TCGA.

2.2. Human samples and cell culture

The human prostate cancer cell lines PC3 and 22RV1,

human prostate epithelium cell line BPH-1, prostate

stroma fibroblast line WPMY-1 and HEK293T cells

were obtained from ATCC (In Vitro Technologies,

Melbourne, Vic., Australia). PC3, BPH-1 and WPMY-

1 cell lines were cultured in RPMI 1640 medium

(School of Biomedical Sciences, Media and Prep Ser-

vices, Monash University) supplemented with 5% (v/v)

fetal bovine serum (FBS, Invitrogen, Waltham, MA,

USA). 22RV1 was cultured in RPMI 1640 medium

containing 10% (v/v) FBS. HEK293T cells were cul-

tured in DMEM medium (School of Biomedical

Sciences, Media and Prep Services, Monash Univer-

sity) supplemented with 5% (v/v) FBS. Primary fibrob-

lasts (CAFs and NPFs) were isolated from patient

specimens as previously described [21] and cultured in

fibroblast media (RPMI 1640) supplemented with phe-

nol red, 5% (v/v) heat inactivated HyClone fetal

bovine serum (HI-FBS; GE Healthcare, Chicago, IL,

USA), 1 nM testosterone (T1500, Sigma-Aldrich, St.

Louis, MO, USA), 10 ng�mL�1 basic fibroblast growth

factor (100-18B; Peprotech, Rochy Hill, NJ, USA,

Lonza Pharma & Biotech, Brooklyn, Victoria, Aus-

tralia) and 100 UI�mL�1 penicillin/10 lg�mL�1 strep-

tomycin (15140-122, GibcoTM, Thermo Fisher

Scientific, Waltham, MA, USA). Cells were maintained

at 37 °C in 5% CO2, 5% O2 atmosphere, with media

changes every 2–3 days. Prior to this study the two

pairs of patient matched CAFs and NPFs (128R and

332R) were validated by in vivo tissue recombination

experiments and tumourigenicity of primary CAFs was

confirmed as previously described [21,22]. All patient

information can be found in Table S1. All primary

patient-derived fibroblasts were used at early passages

(3–8) unless otherwise stated. All cell lines tested nega-

tive for Mycoplasma, and cell line authentication was

performed via short tandem repeat (STR) profiling by

Cell Bank Australia.

2.3. Preparation of conditioned media

Cells were seeded in 10 cm culture dishes at 1.6 9 106

cells per dish, and 5 9 104 cells per well for each cell

type (5 9 104 epithelial cells and/or 5 9 104 fibrob-

lasts) in a 12 well plate for co-culture conditioned

media (or Transwell conditioned media) in complete

medium. Upon reaching 80–90% confluence, cells were

washed with PBS and the medium replaced with 8 mL

serum-free medium for 10 cm dishes, and 1 mL serum-

free medium for 12 well plate. After 48 h, the condi-

tioned media were collected, centrifuged and stored at

�80 °C until analysis.

2.4. Expression of fluorescence markers and

luciferase

The expression vector for Luciferase/mCherry

(pRV100G ofl T2A Luciferase/mCherry) was kindly

provided by Prof. Paul Timpson (Garvan Institute,

NSW, Australia). The expression vector pGIPZ for

GFP was purchased from Thermo Fisher Scientific.

Lentiviral or retroviral transduction of PC3, BPH-1

and 22RV1 cells for GFP, mCherry and Luciferase

expression was performed as previously described [23]

by using LipofectamineTM 3000 reagent (Thermo Fisher

Scientific). Positive cells were selected by Fluorescence-

activated cell (FAC) sorting.

2.5. siRNA transfection

Cells were transfected for 24 h with siRNA pools tar-

geting CXCL10, CXCL6, CXCL16, FST, PDGFA or

IL-17B (Dharmacon, Lafayette, CO, USA), or ON-

TARGETplus (OTP) as the negative control.

Sequences of siRNAs are shown in Table S2. Cells

were used for further functional experiments within

48 h after transfection.

2.6. CRISPRi-mediated FST knockdown

PC3 and WPMY-1 cells were infected with dCas9-

KRAB lentivirus produced in HEK293T cells, which

were transiently transfected with dCas9-KRAB plas-

mid (89567, Addgene, Watertown, MA, USA) and

packaging plasmids (pMD2.G, 12259 and psPAX2,

12260, Addgene) using LipofectamineTM 3000 reagent.

Cells were subjected to Blasticidin (A1113903, Thermo

Fisher Scientific) selection (40 lg�mL�1 for PC3 cells,

5 lg�mL�1 for WPMY-1 cells) to generate stable

dCas9-KRAB expressing cell clones. Expression of

dCas9-KRAB was validated via western blot using an

anti-Cas9 antibody (SAB4200701, Sigma-Aldrich).

Five pairs of sgRNAs targeting the human FST gene

were designed using the Broad Institute’s GPP sgRNA

designer (https://portals.Broadinstitute.org/gpp/public/

analysis-tools/sgrna-design) and cloned into the

pXPR003 backbone (52963, Addgene) and sequence

validation was performed. dCas9-KRAB cells were

then infected with sgFST-containing pXPR003 (or

empty vector pXPR003) lentivirus followed by Puro-

mycin (A1113802, Thermo Fisher Scientific) selection.
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FST knockdown was validated at the protein level by

western blot using an anti-FST antibody (ab157471,

Abcam, Cambridge, UK). All CRISPR guide

sequences and primer information are listed in

Table S3.

