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fibroblasts promotes accumulation and proteolytic
processing of basement membrane proteins
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Background: Tumor microenvironment or stroma has the potency to regulate the
behavior of malignant cells. Fibroblast‐like cells are abundant in tumor stroma and
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they are also responsible for the synthesis of many extracellular matrix components.
Fibroblast‐cancer cell interplay can modify the functions of both cell types.
Methods: We applied mass spectrometry and proteomics to unveil the matrisome
in 3D spheroids formed by DU145 prostate cancer cells, PC3 prostate cancer
cells, or prostate‐derived fibroblasts. Similarly, DU145/fibroblast and PC3/fibroblast
coculture spheroids were also analyzed. Western blot analysis and immunofluorescence
were used to confirm the presence of specific proteins in spheroids. Cancer dissemination was studied by utilizing “out of spheroids” migration and invasion assays.
Results: In the spheroid model cancer cell‐fibroblast interplay caused remarkable
changes in the extracellular matrix and accelerated the invasion of DU145 cells.
Fibroblasts produced structural matrix proteins, growth factors, and matrix
metalloproteinases. In cancer cell/fibroblast cocultures basement membrane components, including laminins (α3, α5, β2, and β3), heparan sulfate proteoglycan
(HSPG2 gene product), and collagen XVIII accumulated in a prominent manner when
compared with spheroids that contained fibroblasts or cancer cells only. Furthermore, collagen XVIII was intensively processed to different endostatin‐containing
isoforms by cancer cell‐derived cathepsin L.
Conclusions: Fibroblasts can promote carcinoma cell dissemination by several
different mechanisms. Extracellular matrix and basement membrane proteins provide attachment sites for cell locomotion promoting adhesion receptors. Growth
factors and metalloproteinases are known to accelerate cell invasion. In addition,
cancer cell‐fibroblast interplay generates biologically active fragments of basement
membrane proteins, such as endostatin.
KEYWORDS

ECM, endostatin, fibroblasts, invasion, laminin‐332, prostate cancer
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes
© 2020 The Authors. The Prostate Published by Wiley Periodicals, Inc.
The Prostate. 2020;80:715–726.

wileyonlinelibrary.com/journal/pros

|

715

716

|

OJALILL

1 | INTRODUCTION

ET AL.

bovine pituitary extract (Gibco), supplemented with 2 ng/mL
recombinant human leukemia inhibitory factor and 2 ng/mL stem cell

Malignant tumors contain several nontransformed cell types, in-

factor (Sigma Aldrich) was used. Cells were routinely screened with

cluding endothelial cells, various inflammatory cells, and fibroblasts.1

MycoAlert PLUS Mycoplasma detection kit (Lonza).

Cancer cells as well as all other cell types in tumors are surrounded
by extracellular matrix (ECM). ECM is an insoluble scaffold for cells
and at the same time a reservoir of matrix‐bound growth factors,

2.2 | Spheroid cultures

2

which has the ability to alter malignant cell behavior. ECM in the
tumor stroma is mainly synthesized by fibroblast‐like cells, often

Spheroids were made in micro‐molds according to the manu-

by a special group of activated mesenchymal cells, called cancer‐

facturer's instructions (3D Petri Dish, MicroTissues) and they

3

associated fibroblasts (CAFs). In prostate cancer fibroblasts become

contained either only one cell line or both cancer cells and CAFs.

activated before the actual malignant growth, at the prostate

Monoculture spheroids contained 1.4 × 105 cells in one mold (4000

4

intraepithelial neoplasia stage. In vitro coculture of stromal cells

cells/spheroid) and cocultures 2.8 × 105 cells in one mold (4000

together with cancer cells has been used to study cell behavior in

cancer cells and 4000 CAFs/spheroid). Spheroids were grown in

tumor‐like circumstances. CAFs' contribution to the cancer cell

RPMI‐1640 SF media. Cathepsin L inhibitor (Z‐FY‐CHO, Santa Cruz

motility has been shown to be mediated by secreted growth

Biotechnology) in the concentrations of 10 µM and 50 µM or equal

factors5,6 or by CAF‐modified aligned matrix.7‐9 Many studies have

amount of dimethyl sulfoxide (DMSO) for control was added daily to

reported abnormal composition, organization, or stiffness of the ECM

spheroid medium to study the proteolytic degradation of ECM

in malignant tumors.4,8,10‐12 Tumor progression and resistance to

proteins.

