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A B S T R A C T

Reciprocal interactions between prostate epithelial cells and their adjacent stromal microenvironment not only

are essential for tissue homeostasis but also play a key role in tumor development and progression. Malignant

transformation is associated with the formation of a reactive stroma where cancer-associated fibroblasts (CAFs)

induce matrix remodeling and thereby provide atypical biochemical and biomechanical signals to epithelial cells.

Previous work has been focused on the cellular and molecular phenotype as well as on matrix stiffness and

remodeling, providing potential targets for cancer therapeutics. So far, biomechanical changes in CAFs and

adjacent epithelial cells of the prostate have not been explored. Here, we compared the mechanical properties of

primary prostatic CAFs and patient-matched non-malignant prostate tissue fibroblasts (NPFs) using atomic force

microscopy (AFM) and real-time deformability cytometry (RT-FDC). It was found that CAFs exhibit an increased

apparent Young's modulus, coinciding with an altered architecture of the cytoskeleton compared with NPFs. In

contrast, co-cultures of benign prostate epithelial (BPH-1) cells with CAFs resulted in a decreased stiffness of the

epithelial cells, as well as an elongated morphological phenotype, when compared with co-cultures with NPFs.

Moreover, the presence of CAFs increased proliferation and invasion of epithelial cells, features typically asso-

ciated with tumor progression. Altogether, this study provides novel insights into the mechanical interactions

between epithelial cells with the malignant prostate microenvironment, which could potentially be explored for

new diagnostic approaches.

1. Introduction

Prostate cancer (PCa) is the second most common cancer in men

worldwide and a leading cause of cancer deaths [1]. While survival rates

for the localized disease are high, once the cancer metastasizes, the

prognosis worsens drastically [2]. Therefore, a greater understanding of

the mechanisms driving cancer progression is imperative. Numerous

studies have suggested an essential role of the microenvironment in

tumor development and progression [3–7]. The prostate epithelium,

where prostate adenocarcinomas arise, is enclosed in a complex
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microenvironment comprising a variety of other cell types such as

smooth muscle, fibroblasts, vascular, and immune cells as well as auto-

nomic nerve fibers [5]. Fibrous proteins, mainly collagen, elastin,

fibronectin and laminin, and proteoglycans constitute the extracellular

matrix (ECM) [8,9]. The stromal microenvironment provides a physio-

logical framework, encompassing physical support combined with

biochemical factors needed for normal development, growth, and ho-

meostasis of the epithelium. Disturbances in reciprocal interactions be-

tween epithelial cells and the surrounding stroma contribute to PCa

progression [10]. Typically, malignant transformation is associated with

an altered stromal microenvironment, characterized by changes in

cellular composition, ECM remodeling and growth factor availability [5,

11,12]. A fundamental component of the tumor stroma are

cancer-associated fibroblasts (CAFs). Paracrine signals from the stroma

enhance cell proliferation and induce tumorigenesis in the epithelium

[13,14]. Reciprocally, cancerous cells secrete growth factors involved in

fibroblast activation [15]. Besides the biochemical signals, biomechan-

ical and topographical cues are essential for the interactions between the

fibroblasts and the epithelium. CAFs alter the tumor microenvironment

through increased deposition and remodeling of ECM molecules [16].

The resulting changes in fiber formation and alignment promote invasion

and migration of tumor cells and contribute to cancer progression

[17–20]. Previous studies investigating the mechanical characteristics of

prostate tissue sections revealed an increased stiffness of cancerous tissue

compared with healthy tissue [21–23]. Besides, CAF-derived acellular

matrices from head and neck cancer patients had increased elastic

modulus compared with matrices from normal fibroblasts [19].

Paradoxically, the elastic properties of cancerous tissue and malig-

nant cells appear to be inversely related. Epithelial PCa cell lines are

typically more compliant than normal or benign cells [24,25], consistent

with studies of other types of cancer cells [26–28]. Moreover, decreased

cell stiffness is associated with enhanced migratory and invasive capacity

of epithelial cells [29–31].

Different methods have been used to measure the mechanical prop-

erties of cells, including micropipette aspiration, magnetic beads,

microneedles, and optical stretchers [32,33]. The gold standard is atomic

force microscopy (AFM)–based cell indentation, which has the benefit of

being used for both spread and rounded cells as well as tissues [34]. Over

the past years, high-throughput methods have also been developed for

measuring cell mechanical properties. Among them, real-time deform-

ability cytometry (RT-FDC) is based on the hydrodynamic deformation of

single cells moving through a microfluidic [35].

In this study, we compared the mechanical properties of primary

CAFs and non-malignant prostate tissue fibroblasts (NPFs) isolated from

malignant or benign regions of prostate tissue from the same patient

[36]. Previous works have identified distinct proteomic and epigenetic

profiles in patient-matched pairs of stromal cells, altered interactions

with epithelial and immune cells, as well as aberrant ECM deposition,

compared with normal fibroblasts from the prostate [17,37–41]. Here,

we compare the mechanical characteristics of patient-matched CAFs and

NPFs as well as their co-cultures with benign prostatic epithelial cells

using AFM and RT-FDC. Besides changes in the ECM and the cytoskel-

eton, distinct mechanical phenotypes of CAFs and NPFs are revealed,

with CAF cultures being stiffer compared with NPFs. In return, on

co-cultures, benign prostatic epithelial cells became more compliant,

which coincided with a more invasive and proliferative phenotype.

2. Materials and methods

2.1. Primary prostatic fibroblasts

Fresh patient tissues were collected from radical prostatectomy

specimens with written informed consent from patients. These studies

were approved by Human Research Ethics Committees at Monash Uni-

versity (2004/145) and Cabrini Hospital (03-14-04-08) in Melbourne,

Australia. Primary cultures of CAFs were established from tumor tissue

and matched NPFs from non-malignant tissue as previously described

[36]. A board-certified pathologist confirmed that the tumor tissue

contained approximately 80% cancer and that the non-malignant tissue

was benign. Cells were maintained in RPMI 1640 media (no phenol red;

Gibco, ThermoFisher) supplemented 5% fetal bovine serum (FBS; Gibco,

ThermoFisher), 1 nM testosterone (Sigma-Aldrich), 10 ng/mL human

fibroblast growth factor 2 (hFGF-2; Miltenyi Biotec), 100 U/mL peni-

cillin, and 100 μg/mL streptomycin (Gibco, ThermoFisher). Cells were

maintained at 37 �C in 5% CO2, with media changes every 2–3 days.