2.7. Random cell migration assay

PC3-GFP cells (1.8 9 104/well) or PC3-GFP cells +
WPMY-1 cells (1.8 9 104 + 1.8 9 104/well) were

seeded in a 12 well plate as mono-culture or co-

culture. The selected targets (CXCL10, CXCL6,

CXCL16, FST, IL-17B and PDGFA) were knocked

down in PC3-GFP cells and WPMY-1 cells, individu-

ally or in combination, by siRNA (or CRISPRi)

before seeding. After 24 h, the medium was replaced

with serum-free medium with 1 lg�mL�1 Mitomycin C

(Sigma-Aldrich). Human recombinant CCL11 (Pepro-

tech) (8 ng�mL�1) was added in PC3-GFP mono-

culture as the positive control for migratory promotion

and a FAK inhibitor (FAKi, PF-562271, Sigma-

Aldrich) was added to the co-cultures as the positive

control for migratory inhibition. Human recombinant

FST (hrFST) protein (R&D Systems, Minneapolis,

MN, USA) at different concentrations (10, 50 and

100 ng�mL�1) was used in the rescue experiments.

Random cell migration was monitored using a Leica

DMi8 Live Cell microscope (Wetzlar, Germany).

Three fields per well were chosen under a 109 magnifi-

cation objective. Time-lapse movies of the PC3-GFP

cells in each mono-culture and co-culture condition

were recorded over 24 h with an image acquired every

20 min. The movie files were analysed using the

MtrackJ plug-in of the IMAGEJ software (National

Institutes of Health, Bethesda, MD, USA). This

method was repeated to validate the FST knockdown

effect in 22RV1-mCherry cells and BPH-1-GFP cells.

2.8. Proliferation assay

PC3-GFP cells (5000/well) or PC3-GFP + WPMY-1

cells (5000 + 5000/well) were seeded in a 96 well plate

as mono- or co-cultures for 3–5 days. The

number of green fluorescent cells was recorded and

analysed by IMAGEJ. In the proliferation rescue

experiment, PC3 + WPMY-1 co-cultures or

PC3_FST_KD + WPMY-1_FST_KD co-cultures were

seeded at day 0, then three different concentrations

(10 ng�mL�1, 50 ng�mL�1 and 100 ng�mL�1) of

hrFST protein were added into the co-culture system

at day 1, and culture continued for 3 days. The num-

ber of GFP positive cells was counted using IMAGEJ

software.

2.9. Antibody array analysis

Cytokine analysis was performed using the Human

Cytokine Array Q4000 (RayBiotech, Norcross, GA,

USA) which included 200 human inflammation fac-

tors, growth factors, chemokines, cytokines and recep-

tors. Then, a customised antibody array which

included 24 prioritised proteins from the Q4000 array

was analysed. Briefly, the arrays were blocked with the

blocking buffer (provided by the kit) for 30 min and

incubated with 1 mL of conditioned medium for 2 h

at room temperature. After washing, the arrays were

incubated with biotinylated antibody cocktail at room

temperature for 2 h, and then with Cy3 equivalent

dye-streptavidin for another 1 h at room temperature.

Detection was performed according to the manufac-

turer’s instructions.

2.10. Reverse transcription polymerase chain

reaction (RT-PCR)

Total RNA was extracted using the RNeasy� Mini

Kit (250) (QIAGEN, Hilden, Germany). Complemen-

tary DNA (cDNA) was synthesised from 1 lg of iso-

lated total RNA by a high capacity cDNA reverse

transcription kit (Thermo Fisher Scientific) in a final

volume of 20 lL. The cDNA was subjected to real-

time PCR with the primers (Sigma-Aldrich) as listed in

Table S4.

PCR reactions were carried out in triplicate wells on

ABI� 7500 system using power SYBR Green master

mix (Thermo Fisher Scientific). The PCR reaction for

each well included 5 lL FastStart Essential DNA

green master (Roche, Basel, Switzerland), 0.2 lL of

each primer (20 lM) and 4.6 lL cDNA and 40 cycles

(95 °C/15 s and 60 °C/30 s) of amplification were per-

formed.

2.11. Western blots

Standard Western blots were undertaken using RIPA

lysates as previously described [24].

2.12. Animals

Male immunodeficient NOD-SCID mice (8 weeks old)

purchased from Animal Resources Centre (Canning

Vale, West Australia, Australia) were maintained in

isolated ventilated cages under specific pathogen-free

conditions in a temperature- and humidity-controlled,

12 h dark/light environment at the Monash Animal

Research Platform (MARP), Monash University. The

animals had free access to tap water and standard
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pellet food. Their health status was monitored daily.

All procedures involving mice were conducted in

accordance with the National Health and Medical

Research Council (NHMRC) code for the use and

care of animals for scientific purposes and the study

was approved by the Monash University Animal

Ethics Committee (Project ID: 21163).

2.13. Sub-renal graft experiment

A total of 40 NOD-SCID mice (8 mice per group) were

used. Tissue recombinants consisting of 50 lL collagen

gels that contain mixtures of cells (PC3 � WPMY-1

cells, 105 � 105 cells total) were sub-renally grafted

under the kidney capsule of host mice. Each animal was

implanted with 1–4 tissue recombinants placed on the

left and/or right kidney. At the time of graft insertion

surgery, a 5 mm silastic testosterone pellet was also

inserted subcutaneously to help mimic the circulating

testosterone levels of a human male.

Mice were sacrificed after 8 weeks by cervical dislo-

cation. During autopsy, the xenograft tumours under

the kidney capsules were resected for histological anal-

ysis. Tumour size was measured with a calliper.

Tumour volume was calculated using the following

formula: (long length 9 short length 9 width).

2.14. Statistical analysis

GRAPHPAD PRISM 9.0 (GraphPad Software, San Diego,

CA, USA) was used for statistical calculations. For all

comparisons between two groups, t-tests were per-

formed and P value and standard deviation of the

mean (SD) were reported. For all comparisons among

more than two groups, one-way ANOVA was per-

formed and P values and SD were reported. Results

from all in vitro assays are representatives of at least

three independent biological replicate experiments

unless otherwise specified.

3. Results

3.1. Proteomic characterisation of co-culture

secretomes

3.1.1. Overview

In order to characterise intercellular communication

between prostate epithelial/cancer cells and normal or

cancer-associated fibroblasts (NPFs and CAFs, respec-

tively), we employed an integrative approach involving

three steps: (a) characterisation of mono- and co-

culture secretomes via antibody arrays; (b) functional

interrogation of high priority candidates using a

siRNA screen; and (c) a detailed characterisation of a

lead candidate using in vitro and in vivo pre-clinical

models. The overall approach is summarised in

Fig. 1A.

3.2. Profiling of conditioned media using a

custom antibody array

Benign prostate epithelial cells (BPH-1) or prostate can-

cer cells (PC3) were co-cultured with CAFs or NPFs

from 2 pairs of primary patient-matched fibroblasts

(NPF/CAF 128R, NPF/CAF 332R; Table S1) derived

from radical prostatectomy specimens [21,22]. The co-

culture conditioned medium, together with correspond-

ing mono-culture conditioned media, was collected and

then assayed using antibody arrays that covered 200

human inflammation factors, growth factors, chemoki-

nes, cytokines and receptors (Fig. 1B, Table S5).

3.3. Secretome characterisation for prostate cell

mono-cultures

In total, 142 proteins were identified in the analysis of

mono-culture conditioned media (Fig. S1A). The secre-

tion pattern of prostate epithelial/cancer cells was dis-

tinct from that of prostate fibroblasts in a number of

ways. For example, DKK-1, ErbB3 (soluble receptor,

cleaved extracellular domain), Lipocalin-2 and

CEACAM-1 were expressed at higher levels in condi-

tioned media from BPH-1 and PC3 cells compared to

the primary fibroblasts. On the other hand, CCL11

(Eotaxin), HGF, TIMP-1 and MCP-1 (CCL2) were

secreted more by the fibroblasts compared to prostate

epithelial/cancer cells (Fig. S1B).

Different secretion patterns were also observed in

the conditioned media between prostate epithelial and

cancer cells (Fig. S1C). Secreted factors such as MIF,

IL-6, CD40L, FST, SDF-1a and IL-8 were expressed

at higher levels in conditioned medium from PC3 can-

cer cells. In contrast, some factors were present at a

higher level in BPH-1 conditioned medium, including

activin A, PAI-1 and IGFBP-3.

In addition, different secretion patterns were also

observed between CAFs and NPFs (Fig. S1D). Exam-

ples of secreted factors expressed at higher levels in

NPFs versus CAFs were EG-VEGF, TGFa, GCP-2,

FGF-4, BMP-4, BMP-5, IGFBP-4, HGF (data shown

in Fig. S1B) and PF4. In contrast, other secreted fac-

tors were presented at higher levels in CAF versus

NPF conditioned media, such as IGFBP-2, IL-12p40,

TNF-b and MCSF.
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While most expression patterns were consistent

between pairs of NPFs or CAFs, some differences

were observed (Fig. S1E). For example, IP-10

(CXCL10) exhibited a very high level in CAF 128R

compared to CAF 332R; IL-8 was high in NPF 128R

compared to NPF 332R. Differential expression was

also observed for uPAR, IL-16, Endoglin, IL-9,

PDGF-AB and TIMP-2.

3.4. Comparison of mono- and co-culture

secretomes

The antibody arrays were also used to characterise

how conditioned media from co-cultures of BPH-1/

PC3 with either NPFs or CAFs differed from the cor-

responding mono-cultures. Unsupervised clustering of

secretome patterns from the different cultures resulted

in segregation of co-cultures and mono-cultures

(Fig. S2).

While heat maps are a conventional approach to

present different ‘–omics’ data, in order to resolve the

complex datasets to the greatest extent, an X-plot

approach was developed (Fig. S3). Here, each dot in

the X-plot represents a secreted factor, whose x-

coordinate value indicates expression value in mono-

culture conditioned media and y-coordinate value indi-

cates expression value in co-culture conditioned media.

For example, in Fig. S3, quadrant I represents the

BPH-1/PC3
+

NPFs/CAFs

mono-culture co-culture

erutluc-ocerutluc-onom

(A)

(B)

CM Antibody
array

Candidates Functional 
screen

Key 
factor

Functional validation

Fig. 1. Experimental workflows. (A)

Overall workflow for the project

(Created with BIORENDER software,

BioRender, Toronto, Ontario,

Canada). (B) Conditioned media

(CM) preparation for antibody array

analysis. Flow chart indicating how

mono- and co-culture conditioned

media were prepared and analysed.

CAF, cancer-associated fibroblast;

NPF, non-malignant prostate

fibroblast.
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comparison of BPH-1 + NPF 128R co-culture with

BPH-1 mono-culture and quadrant II shows BPH-

1 + NPF 128R co-culture versus NPF 128R mono-

culture. The red dots represent factors with an increase

of expression in co-culture, as they are closer to the y-

axis; the blue dots denote the secreted factors decreas-

ing in co-culture, as they are closer to the x-axis.