Matched fibroblasts from two patients were used for this study between

passages 5 and 8.

2.2. Histological analysis of prostate tissue

Samples of prostate tissue were retained from each patient specimen.

The tissues were formalin fixed, paraffin embedded, cut into 5 μm sec-

tions, and mounted onto Superfrost microscope slides (ThermoFisher).

The sections were dewaxed, stained with hematoxylin (Amber Scientific,

Australia) for 60 s, rinsed with hot tap water, and counterstained with

eosin (Amber Scientific) for 45 s, dehydrated, and mounted with Dibu-

tylphthalate Polystyrene Xylene (DPX; Merck).

2.3. Benign prostate epithelial-1 cell culture

Benign prostate epithelial (BPH-1) cells were kindly provided by the

Australian Prostate Cancer Research Centre Queensland. The BPH-1 cell

line was fluorescently labelled for tracking purposes as previously

described [42]. Briefly, the cell line was incubated overnight with an

in-house-generated GFP lentivirus with polybrene (8 μg/mL).

GFP-positive BPH-1 cells were selected using a BD FACSAria Fusion cell

sorter (BD Biosciences). GFP-tagged BPH-1 cells were maintained in

RPMI 1640 media (no phenol red), supplemented with 5% FBS, 100

U/mL penicillin, and 100 μg/mL streptomycin at 37 �C, 5% CO2.

2.4. Epithelial-fibroblast co-culture

NPFs or CAFs were seeded at 1.58 � 104 cells/cm2 onto

Thermanox coverslips (Ø 13 mm; Nunc, ThermoFisher) in 24 well plates

(Nunc, ThermoFisher). Cells were cultured in fibroblast medium at 37 �C,

5% CO2 and after 24 h the medium was supplemented with 50 μg/mL

ascorbic acid (Sigma) to stimulate ECM deposition [43]. Fibroblasts were

cultured for a further 5 days to yield a dense monolayer and ECM

deposition. Then BPH-1 cells were seeded on top of the fibroblasts at a

density of 2.11 � 104 cells/cm2. The co-culture was cultivated in fibro-

blast medium at 37 �C, 5% CO2 for 48 h.

2.5. Immunofluorescence

Samples were fixed with 4% paraformaldehyde (Sigma) for 12 min at

room temperature (RT) and washed twice with PBS (Oxoid). Cells were

permeabilized in PBS supplemented with 0.1% Triton-X100 (Merck) and

blocked with 5% goat serum (Gibco, ThermoFisher) for 1 h at RT.

Thereafter, samples were incubated with the primary antibody diluted in

1% goat serum for 1 h at RT. After washing with 0.05% Tween-20

(Merck) in PBS, samples were incubated with the fluorescently labelled

secondary antibody, phalloidin and 5 μg/mL 40,6-diamidino-2-phenyl-

indole (DAPI; Invitrogen, ThermoFisher) diluted in 1% goat serum in

PBS. Further information on the primary and secondary antibodies and

their dilutions is listed in Supplementary Table S1. After washing with

PBS and distilled H2O (Sartorius), the samples were mounted upside

down onto thin glass coverslips (No. 1, Hurst Scientific) using

Prolong Gold (Invitrogen, ThermoFisher). Since the samples were

imaged through the glass coverslip using an inverted confocal micro-

scope with a pinhole setting of 14 μm, the Thermanox background

fluorescence was excluded. Images were acquired on a confocal micro-

scope (Nikon A1R confocal microscope (Nikon Instruments Inc.; 40x,
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0.31 μm/px x 0.31 μm/px, z-step size 0.75 μm), or Leica SP5 (Leica

Microsystems Pty Ltd; 20x, 0.19 μm/px x 0.19 μm/px, z-step size 1 μm)).

2.6. Release of cells from Thermanox surfaces

Cells in mono- or co-cultures were detached from the

Thermanox coverslip to perform measurements on released cells. After

washing in PBS for 5 min, the cells were incubated with twice TrypLE

(Gibco, ThermoFisher) for 7 min. TrypLE (Gibco, ThermoFisher) was

collected after the first incubation. Detached cells were centrifuged at

200 g for 5 min, and after a washing step with PBS, resuspended in PBS.

2.7. Atomic force microscopy

For AFM indentation experiments on BPH-1, CAFs, and NPFs, a

Nanowizard 4 (JPK Instruments) was used. Arrow-TL1 cantilevers

(Nanoworld) with a nominal spring constant of 0.035–0.050 N/m that

had been equipped with a polystyrene bead of 5 μm diameter (micro-

particles GmbH) were calibrated by the thermal noise method using

built-in procedures of the AFM software. CAF and NPF monocultures and

co-cultures with BPH-1 cells were probed as an intact monolayer.

Therefore, a cell-carrying Thermanox disc was mounted onto a glass

bottom dish (WPI) using vacuum grease (Dow Corning) and gently rinsed

with CO2-independent medium (Gibco, ThermoFisher). The cantilever/

bead was positioned over a cell, and four spots per cell area were probed

using an approach/retraction speed of 5 μm/s and a relative set point of

2.5 nN.

For the analysis of BPH-1 cells, co-cultures were released from

Thermanox surfaces as described above, resuspended in CO2- indepen-

dent medium, and kept for 30 min in suspension so that the cells adopted

a rounded morphology. Then, the cell suspension was transferred into

glass bottom dishes (WPI), to which cells firmly attached within 10 min.

BPH-1 cells were discriminated from fibroblasts by their GFP fluorescent

signal using epifluorescence microscopy and individually probed using a

speed of 5 μm/s and a relative set point of 2.5 nN. All experiments were

performed at 37 �C using a petri dish heater (JPK instruments) and in

CO2-independent medium. The resulting force distance curves were

analyzed using the JPK image processing software (JPK instruments).

Force distance data were corrected for the tip sample separation and

fitted with the Hertz/Sneddonmodel fit for a spherical indenter to extract

the apparent Young's modulus [44,45]. For round cells, apparent Young's

moduli were corrected as previously described [46]. A Poisson ratio of

0.5 was assumed.

2.8. Real-time deformability cytometry

Real-time deformability cytometry (RT-FDC) measurements were

performed as described previously [35,47]. Cells were released from the

Thermanox surface as described above. After 30 min incubation at RT,

cells were centrifuged at 200 g for 5 min and resuspended in PBS con-

taining 0.5% methylcellulose. A total of 30 μl of sample volume were

drawn into a 1 mL syringe and flushed through a 30-μm narrow channel

constriction in a microfluidic chip. A total flow rate of 0.16 mL/s (sample

flow 0.04 mL/s, sheath flow 0.12 mL/s) was applied for

fibroblast monocultures, and 0.32 mL/s (sample flow 0.08 mL/s, sheath

flow 0.24 mL/s) for co-cultures. At the end of the channel, the cells are

captured by a high-speed camera, and the contour is tracked. From the

contour, the cross-sectional area (A) and the deformation (D ¼ 1�
2

ffiffiffiffiffiffi

πA
p

=l, l - perimeter of the contour) are derived. A bright-field image is

acquired for every measured cell making the data available for multi-

parametric offline analysis that allows for the discrimination between

different cell types. Data analysis and computation of the apparent elastic

modulus was performed in ShapeOut 1.0.10 (available at https://gith

ub.com/ZELLMECHANIK-DRESDEN/ShapeOut).

2.9. Protein preparation

Primary CAFs and NPFs were cultured as described above. Cells were

detached from the Thermanox™ surface using a cell scraper (Sarstedt)

and centrifuged at 200 g for 10 min. After a washing step with PBS, the

cell pellet was stored at �20 �C. Cells were lysed by resuspending the

pellet in a buffer containing 1% sodium deoxycholate in 100 mM Tris

(pH8; Sigma), 10 mM Tris[2-carboxyethyl] phosphine-HCl (TCEP;

Sigma), 40 mM 2-chloroacetamide (2CAA; Sigma) followed by a soni-

cation step for 15 min, and an incubation at 95 �C for 5 min. For diges-

tion, the protein solution was mixed with sequencing grade modified

trypsin (Promega) in a 50:1 ratio and kept at 37 �C overnight. Tryptic

digests were acidified with 10% trifluoroacetic acid (TFA; Sigma) to pH

2–3, desalted with a C18 column (Agilent) and eluted with 80% aceto-

nitrile (Sigma). Peptides were dried with a SpeedVac and resuspended in

0.05% TFA before mass spectrometry (MS) analysis.

2.10. Tandem mass spectrometry

Tandem mass spectroscopy (MS/MS) and data analysis were per-

formed by the TRI Proteomics core facility. Purified peptides of 1 μg were

loaded onto a C18, 20MM� 75 μm ID column (THC164705 column) and

separated with a C18, 500 MM � 50 μm ID easy column (THCES803)

over 180 min on a Thermo Scientific Easy nLC 1000. The peptides were

analyzed on a Q Exactive Plus orbitrap mass spectrometer and full MS

spectra were acquired with a 70 k resolution, 3e6 AGC, and a maximum

injection time of 100 ms. Top 10 precursors were selected for fragmen-

tation at 27 NCE and MS/MS analysis. MS/MS spectra were acquired

with 17.5 k resolution, 5e5 AGC, 50msmax IT. Analyzed precursors were

prevented from analysis for 30 s. The MS/MS data were processed with

Sequest HT on Proteome Discoverer 2.3 and searched against the Swiss-

Prot—human species protein database with the following settings:

trypsin enzyme with a maximum of two miscleavages, fix carbamido-

methylated cystine, variable oxidized methionine modifications, pre-

cursor and product mass tolerance � 10 ppm and 0.02 Da, respectively.

False discovery rate analysis was performed with Percolator, 1% FDR

Strict and 5% FDR Relaxed. Protein summary included only valid pro-

teins with less than 5% FDR. The data were normalized to total peptide

and scaled to all average.

2.11. Functional annotation analysis

Functional annotation of differentially expressed proteins in CAFs and

NPFs was conducted using the database for annotation, visualization, and

integrated discovery (DAVID) [48,49]. Proteins with a fold change (FC)

of �1.75 between CAF and NPF samples were considered differentially

expressed. Overrepresented functional categories among the proteins

were relative to whole genome background. The following categories

were used for functional annotation and functional clustering: Gen-

eOntology (GO) terms for the three subsets cellular component, molec-

ular function, and biological process [50,51] as well as the Uniprot [52]

and the KEGG pathway database [53]. The threshold for the EASE score,

a modified Fisher's exact P-value was set to 0.1. A Z-score, defined as

ðup � downÞ=ð
ffiffiffiffiffiffiffiffiffiffiffiffi

count
p

Þ, was calculated using R version 3.6.3 [54] and the

package GOplot [55]. Up and down are the numbers of upregulated

(logFC>0) and downregulated (logFC<0) proteins, and count represents

the total count.

2.12. Orientation analysis

The OrientationJ plugin [56] in Fiji [57] (ImageJ 1.52p) was used for

orientation distribution analysis. Briefly, maximum projections of the

z-stacks were obtained. A representation of the angles of the F-actin fibers

were characterized by hue-saturation-brightness color-coded images,

where the different colors related to different absolute angles of
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orientation. The distribution of orientation angles was assessed by

analyzing the orientation and isotropic properties of individual pixels

that together made up the fibers. A cubic spline gradient interpolation

with a Gaussian window of σ ¼ 2 for F-actin fibers was applied, which

gave quantitative data for the distribution and frequency of angles from

�90� to 90�. To enable comparison of various samples, peaks were

normalized by rotating each angle by an alignment angle ϕ determined

by the mode of the absolute angles. That way, for each images the

principal axis was located parallel to the horizontal axis.