Accordingly, the comparison between BPH-1 + CAF

128R co-culture and mono-culture is plotted in quad-

rant III and IV in the similar way (Fig. S3).

3.5. The secretome of prostate epithelial

cell/fibroblast co-cultures

A total of 116 secreted factors were detected and

included in the analysis. The secretomes of BPH-1 co-

cultured with NPF/CAF 128R and NPF/CAF 332R

are visualised in Fig. 2 and Fig. S4, respectively. Of

note, the levels of some proteins were increased in co-

culture compared to all mono-cultures, such as

CXCL10, IL-6, LYVE-1 and GDF-15 (Fig. 2 and

Fig. S4A). CXCL10, a known chemoattractant that

exhibits anti-tumour activity [25,26], was particularly

prominent, with its expression up-regulated in the co-

cultures with either NPFs or CAFs by up to three

orders of magnitude (Fig. S4B). Another example with

high expression is GDF15 (growth differentiation fac-

tor 15), a member of the transforming growth factor

beta superfamily involved in regulating apoptosis, cell

growth and carcinogenesis [27] (Fig. S4C).

In addition to proteins that showed increased levels in

the co-culture compared to all mono-cultures, some

secreted factors were expressed at different levels in co-

cultures with NPFs versus CAFs, including IGFBP-3,

IGFBP-4, DR6, SCF and activin A in BPH-1 co-

cultures with NPF/CAF 128R (Fig. S5A) and NPF/

CAF 332R (Fig. S5B). Death receptor 6 (DR6, a

cleaved extracellular domain in this antibody array),

also known as tumour necrosis factor receptor super-

family member 21(TNFRSF21), is a cell surface recep-

tor of the tumour necrosis factor receptor superfamily

which activates the JNK and NF-jB pathway [28]. DR6

was expressed at a relatively high level in BPH-1 and

low levels in fibroblast mono-culture conditioned media

respectively, but its level was markedly higher in BPH-

1 + CAFs co-culture conditioned medium versus BPH-

1 + NPFs co-culture conditioned medium (Fig. S5C).

3.6. The secretome of prostate cancer

cell/fibroblast co-cultures

Ninety-six proteins were detected and included in the

analysis of the conditioned media from co-culture

versus mono-culture. Compared to BPH-1, a lower

number of proteins decreased expression in co-culture

and most of the changes manifested in proteins that

increased in expression (Fig. 3A and Fig. S6). This

was particularly evident in 128R co-culture, which

revealed only one protein [LIGHT, also known as

tumour necrosis factor superfamily member 14

(TNFSF14)] that markedly decreased in expression

compared to PC3 mono-culture (Fig. 3A). Similar to

the BPH-1 co-culture, some proteins were up-regulated

in the co-cultures compared to all corresponding

mono-cultures, including DAN, FST, EpCAM, VEGF

and CXCL16 (Fig. 3A and Fig. S6). For example,

FST was expressed at low levels in all mono-cultures,

but it showed an increase in the co-cultures of between

one and two orders of magnitude (Fig. 3B).

Other secreted factors exhibited contrasting changes

in expression when PC3 cells were co-cultured with

either NPFs or CAFs, for example PDGF-AA, TGFa
and CXCL4 (Fig. S7A and S7B). Transforming

growth factor alpha (TGFa) is a ligand for the EGF

receptor and has been associated with many types of

cancer [29,30]. NPFs secreted a high level of TGFa,
while the CAFs and PC3s did not (Fig. S7C). How-

ever, after co-culture, the PC3 + CAF co-cultures

expressed a substantial level of TGFa, much higher

than CAF and PC3 mono-cultures, but still lower than

PC3 + NPF co-cultures.

Overall, the antibody array analysis revealed distinct

secretion patterns where proteins were markedly

increased in co-cultures versus corresponding mono-

cultures (e.g. CXCL10, IL-6 in BPH-1 co-culture and

CXCL16, DKK-1, FST in PC3 co-culture). In addi-

tion, it identified differential effects of CAF versus

NPF co-culture (e.g. on DR6). Importantly, these data

highlight how intercellular communication between the

cell types affects the co-culture secretome so that levels

of particular secreted factors in the co-culture cannot

be predicted based on the mono-cultures.

3.7. Functional evaluation of secreted factors via

a custom siRNA screen

Next, we set out to functionally characterise specific

factors in the co-culture setting. Due to the limited

lifespan of the primary fibroblasts and difficulties in

manipulating them by transfection, we decided to uti-

lise WPMY-1, an immortalised prostate stromal cell

line, in combination with PC3s in functional screens.

In order to implement this model, it was first necessary

to undertake a secondary antibody array screen to

confirm that changes observed in co-cultures of PC3s

with NPFs or CAFs were observed with WPMY-1
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cells. This was undertaken using a customised anti-

body array that detected 24 secreted proteins

(Table S6), selected from the primary screen on the

basis of novelty; biological function; known relation-

ship to cancer; and tractability, including availability

of validated reagents. Upon comparing PC3/WPMY-1

co-cultures with the corresponding mono-cultures,

many proteins exhibited similar trends to the primary

screen, including CXCL1, CCL2, CCL5, IL-8,

CXCL10 and FST (Fig. S8A–J, Table S6). Then, we

excluded proteins based on (a) a different trend in the

WPMY-1 co-culture system compared to the primary

screen, despite their significant biological roles in

tumourigenesis and progression (BDNF [31], IL-6sR

[32], TGFa [33] and IL-6) (Table S6), or (b) lack of

novelty, reflecting well-characterised roles in cancer,

such as CXCL1, CCL2, CCL5, IL-6 and IL-8. This

led to the selection of six proteins (CXCL10, CXCL16,

CXCL6, FST, PDGFAA and IL-17B), all up-

regulated in co-culture conditioned media compared to

corresponding mono-cultures (Fig. 4A, Fig. S8E–J,
Table S6).

Then, the six candidate targets were subjected to a

functional screen based on random cell migration.

Briefly, targets were individually knocked down by cor-

responding siRNA in both PC3-GFP and WPMY-1

cells, then the cells were co-cultured and PC3-GFP

migration characteristics assayed in terms of accumula-

tive migrated distance (the total distance that one single

cell travels within a defined time; Fig. 4B,C). Human

recombinant CCL11 protein, a known pro-migratory

cytokine [34], was added to PC3-GFP mono-culture as

the positive control for migratory enhancement and the

selective FAK inhibitor (FAKi) PF-562271 [35] was

added to the co-culture as the positive control for migra-

tory inhibition (Fig. 4B,D, Fig. S9A,B). After 24 h ran-

dom migration, co-culture with WPMY-1 cells

significantly increased the accumulative migrated dis-

tance of PC3-GFP cells compared to PC3-GFP culture

alone. The motility of PC3-GFP cells was markedly

impaired when the FAKi was added to the co-culture

system. In addition, their migration in mono-culture

was significantly increased by human recombinant

CCL11 protein. When each of the six targets were indi-

vidually knocked down in both cell types in the co-

culture, it was found that FST knockdown (Fig. 4E and

Fig. S9C) significantly inhibited PC3-GFP cell migra-

tion in co-culture, whereas this effect was not seen with

the other targets (Fig. 4B–D, Fig. S9A,B). These data

demonstrate that expression of FST by PC3 cells and/or

WPMY-1 fibroblasts is required for WPMY-1 cells to

enhance PC3 cell migration.

Fig. 2. X-plot approach to visualise how secretomes of co-cultures of BPH-1 with NPFs or CAFs differ from corresponding mono-cultures.

Scatter plots with log10 transformed axes, where up-regulated cytokine/chemokines (red dots) were selected using a stringent cut-off value

of FC > 10 (protein level in co-culture/corresponding mono-culture), and decreased cytokine/chemokine (blue dots) were selected by a cut-

off value of > 2 FC (protein level in mono-culture/corresponding co-culture). Green background: BPH-1 cytokine/chemokine secretion, yellow

background: fibroblast cytokine/chemokine secretion. The primary screen was undertaken with one biological replicate. FC, fold change;

CAF, cancer-associated fibroblast; NPF, non-malignant prostate fibroblast.
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3.8. Characterisation of FST as a key regulator of

intercellular communication between prostate

cancer cells and co-cultured fibroblasts

To characterise which cell type in the co-culture system

was producing the FST responsible for the pro-

migratory effect, FST was knocked down in either PC3

or WPMY-1 cells or both cell types, and random cell

motility of the PC3-GFP cells assayed in co-cultures. The

motility of the PC3-GFP cells was only significantly

inhibited when FST was knocked down in both cell types

(Fig. 4F, Fig. S9D,E), not in one cell type only. This indi-

cates that FST is produced by both PC3 and WMPY-1

cells, so that blocking its function in promoting cell

migration requires its knock down in both cell types.

In order to characterise the requirements for FST

production in terms of cell–cell proximity, we analysed

conditioned media from mono-cultures, direct co-

culture, and Transwell co-culture of PC3 and WPMY-

1 cells by western blot analysis (Fig. 5A). Strikingly, a

marked increase in FST expression was only observed

when the cells were directly co-cultured, indicating that

the two cell types must be in close proximity to pro-

mote enhanced FST production (Fig. 5B,C).

Determination of the role of FST in regulating

longer term biological endpoints, such as proliferation,

as well as tumour growth in vivo, necessitated genera-

tion of stable FST knockdown cell lines by CRISPRi.

The knockdown efficiency in both PC3 and WPMY-1

cells was validated by western blot. Two out of five

sgRNAs exhibited strong knockdown efficiency

(Fig. S10A–C). The cells were then subjected to ran-

dom cell migration assays, where consistent with the

data using siRNA (Fig. 4F), knockdown in both cell

types in the co-culture system was required to signifi-

cantly reduce the accumulative moving distance of the

PC3-GFP cells in co-culture (Fig. S11A–C). The same

result was observed for cell displacement (maximum

distance from start point during the migration;

Fig. S11D). Rescue experiments were also undertaken

(A)

(B)

Fig. 3. Secretome comparison

between co-cultures of PC3 with

NPFs or CAFs and corresponding

mono-cultures. (A) X plots where

up-regulated cytokine/chemokines

(red dots) were selected using a

stringent cut-off value of FC > 10

(protein level in co-

culture/corresponding mono-

culture), and decreased cytokine/

chemokines (blue dots) were

selected by a cut-off value of > 2

FC (protein level in mono-

culture/corresponding co-culture).