2.13. Shape analysis

The shape and the orientation of BPH-1 cells grown on fibroblasts was

analyzed using the Shape Descriptors in Fiji [57] (ImageJ 1.52p). Seg-

mentation of BPH-1 cells in 2D was achieved using the SCF H_Watershed

plugin (MPI-CBG Dresden) [58] on maximum intensity projections of the

z-stack image. Roundness ð4AÞ=ðπl2MAÞ and elongation ( 1� S=L ) were

determined, where A is the area of the object, lMA the length of the major

axis of a fitted ellipse, S is the short, and L the long side of the minimum

bounding rectangle of the object. Segmentation in 3D was achieved using

the MorphoLib plugin [59]. The 3D objects counter plugin [60] was used

to determine the surface area (A ) and the volume (V ) of the object and

the sphericity was calculated by
ffiffiffi

π
3
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πð6VÞ23

q

=A .

2.14. Peak distance analysis

Regions of interest (ROIs) were determined on maximum intensity

projections of the GFP channel for each image. Using Fiji [57] (ImageJ

1.52p), a threshold was applied to the maximum intensity projection

(Autothreshold, method ‘Default’) and dilation was used to include the

neighboring area into the ROIs. Next, the ROIs were overlayed on the

z-stack images and the mean grey intensity of each channel along the

z-stack was measured. Under the assumption that, on a z-scale, objects

have the highest intensity in the plane where they are localized, the GFP

signal (representing BPH-1 cells) and the FN signal (representing the

fibroblast matrix) were analyzed over the depth of the confocal image to

estimate the penetration of BPH-1 cells into the fibroblast layer. The

distance to FN matrix is defined by the distance between the GFP and the

FN intensity peak over the z stack. Thus, a lower peak difference corre-

lates with an increased level of invasion/infiltration.

2.15. Ki67 analysis

For Ki67 analysis, maximum intensity projections of z-stack images

were used. The nuclei of GFP-positive cells with and without Ki67

staining present were counted using Fiji [57] (ImageJ 1.51w) and the cell

counter plugin. The images were blinded during counting. The prolifer-

ative index is determined by the proportion of Ki67 high cells.

2.16. Statistical analysis

All data and statistical analysis was performed in R version 3.6.3 [54]

with the following packages attached: ggplot2, ggpubr, tidyverse [61],

scales, RDAVIDWebService [62], GOplot [55], and lme4 [63]. All data

sets were tested for normal distribution using the Shapiro test. Normal

distribution was assumed with p-values � 0.05. For non-normally

distributed and ranked data sets (orientation angle distributions;

AFM and RT-FDC measurements on one patient) a Mann–Whitney U test

was applied to determine statistical significance. Statistical significance

in normally distributed data sets (peak difference, Ki67 counts) was

tested using an unpaired student's t-test. To determine the correlation

coefficient for alignment patterns, a Kendall tau test was performed. To

analyze AFM data sets, R and lme4 [63] were used to perform a linear

mixed effects analysis of the relationship between stiffness and fibroblast

type. As fixed effects, we used fibroblast type (CAFs/NPFs), as random

effects we had intercepts for patients. Similarly, a linear mixed model

analysis was performed for RT-FDC data in the ShapeOut software [64].

P-values in graphs as indicated as ***p � 0.001, **p � 0.01, *p � 0.05.

Statistical significance was assumed with p � 0.05.

3. Results

3.1. Patient-matched cancer-associated fibroblasts and non-malignant

prostate tissue fibroblasts have distinct cytoskeleton and extracellular

matrix arrangements

To study the changes in the cell mechanics of tumor stroma, we

established matrix-rich cultures of patient-matched prostatic fibroblasts.

Primary fibroblasts were obtained from radical prostatectomy specimens

of two patients with intermediate (grade group 2, patient 2) or high grade

(grade group 5, patient 1) PCa (Supplementary Table S2). CAFs were

isolated from confirmed malignant areas of tissue. Matched NPFs were

isolated from contralateral regions of non-cancerous tissue from each

prostate. A board-certified pathologist confirmed that the specimens of

patient tissue that were used to establish the fibroblast cultures were

benign (for NPFs) and malignant (for CAFs) (Fig. 1A and B) [36]. CAFs

and NPFs from both patient-matched pairs exhibit distinct epigenome

profiles [41] and show functional differences in vitro [17]. The fibroblasts

were grown to confluency and induced for matrix secretion with ascorbic

acid for 5 days. Firstly, we characterized the protein content of CAFs and

NPFs from patient 1 using semiquantitative mass-spec analysis. Using a

FC of 1.75, there were 1095 differentially expressed proteins between the

CAF and NPF (Supplementary Table S3). Functional annotation of these

proteins revealed increased levels of proteins involved in ECM compo-

nents and organization as well as cell–substrate and cell–cell adhesion in

CAFs compared with NPFs (Fig. 2A, Supplementary Fig. S1). To visualize

both cell and ECM components, fibroblast cultures were stained for

F-actin and FN, a highly abundant ECM protein in CAF matrices [18]

(Fig. 2B and C, Supplementary Figs. S2A–B; left column of each panel).

FN fibers, which were color-coded by their respective angle of orienta-

tion, exhibited a predominant color in CAFs but not in NPFs (Fig. 2B and

C, Supplementary Figs. S2A–B; right column of each panel) indicating

differences in fibril alignment. These observations were quantified by

analyzing the orientation angles of individual FN fibers. Indeed, a narrow

distribution with a distinct peak was found for CAF monocultures

compared with NPFs, indicating a higher degree of parallel fibril align-

ment in CAFs (Supplementary Fig. S2D). Similarly, F-actin fibers were

also more consistently aligned in CAFs vs. NPFs in both patients (Fig. 2E,

Supplementary Fig. S2E). Overlaying F-actin and FN channels indicated

that the alignment of both fiber types followed similar patterns (Fig. 2D).