Grey background: PC3 cytokine/

chemokine secretion, yellow

background: fibroblast cytokine/

chemokine secretion. (B) FST

expression level in co-cultures and

mono-cultures. The primary screen

was undertaken with one biological

replicate. FC, fold change; FST,

follistatin; CAF, cancer-associated

fibroblast; NPF, non-malignant

prostate fibroblast.
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to validate the role of FST and confirm that the data

did not reflect off-target effects. Addition of human

recombinant FST (hrFST) rescued the decreased accu-

mulative moving distance and cell displacement of

these cells in the double knockdown co-cultures

(Fig. S12A–D). We then determined the role of FST in

regulating cell proliferation. Co-culture of PC3-GFP

cells with WPMY-1 fibroblasts significantly increased

the proliferation of the former (Fig. 6). However,

similar to the cell migration result, this effect was lost

upon knockdown of FST in both PC3-GFP and

WPMY-1 cells, but not in only one of these cell types

(Fig. 6A,B). Similar to the migration result, addition

of hrFST rescued the decreased proliferation of PC3-

GFP cells in co-culture when FST was knocked down

in both cell types (Fig. S13A–D).

In order to ascertain the broader applicability of

these findings, we interrogated the role of FST in other

(A) (B)

(C)
(D)

(E)
(F)

Fig. 4. A random cell migration assay identifies FST as a critical regulator in the co-culture system. (A) Half X plot of cytokine/chemokines in

the secondary array screen. Grey background: PC3 cytokine/chemokine secretion, yellow background: WPMY-1 cytokine/chemokine secre-

tion. Red dots indicate the six candidates. The secondary screen was undertaken with one biological replicate. (B) Trajectories of PC3-GFP

cells in the co-culture system when FST was knocked down in both PC3-GFP and WPMY-1 cells. (C) Examples of dragon tails display show-

ing single PC3-GFP cell migration tracks in which temporal changes in cell location are indicated as coloured lines (last frames of the time-

lapse movies). (D) Quantification of the accumulative migrated distance which PC3-GFP cells travelled in mono-culture and in co-culture with

WPMY-1 when different targets were knocked down in both PC3-GFP and WPMY-1 cells (representative of n = 3). (E) Knockdown efficiency

in both PC3 and WPMY-1 cells was confirmed by western blot (representative of n = 3). The targets were knocked down by transfection

with corresponding siRNA with ON-TARGETplus (OTP) as the negative control. (F) FST knockdown in both cell types in the co-culture sys-

tem is required to impair PC3 cell migration. Quantification of the accumulative migrated distance which PC3-GFP cells travelled when FST

was knocked down individually in PC3-GFP or WPMY-1 cells as well as in both cell types in the co-culture system (n = 3). Each data point

represents a single cell that has been analysed in the time-lapse movies. Data are presented as mean � SD; one-way ANOVA, Tukey’s mul-

tiple comparisons; ns, not significant, ****P < 0.0001. FST, follistatin; FAKi, focal adhesion kinase inhibitor; NT, non-treatment.
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prostate epithelial (BPH-1) or prostate cancer (DU145,

LNCaP and 22RV1) cell lines. Using siRNA, we

obtained strong FST knockdown efficiencies in BPH-1

and 22RV1 cells (Fig. S14A,B). The migration of these

two cell lines was then assayed in mono- and WPMY-

1 co-cultures, using the same single and double knock-

down approach as described previously (Fig. 4). The

results were consistent with the effects for PC3-

GFP + WPMY-1 co-culture, in that co-culture with

WPMY-1 cells significantly increased the motility of

BPH-1-GFP and 22RV1-mCherry cells compared to

their mono-cultures. Likewise, the migratory abilities

of BPH-1-GFP and 22RV1-mCherry cells in WPMY-1

co-culture decreased only when FST was knocked

down in both cell types (Fig. 7, Fig. S15A,B).

In summary, these results indicate that a marked

increase in FST production occurs when prostate can-

cer cells are co-cultured with prostate fibroblasts, both

cell types generate functional FST and this factor pro-

motes both proliferation and migration of co-cultured

prostate cancer cells.

3.9. Determination of the role of FST in

regulating tumour growth

To the best of our knowledge, the role of FST in pros-

tate tumour growth has not been characterised using a

mouse xenograft model. To expand on the in vitro

findings, a mouse sub-renal graft model was employed

to test whether FST KD could have an impact on

tumour growth following implantation of PC3/

WPMY-1 cell recombinants (Fig. 8A).

Importantly, co-injection with fibroblasts signifi-

cantly enhanced both tumour size and weight

(Fig. 8B–D). In addition, FST knockdown in the

WPMY-1 cells did not affect these parameters. How-

ever, unlike the in vitro assays for cell proliferation

and migration, knockdown of FST in either the PC3

cells, or both cell types, reduced tumour growth to a

similar degree (Fig. 8B–D). This likely reflects differ-

ences between 2D co-culture in vitro and 3D growth

in vivo, and the presence of the host environment. It

also indicates that the FST signal in vivo is predomi-

nantly from the PC3 cancer cells, so that depletion of

FST in the PC3 cells leads to decreased tumour

growth, and that in this model, the WPMY-1 cells

promote tumour growth by a FST-independent mecha-

nism.

4. Discussion

The current study explored the intercellular communi-

cation between prostate stromal fibroblasts and cancer

cells, which is a well-documented driver of tumour

progression in prostate cancer [7,8]. By systematically

profiling the conditioned media from both individual

(A)

(B)

(C)

Fig. 5. Characterisation of the

requirements for FST production

indicates direct co-culture is

essential for promoting FST

secretion. (A) Schematic illustrating

the different culture conditions

(Created with BIORENDER software).

(B) Levels of FST in the conditioned

media from PC3 and WPMY-1

mono-cultures, in combined mono-

culture and from co-cultures (direct

and Transwell) were analysed by

western blot. The same volumes of

conditioned media were loaded for

each sample. The dashed line

represents where the blot was cut.

(C) Quantification of western blots

by densitometry (n = 3). Data are

presented as mean � SD; one-way

ANOVA, Tukey multiple

comparisons; **P < 0.01,

***P < 0.001. CM, conditioned

media; FST, follistatin.
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cultures or co-culture of prostate fibroblasts and pros-

tate epithelial or cancer cells, marked changes in co-

culture secretomes were revealed, highlighting specific

TME-derived secreted factors as candidate therapeutic

targets. Additionally, the study identified the critical

role of the secreted glycoprotein FST, characterising it

for the first time to our knowledge in the context of

prostate cancer/PE crosstalk with fibroblasts, and

demonstrating that it enhances prostate cancer cell

proliferation and migration in vitro and also tumour

growth in vivo.

Characterisation of secreted factors in co-cultures,

rather than the corresponding mono-cultures, is a

relatively uncharted area, and the co-culture may only

be compared to one cell type, as in a recent study on

IL-6 in gastric cancer [36]. A key feature of our study

is the discovery of candidate secreted factors through

an antibody array approach in which we not only

characterise the secretomes from prostate epithe-

lial/cancer cells, or CAF and NPF mono-cultures, but

also compare them with those from corresponding co-

cultures. This determined that while the different

mono-cultures could exhibit distinct secretion patterns,

the secretomes of the co-cultures could be completely

different, and this was not a simple additive effect.

Consequently, the levels of particular secreted factors

(A)

(B)

Co-culture PC3-GFP
mono-culture

PC3-GFP+WPMY-1
FST_KD

PC3-GFP FST_KD+
WPMY-1

FST_KD in both 
cell types

Fig. 6. FST knockdown by CRISPRi in the co-culture system impairs the proliferation of prostate cancer cells. FST was knocked down in

PC3-GFP and WPMY-1 cells by transfected sgRNA specifically targeting FST. (A) Representative images of wildtype/knockdown PC3-GFP

cells cultured alone or co-cultured with wildtype/knockdown WPMY-1 cells after 3 days. (B) Quantification of green fluorescence cells in

mono-culture and co-culture, after 3 days co-culture (n = 3). Data are presented as mean � SD; one-way ANOVA, Tukey multiple compar-

isons; ns, not significant, *P < 0.05, **P < 0.01. Scale bar: 1 mm (A). KD, knockdown; FST, follistatin.
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in the co-culture cannot be predicted based on the

mono-cultures since intercellular communication

between the cell types affects the co-culture secretome.

This communication may be mediated via soluble or

ECM factors, or via direct cell–cell contact. In our

model, cell–cell contact, or at least very close cell prox-

imity, was necessary to enhance the production of

FST. Similar findings have been reported in other cell

systems. For example, chronic inflammatory diseases

feature massive up-regulation of IL-1 and TNF

induced by direct cellular contact of T cells and mono-

cytes/macrophages [37] and direct co-culture of spleno-

cytes and adipocytes leads to a greater increase in IL-6

and MCP-1 levels compared to indirect co-culture and

individual culture [38]. Furthermore, direct cell–cell
contact of pancreatic cancer cells and fibroblasts

induces calcium oscillations, NF-jB activation, and

activin A secretion, leading to increased EMT of can-

cer cells [39].

Follistatin is associated with the development, pro-

gression and metastasis of various cancers. The pri-

mary function of FST is as an antagonist of specific

TGF-b superfamily proteins, including activins (activin

A, B and C), bone morphogenetic proteins (e.g. BMP-

4, BMP-7, BMP-11) [40,41], Myostatin [40] and TGF-

b3 [42]. FST has a high affinity for activin A [18], and

increasing evidence reveals that dysregulation of the

FST/activin A system could lead to alterations of the

normal homeostasis of prostate tissue and cause devel-

opment and progression of prostate cancer [43–46].

For example, activin A’s inhibition of prostate cancer

cell proliferation is completely reversed by FST

[44,47,48]. Furthermore, serum levels of FST are

increased in prostate cancer patients [19] and overex-

pression of FST occurs in tumours compared to nor-

mal prostate tissues [49], supporting a model where

FST suppresses activin signalling-mediated cell growth

inhibition and promotes prostate cancer development

and progression [50,51]. However, recent data indicate

that activin A signalling, and hence potentially FST,

may play stage-specific roles in prostate cancer, with

non-canonical activin A signalling maintaining epithe-

lial quiescence in the normal prostate [45] but activin

A positively regulating metastasis in pre-clinical mod-

els and associating with poor prognosis in prostate

cancer patients [46].

Despite high serum levels of FST associating with

poor prognosis in hepatocellular carcinoma [52,53] and

high tumour FST also representing a negative prog-

nostic factor in lung, ovarian and gastric cancer [49],

survival data from the TCGA database indicates that

high tumoural expression of FST does not correlate

with altered disease-free survival of prostate cancer

patients (Fig. S16). However, it should be noted that

the TCGA data correspond to FST mRNA not pro-

tein, and it’s possible that FST expression is regulated

at the post-transcriptional level and/or at the level of

secretion. In addition, it is unclear from the TCGA

data whether gene expression relates to the cancer

cells, CAFs, or both. Moreover, FST could have

(A) (B)

Fig. 7. FST regulates migration of

additional prostate epithelial and

prostate cancer cell lines in co-

culture with fibroblasts. (A, B)

Quantification of the accumulative

migrated distance which BPH-1-

GFP (A) or 22RV1-mCherry (B) cells

travelled when FST was knocked

down in one or both cell types in

the co-culture system (n = 3). Each

data point represents a single cell

that has been analysed in the time-

lapse movies. Data are presented

as mean � SD; one-way ANOVA,

Tukey’s multiple comparisons; ns,

not significant, ****P < 0.0001. KD,

knockdown; FST, follistatin.
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opposing effects at different stages of disease progres-

sion, as indicated for activin A.