To evaluate the degree of co-alignment of FN and F-actin, the angles for

FN fibrils were plotted with respect to the principal axis for F-actin,

which yielded highly similar distributions. In CAFs, there was a high

correlation (R2 0.79 patient 1, R2 0.82 patient 2), but a lower correlation

in NPFs (R2 0.69 patient 1 and R2 0.57 patient 2) (Fig. 2F, Supplementary

Fig. S2F).

Taken together, F-actin and FN fibers in CAFs but not in NPFs were

characterized by a parallel alignment. These differences in the organi-

zation of the ECM and the F-actin cytoskeleton organization led us to

investigate the biomechanical properties of CAF and NPF cultures.

3.2. Cancer-associated fibroblast monocultures and single cells are stiffer

than non-malignant prostate tissue fibroblasts

We compared the mechanical properties of CAF and NPF mono-

cultures by two different methods, AFM indentation and the high-

throughput technique, RT-FDC (Fig. 3A). While AFM indentation tests

the elastic properties of intact CAF and NPF monocultures, RT-FDC

probes the deformation of suspended cells within a microfluidic chan-

nel, i.e. after releasing the cells from the matrix (Fig. 3B). RT-FDC

revealed that CAFs were less deformed than NPFs (Fig. 3C). At the
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same time, the detected area for CAFs was significantly larger than for

NPFs, indicating that CAFs had an increased cell size. Since larger cells

are exposed to higher shear stresses in the channel, this indicates an

increased cell stiffness for CAFs, which was confirmed by calculation of

apparent Young's moduli. The apparent elastic moduli were significantly

higher for CAFs (median: 1.1 kPa) than for NPFs (median: 0.9 kPa;

Fig. 3D and E, Supplementary Table S4), corresponding to a 20% in-

crease. In line with these results, AFM indentation tests revealed an in-

crease in the apparent Young's modulus of CAFs (median: 1.9 kPa patient

1; 2.5 kPa patient 2) compared with NPFs (median: 1.1 kPa patient 1;

1.6 kPa patient 2). The differences in median apparent Young's moduli

were more extensive (75% in patient 1; Fig. 3F, and 62% in patient 2;

Supplementary Fig. S2G, Supplementary Table S4) when intact cell layers

were probed by AFM. Furthermore, apparent elastic moduli of patient 1

were generally lower than in patient 2 (change of median between pa-

tients: 30% for NPFs, 25% for CAFs).

In summary, these results indicate that CAFs were significantly stiffer

compared with NPFs, not only when probed spread in culture with the

surrounding matrix but also after their release.

3.3. In co-cultures, cancer-associated fibroblasts induce morphological

changes in benign epithelial prostate cells

Following the assessment of the fibroblast characteristics, we studied

epithelial–stromal interactions by co-culturing BPH-1 cells together with

pre-formed CAF and NPF cultures for 48 h. The distinct alignment of FN

fibers and the F-actin cytoskeleton between CAFs and NPFs was main-

tained in the presence of epithelial cells (Supplementary Figs. S3A–F).

However, differences in the morphology of BPH-1 cells in co-culture with

fibroblasts were observed (Fig. 4A). On NPFs, BPH-1 cells were round

and formed clusters (Fig. 4A, left column of each panel). In contrast, in

co-culture with CAFs, BPH-1 cells were elongated and aligned with the

fibroblast cells (Fig. 4A, right column of each panel). BPH-1 grown on

plain tissue culture plastic displayed a cobblestone-like morphology

(Fig. 4A, far right panel). Morphometric analysis confirmed the qualita-

tive observations. BPH-1 grown in the presence of CAFs were more

elongated (Fig. 4B, center panel). In contrast, on NPFs, the epithelial cells

displayed a more circular (Fig. 4B, left panel) and spherical shape

(Fig. 4B, right panel) in 2D and 3D, respectively. The morphological

phenotype of BPH-1 cells co-cultured with NPFs was similar to the cells

cultivated on plain tissue culture plastic surfaces (Fig. 4A and B). These

morphological changes are consistent with previously reported obser-

vations [17,37] (Supplemental Table S2). The relationship between the

fibroblast and BPH-1 cell orientation was further investigated by

comparing their respective angles of orientation. The highly similar angle

distribution indicated that BPH-1 cells extended along the CAFs (R2 0.65,

patient 1, and 0.72, patient 2; Fig. 4C). Similar results were found for the

relationship between epithelial cell and FN fiber alignment in CAFs (R2

0.76, patient 1, and 0.71, patient 2; Fig. 4D). For NPFs, the correlation

coefficients (R2 -0.42 for F-actin, R2 0.46 for FN, patient 1, and R2 0.32

for F-actin, R2 0.45 for FN, patient 2) were found to be lower indicating a

weaker correlation.

The morphological changes indicate that BPH-1 cells remodeled their

cytoskeleton in co-cultures. To determine whether the co-culture of BPH-

1 cells with fibroblasts also affected the mechanical properties of BPH-1,

NPFs, and CAFs, we next measured their elastic properties.

3.4. Benign prostate epithelial-1 cells acquire a more compliant mechanical

phenotype on co-culture with cancer-associated fibroblasts, while cancer-

associated fibroblasts remain stiffer than non-malignant prostate tissue

fibroblasts

We isolated fibroblasts and BPH-1 cells from the co-cultures and

probed their mechanical properties (Fig. 5A). Epithelial and stromal cells

were distinguished based on the green fluorescence emission of the GFP-

positive BPH-1 cells and GFP-negative fibroblasts. In RT-FDC measure-

ments, the two discrete cell populations were separated by gating for the

GFP-positive fraction [47] (Fig. 5B), while in AFM indentation tests cells

were distinguished by visual inspection. Both, AFM and RT-FDC indi-

cated that CAFs retained their stiffer phenotype in co-culture with

BPH-1 cells in both an attached state and after release from the matrix,

respectively (Fig. 5C and D). Fibroblasts grown in the presence of BPH-1

were stiffer (AFMmeasured median elastic modulus of 3.3 kPa, NPFs and

3.95 kPa CAFs; RT-FDC measured median elastic modulus of 1.4 kPa

NPFs and 1.97 kPa CAFs, all patient 1) than grown in monoculture (AFM

measured median elastic modulus of 1.1 kPa NPFs and 1.9 kPa CAFs;

RT-FDC measured median elastic modulus of 0.9 kPa NPFs and 1.05 kPa

CAFs, all patient 1). This was consistent across NPFs and CAFs from both

patients (Supplementary Table S4).

In contrast to fibroblasts, BPH-1 cells released from the co-cultures

had significantly decreased apparent Young's moduli. Median apparent

Young's moduli detected by AFM for BPH-1 after co-culture with CAFs

were 0.97 kPa and 0.93 kPa for patient 1 and patient 2, respectively, and

1.29 kPa and 1.22 kPa for NPFs patient 1 and patient 2, respectively. The

elastic modulus of BPH-1 on CAFs was decreased by approximately 25%

compared with NPFs (Fig. 5E, Supplementary Table S4). The same trend

was observed for RT-FDC measurements where the apparent elastic

moduli were slightly higher with 2.2 kPa for BPH-1 on CAF for both

patients, compared with 2.5 and 2.4 kPa for BPH-1 on NPF patient 1 and

2, respectively, corresponding to an approximately 10% decrease in

stiffness on CAFs (Fig. 5F, Supplementary Table S4). Similar changes in

the mechanical phenotype of BPH-1 cells were observed, when they were

exposed to conditioned medium from fibroblasts instead of a direct co-

culture (Supplementary Fig. S4A).

Thus, while CAFs were stiffer than NPFs, co-culture with CAFs

induced a more compliant mechanical phenotype in BPH-1 cells. The

Fig. 1. Overview showing the isolation of

cancer-associated fibroblasts (CAFs) and

non-malignant prostate tissue fibroblasts

(NPFs) from human prostate tissue (A) Pa-

thology maps showing the location of index

tumors (purple) within each patient's radical

prostatectomy specimen (orange). The

approximate location that each cancer and

benign sample was dissected from is shown.

(B) Representative images of hematoxylin

and eosin staining showing the benign and

cancer tissues from which cultures of NPFs

and CAFs were established. Scale bar,

100 μm.
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Fig. 2. Patient-matched cancer-associated fibroblasts (CAFs) and non-malignant prostate tissue fibroblasts (NPFs) have distinct cytoskeleton and extracellular matrix

(ECM) arrangements. (A) Differential protein expression in CAFs vs. NPFs from patient 1. DAVID tool was used for functional annotation and clustering of differentially

expressed proteins. Proteins involved in ECM organization, cell–cell adhesion, and cell–substrate interactions are highly expressed in CAFs (clusters 1, 2, 4, 5) while

RNA processing–related proteins (cluster 3) are lower compared with NPFs. Compare also Fig. S1. (B/C) Representative maximum intensity projection images of

immunofluorescence staining for FN and F-actin (left columns of each panel; green—FN, red—F-actin) of patient 1. The images were pseudo-color coded for the

absolute orientation angle (left columns of each panel). (D) Merged images of FN (B) and F-actin staining (C). Scale bar 100 μm. (E) Quantitative analysis of F-actin

orientation patterns in patient 1. Absolute angles are plotted relative to the principle axis. Graphs represent mean � SEM (n ¼ 4 images per group). (F) Orientation of

FN is correlated with the alignment of F-actin filaments. For each image, the FN channel was rotated using the alignment angle ϕ for F-actin. The filled area shows the

orientation distribution of actin filaments (rotated by ϕ for F-actin). The line graph represents the orientation distribution of FN (rotated by ϕ for F-actin). A correlation

coefficient (R2) is given for each sample (n ¼ 4 images per group).
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decreased stiffness of suspended BPH-1 cells on co-culture with CAFs

likely reflects changes in the cytoskeleton of BPH-1 cells, in particular, of

the cell cortex. Additionally, BPH-1 cells were analyzed while being

attached to the fibroblast cultures using AFM. However, it turned out

more difficult to probe BPH-1 cells in co-cultures, since a large proportion

of cells were interspersed within the CAF layer. Nevertheless, the

epithelial cells were also more compliant on CAFs, a similar trend as for

the released cells (Supplementary Fig. S4B).

3.5. Benign epithelial cells are more invasive and proliferative in co-culture

with cancer-associated fibroblasts

To evaluate BPH-1 cell infiltration into the CAF cultures, we deter-

mined the localization of epithelial cells within the fibroblast matrix by

analyzing z-stack images of the co-cultures stained for FN. After over-

night co-culture, orthogonal sections showed that BPH-1 cells were

mostly located on top of the FN layer. However, after 48 h of co-culture,

most BPH-1 cells had moved into the CAF matrix, but not the NPF matrix

(Fig. 6A). Quantitative analysis confirmed that BPH-1 cells penetrated

deeper into the FN matrix produced by CAFs compared with NPFs (both

patient pairs) as indicated by a smaller peak difference (see Methods and

Supplementary Fig. S4C). However, differences in absolute migration

depth and variability between patient pairs were found (Fig. 6B).

The proliferation of BPH-1 cells in co-culture with CAFs or NPFs was

compared by Ki67 staining. An increased amount of Ki67 positive BPH-

1 cells was found on co-culture with CAFs (37% patient 1, 64% patient 2)

compared with NPFs (19% patient 1, 43% patient 2; Fig. 6C). Interest-

ingly, co-culture with either fibroblast type was found to be growth

Fig. 3. Biomechanical characterization of CAFs and non-malignant prostate tissue fibroblasts (NPFs). (A) Schematic representation of the biomechanical charac-

terization. (B) Real-time deformability cytometry (RT-FDC) setup. Sample and sheath flow are combined and flushed through a microfluidic channel. Before entering

the channel, cells pass through a reservoir where they exhibit an undeformed round shape (left hand side photo). On entering the narrow, 30 μm wide microfluidic

channel, the cells are deformed (right hand side photo). The software acquires the image and detects the outline on the fly (indicated in red in photo). The deformation

is defined as 1-circularity and calculated in real time. (C/D) Scatterplots of deformation (C) and apparent Young's modulus (D) vs. area of CAFs (right) and NPFs (left).