In addition to FST, other factors also exhibited

increased expression in co-culture conditioned media,

and although their knockdown did not reduce the migra-

tory ability of PC3 cells in the functional screen, these

factors might exhibit other biological roles. Three of

them (CXCL10, CXCL6 and CXCL16) belong to the

chemokine (C-X-C motif) ligand (CXCL) family, which

are known to play key roles in inflammatory diseases,

neoplastic transformation and tumour growth regulation

[54]. CXCL10 increases the proliferation of mouse breast

cancer stem cells and breast cancer cells, and is signifi-

cantly associated with triple negative breast cancer versus

HER2+, Luminal A and Luminal B breast cancer [55].

CXCL6 production is up-regulated in aged prostate

stroma and promotes proliferation of both prostate stro-

mal fibroblasts and epithelium [56], and increased

CXCL6 expression occurs in prostate cancers with high

Notch1 levels [57]. In addition, CXCL16 can promote

the proliferation of PC3 cells and high expression of

CXCL16 correlates with high-stage and high-grade

prostate cancer [58,59]. The CXCR6-CXCL16 axis also

promotes docetaxel resistance through phosphorylation

of GSK-3b, NF-jB and ERK1/2 [60], as well as angio-

genesis in prostate cancer via AKT/mTOR-mediated

regulation of VEGF and IL-8 [61]. Consequently, these

factors exhibit crucial biological roles in cancer develop-

ment and progression, and are likely to emerge as ‘hits’

in screens that incorporate other biological endpoints.

5. Conclusions

In summary, our work highlights potent intercellular

communication between prostate stromal fibroblasts

and epithelial/cancer cells that results in a repro-

grammed combined secretome. It also reveals FST as

a key factor involved in prostate cancer-stroma

Co-culture

PC3-GFP+
WPMY-1_FST_KD

PC3-GFP_FST_KD+
WPMY-1

FST_KD in 
both types

Mono-culture
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(D)
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Fig. 8. FST knockdown in prostate

cancer cells impairs tumour growth

in a mouse xenograft model. (A)

Schematic representation of the

experimental procedure (Created

with BIORENDER software). (B)

Representative images of sub-renal

grafts resulting from injection of

different cell mixtures. Each image

represents one sub-renal graft from

one mouse. (C, D) Quantification of

tumour size (C) and weight (D) at

the end point (8 weeks) after

resection. Each data point

represents a single sub-renal graft

(n = 8 per group). Data are

presented as mean � SD; one-way

ANOVA, Dunnett’s multiple

comparisons; ns, not significant,

*P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

Scale bar: 3 mm (B). KD,

knockdown; FST, follistatin.
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interaction in vitro and in vivo, suggesting that the role

of FST should be revisited in the context of different

stages and mutational profiles of prostate cancer,

which may provide insights from a precision oncology

perspective and identify potential strategies for disease

management.
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Fig. S1. Secretome of mono-cultured prostate epithe-

lial/cancer cells and patient-derived fibroblasts.
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Fig. S2. Secretome of co-cultured prostate epithe-

lial/cancer cells with NPFs/CAFs.

Fig. S3. Schematic of data visualisation by the X-plot.

Fig. S4. X-plot approach to visualise how secretomes

of co-cultures of BPH-1 with NPFs or CAFs differ

from corresponding mono-cultures.

Fig. S5. X-Plot highlighting proteins with differential

expression between NPF and CAF co-cultures.

Fig. S6. Secretome comparison between co-cultures of

PC3 with NPFs or CAFs and corresponding mono-

cultures.

Fig. S7. X-Plot highlighting proteins with differential

expression changes in PC3 co-cultures with NPFs or

CAFs.

Fig. S8. Expression levels of secreted factors in pri-

mary and secondary cytokine/chemokine array screens.

Fig. S9. A random cell migration assay identifies FST

as a critical regulator in the co-culture system.

Fig. S10. FST knockdown in WPMY-1 and PC3-GFP

cells by CRISPRi.

Fig. S11. Stable knockdown of FST in both cell types

by CRISPRi impairs migration of prostate cancer cells

in co-culture.

Fig. S12. Human recombinant FST rescues the

decreased migration of prostate cancer cells in co-cul-

ture caused by stable FST knockdown.

Fig. S13. Human recombinant FST rescues the

impaired proliferation of prostate cancer cells in co-

culture mediated by stable FST knockdown.

Fig. S14. FST expression and knockdown in different

prostate epithelial/cancer cell lines.

Fig. S15. FST regulates migration of additional pros-

tate epithelial/cancer cell lines in co-culture with

fibroblasts.

Fig. S16. Relationship of tumoural FST expression to

disease-free survival of patients with prostate cancer.

Table S2. siRNA sequences used.

Table S3. Summary of sgRNA sequences and primers.

Table S4. Real-time PCR primers.

Table S1. Clinicopathological features of tumours of

origin for primary fibroblast cell lines.

Table S5. List of proteins for the 200 human antibody

array analysis.

Table S6. Expression of targets in the first and sec-

ondary customised antibody array analysis.
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