(E/F) Cells were probed after release using RT-FDC (E) and as intact cultures using AFM (F). Quantitative representation of the data as violin plots and boxplots. Box

representing the median and 25/75 percentile, whiskers represent 5/95 percentile (RT-FDC n � 6470 cells per group; AFM n � 45 cells per group). The median

apparent elastic moduli are listed in Supplementary Table S4.
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inhibitory compared with tissue culture plastic where 70% of BPH-1

were Ki67 positive (Fig. 6C). Additionally, we confirmed the increased

proliferation of BPH-1 cells in the presence of CAFs using the GFP signal

(Supplementary Fig. S4D).

In summary, our results show that CAF and NPF cultures display

distinct arrangements of ECM and F-actin cytoskeleton, which correlates

with increased cellular stiffness of CAFs. Moreover, CAFs induced

morphological changes in BPH-1 cells, accompanied by a decreased

Fig. 4. Morphological features and elastic properties of BPH-1 in co-culture with non-malignant prostate tissue fibroblasts (NPFs) and cancer-associated fibroblasts

(CAFs). (A) Representative maximum intensity projections of immunofluorescence staining show epithelial cell morphology. Blue—DAPI, green—GFP (BPH-1),

red—FN, and grey—F-actin. Scale bar 100 μm. (B) Characterization of BPH-1 shapes on NPFs and CAFs using shape descriptors (roundness and elongation in 2D and

sphericity in 3D) (n ¼ 6 images BPH-1 monocultures, n � 12 images per group co-cultures). (C/D) BPH-1 orientation along FN fibers (C) and actin filaments (D). The

filled area shows the orientation distribution of FN fibers (rotated by ϕ for FN; C) or actin filaments (rotated by ϕ for F-actin; D). The line graph represents the

orientation distribution of the BPH-1 cells (rotated by ϕ for FN (C) or F-actin (D). A correlation coefficient (R2) is given for each sample (ROI from n � 6 images

per group).
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apparent Young's modulus and increased invasiveness and proliferation

compared with BPH-1 cells co-cultured with NPFs.

4. Discussion

In this work, we demonstrated that CAFs exhibit a highly aligned F-

actin cytoskeleton and ECM and are stiffer compared with patient-

matched NPFs. MS analysis revealed upregulation of proteins involved

in ECM deposition, cell–cell and cell–substrate adhesion in patient 1.

These findings are in line with differential protein expression recently

reported for patient 2 and other patient-matched pairs of prostate fi-

broblasts [38]. Here we found distinct differences in ECM architecture

between CAFs and NPFs, with more elongated and uniformly oriented FN

fibrils for CAFs, similar to previous reports [16–19,38,65]. A distinct

pattern of collagen fibril orientation was previously found in situ using

second harmonic imaging in malignant foci of PCa biopsy samples [66].

We observed an increased apparent Young's modulus in CAFs

compared with their patient-matched NPFs both as spread (measured by

AFM) and suspended (by RT-FDC) cells. The absolute values of apparent

Young's moduli detected by both methods, however, are not directly

comparable as they are influenced by the cellular states (attached vs.

suspended) and intrinsic differences of the measurement techniques,

which operate at different time scales (seconds range in AFM, millisec-

onds in RT-FDC). The increased apparent Young's moduli of attached CAF

cultures probed by AFM likely reflect changes in mechanical properties of

both the fibroblasts and their surrounding ECM. A previous report noted

that CAF-derived decellularized matrices are stiffer compared with

normal fibroblast matrices in head and neck squamous cell carcinoma

[19]. Increased matrix stiffness is a well-described feature of solid tumors

[67] and the adjacent stromal tissue [68]. In turn, changes in stiffness

and structural arrangements of the ECM are expected to modulate the

F-actin cytoskeleton providing mechanical feedback [69,70]. The

increased elastic moduli of released CAFs measured by RT-FDC, where no

intact ECM bundles were present, confirms that CAFs themselves are

stiffer than NPFs. Both local AFM indentation tests and whole-cell

indentation tests, such as by RT-FDC, are dominated by the mechanical

properties of the actomyosin cortex of the cells [71]. It is expected though

that the mechanical properties of the cell cortex in a spread and a sus-

pended state vary, as the cortical thickness depends on cell spreading and

is altered on de-adhesion of cells [72]. Recently, pancreatic CAFs were

reported to exhibit a lowered elastic modulus compared with native fi-

broblasts from the pancreas, although similar changes in the stress fiber

alignment as in our study were observed [73,74]. There are, however,

some differences in the experimental setup. We used dense ECM-en-

riched cultures from patient-matched prostate fibroblasts and probed

them with a small spherical indenter. In contrast, Sylianou et al. [73,74]

probed non-confluent pancreatic fibroblasts that were immortalized.

While organ-specific differences might not be excluded, we also detected

patient-to-patient variability in our experiments. This underlines the

importance of using patient-matched pairs to study normal and CAFs.

Besides the increased cell stiffness, we found that CAFs were larger

than NPFs. There could be various reasons for size alterations. For

instance, a different cell cycle progression can cause differences in

average cell size [75]. However, we excluded in this case, since the

Fig. 5. BPH-1 cells adopt a more compliant

mechanical phenotype on co-culture with

cancer-associated fibroblasts (CAFs) while

CAFs remain stiffer than non-malignant

prostate tissue fibroblasts (NPFs). (A) Sche-

matic representation of elastic measurements

of fibroblasts and epithelial cells in co-

culture. (B) GFP signal was used to distin-

guish between both cell types in co-culture.

Scatterplot of the RT-FDC measurement

representing fluorescence on the x axis and

deformation on the y axis, representative for

patient 1. (C/D) CAFs remain stiffer than

NPFs in a co-culture with BPH-1 while being

attached to the matrix (atomic force micro-

scopy [AFM]; C) as well as in suspension

(RT-FDC; D). (E/F) BPH-1 cells have a lower

elastic modulus after cultured in the presence

of CAFs determined by AFM (E) and RT-FDC

(F). Elastic modulus data are represented as

violin and boxplots. Boxplot boxes are rep-

resenting the median and 25/75 percentile,

whiskers represent 5/95 percentile (AFM,

fibroblasts on matrix n � 99 cells per group,

RT-FDC, released fibroblasts n � 376 cells

per group, AFM released BPH-1 n � 60 cells

per group, RT-FDC released BPH-1

n � 2690 cells per group). The median

apparent elastic moduli are listed in Supple-

mentary Table S4.
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Fig. 6. BPH-1 are more invasive and proliferative in the presence of cancer-associated fibroblasts (CAFs). (A) Representative orthogonal projections of immuno-

fluorescence staining (green—GFP [BPH-1], red—FN) of BPH in co-culture with CAFs or non-malignant prostate tissue fibroblasts (NPFs) overnight and after 48 h. (B)

Distance between BPH-1 cells and FN matrix. Data are represented as mean (black diamond) � standard deviation. Single points represent regions of interest (ROIs);

(ROIs from n � 6 images per group). (C) Proliferation of BPH-1 cells in the presence of CAFs or NPFs determined by Ki67 staining. Data represented as mean (black

diamond) � standard deviation. Single points represent analyzed images (counts of n � 6 images per group).
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analyzed fibroblasts were highly confluent and showed a very low pro-

liferative activity (data not shown). Moreover, the hippo pathway has

been associated with cell size control [76]. Its key effector YAP/TAZ is

associated with increased cellular tension [77,78] and has been linked to

ECM remodeling and stiffening by mammary CAFs [65]. RhoA-ROCK

inhibition in CAFs prevented cell size changes as well as the formation

of stress fibers, suggesting a role of RhoA-ROCK signaling [79]. In our

study, we stained for YAP/TAZ (data not shown), but as we found

YAP/TAZ localization to be highly dependent on confluency, it was not

feasible to draw conclusions from this data. Further studies are needed to

investigate the cause of the cell size differences in CAFs and NPFs.

While CAFs were found to be stiffer compared with patient-matched

NPFs, BPH-1 cells became more compliant when co-cultured together

with CAFs compared with NPFs. The biomechanical alterations coincided

with a more elongated spreading morphology with less prominent

cell–cell contacts of BPH-1 in the presence of CAFs compared with

monocultures and co-cultureswithNPFs. Themorphological phenotype is

consistent with previous reports on benign epithelial cells and fibroblasts

from the prostate [17,37]. Both the morphological changes and the

observed lowered cell elasticmodulus have been recently linked to amore

migrative, invasive and malignant phenotype [17,29–31,37,80]. Cancer

cell migration through dense ECM arrangements requires cellular

deformability for which a more compliant phenotype can provide an

advantage [81,82]. In linewith this, we observed that themore compliant

BPH-1 cells infiltrated deeper into the fibroblast layer. In PC3 cells,

epithelial-to-mesenchymal transition (EMT) can be induced by prostatic

CAFs through paracrine signals [15]. Also, the elongatedmorphology [67,

83] and the more compliant mechanical phenotype [83–85] point

toward EMT. Staining for vimentin and panCK in BPH-1 cells grown in the

presence of NPFs or CAFs did not reveal any significant differences (data

not shown).The co-cultureperiodof 48hmight showrapidmorphological

changes rather than full phenotypic transitions, and further studies are

needed to investigate the molecular signature of the compliant

BPH-1 cells. In our co-cultures, the benign epithelial cells were likely

sensitive to the mechanical properties of the fibroblast-derived matrix as

well as the stiffness of the fibroblasts themselves. Cells respond to their

mechanoenvironment by adapting their cytoskeletal and mechanical

properties when exposed to mechanical cues [86,87], although opposed

responses have been reported. For instance, PCa (PC-3) cells reduced their

cellular elastic modulus in response to an increased substrate stiffness

[88], whilefibroblasts stiffened [89]. The adaptive response of cancer cell

lines to substrate stiffnessmight also be related to their invasive properties

as previously suggested [80]. In contrast to the aforementioned studies

conducted on gels of different stiffness, in our co-cultures, epithelial cells

are not only exposed to differentmatrix stiffness but also a differentmatrix

architecture and factors secreted by the fibroblasts [13]. Indeed, we

observe comparable changes in biomechanical properties in BPH-1 cells

with fibroblast conditioned medium. A similar effect of lowering cell

stiffness was recently reported for mammary epithelial cells treated with

TGF-β [83,90]. In situ, stromal and epithelial cells interact through a va-

riety of biochemical and biomechanical signals as well as cell–cell con-

tacts, which play essential roles in malignant transformation [3–5].

Similarly, in our experimental system, a concerted effect of soluble factors,

direct cell–cell contacts, the altered mechanical environment, and ECM

assembly might have been responsible for the alterations in morphology,

mechanical properties, and proliferative and migratory response.

While consistent changes in mechanics, proliferation andmorphology

were found across the two donor pairs used within this study, this data

set does not allow to correlate clinical parameters and mechanical

phenotype, for which experiments across a larger panel of PCa samples

should be conducted in the future.

5. Conclusion

Here we show that tumor-associated fibroblast cultures from the

prostate are stiffer compared with NPFs. On co-culture with CAFs, BPH-

1 cells exhibited a more elongated morphology and a more compliant

mechanical phenotype, correlating with increased invasion and prolif-

eration. In conjunction with the cellular phenotype and the gene

expression profile [91,92], the mechanical properties of the reactive

stroma could potentially be used for mechanical phenotyping of CAFs

and new diagnostic approaches.
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