therapy can partially be connected to altered ECM architecture or
biochemical properties.13‐16 In addition, ECM can be modulated by
degradation, posttranslational modification or de novo synthesis of

2.3 | Spheroid intensity profiling

matrix proteins.1 Many proteases, including matrix metalloproteinases (MMPs), mediate the degradation of ECM and consequently

The spheroid intensity profiles obtained from ImageJ were aligned by

reorganize the matrix and release matrix‐derived bioactive pep-

normalizing the distances from the spheroid edge by spheroid

tides.17 It is well acknowledged that CAFs release growth factors and

diameter. The original intensity values and spheroid diameter were

bioactive protein fragments that can regulate cancer cell division

determined from a single z‐stack (the middle stack of all the z‐stacks)

6

Most often CAFs have been connected to the

of confocal images by using the plot profile tool in ImageJ. For each

promotion of tumor growth,7‐9,18,19 but inhibition of tumor pro-

channel separately, the aligned intensities were normalized by the

gression has been reported as well.20

total area under the intensity curve. 15 spheroids from three

and invasion.

The aim of the present study was to determine how direct

independent biological replicates were analyzed.

prostate cancer cell‐prostate fibroblast interaction modulates tumor
stroma and cell invasion. The study included “out of spheroid”
invasion assays and mass spectrometry analysis of the ECM proteins.

2.4 | Immunofluorescence and confocal microscopy

Our results show that the interplay between prostate fibroblasts
with DU145 or PC3 cells in 3D spheroid cocultures leads to

Before spheroids were made cancer cells were stained with Cell

remarkable changes in the composition of ECM and concomitantly to

Tracker Green (CMFDA, 5 µM, Invitrogen) and fibroblasts with

the accelerated invasion of the prostate cancer cells.

Orange (CMTMR, 5 µM, Invitrogen) for 1 hour to distinct cancer cells
and CAFs from each other during imaging. After staining cells were
allowed to recover 30 minutes with fresh growth media, thereafter

2 | MAT E R I AL S A N D M E TH O DS

trypsinized and spheroids were prepared as explained above. Cells
were let to grow for 72 hours, then fixed with 4% paraformaldehyde‐

2.1 | Cell culture

phosphate‐buffered saline (PBS), 3 hours, +4°C, stained with
4′,6‐diamidino‐2‐phenylindole, and mounted with glycerol.

The human androgen‐independent prostate epithelial adenocarcinoma cell lines DU145 and PC3 (both from American Type Culture
Collection) and human prostate‐derived fibroblastic cells, described

2.5 | Migration and invasion assay

previously21 were cultured in Roswell Park Memorial Institute
(RPMI)‐1640 medium (Lonza), supplemented with 10% fetal calf

Cells were seeded into micro‐molds to form spheroids for 72 hours as

serum (FCS, Biowest), 2 mM Ultraglutamate, 100 U/mL penicillin and

explained above. Three different conditions were used: first, media

streptomycin (Lonza). In the indicated experiments also serum‐free

were not changed; second media were changed daily and it contained

(SF) RPMI‐1640 medium or keratinocyte serum‐free medium (KSFM)

either 50 µg/mL ascorbic acid; or contained 1 mM hydroxyurea as

with 5 ng/mL human recombinant epidermal growth factor, 50 μg/mL

third option. Thereafter spheroids were transferred from molds to
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96‐well plate coated with Collagen I 5 µg/cm2 o/n at +4°C and

were immobilized onto polyvinylidene difluoride‐membrane. The

blocked with 0.1% bovine serum albumin (BSA)‐PBS 1 hour at +37°C.

following primary antibodies were used: laminin‐5 (ab14509, Abcam);

In migration study KSFM was added on top of the spheroid. In in-

endostatin (PA1‐601, Thermo Fisher Scientific); MMP‐14 (AB6005,

vasion study Collagen I gel was first added on top of the spheroid and

Sigma‐Aldrich), and β‐actin (A‐1978, Sigma‐Aldrich). The membranes

KSFM was added into the wells after gel was properly formed.

were incubated with the primary antibodies overnight at +4°C,

Spheroids were imaged every 24 hours for 4 days by using IncuCyte

followed by incubation with secondary antibodies (680RD or

ZOOM System. To study the effects of MMP inhibition on the cells

800CW; 926‐32213, 926‐32212, 926‐68072, or 926‐68073, LI‐COR

invasion medium was supplemented with 1 µM NNGH (Sigma) or

Biosciences) in 5% BSA in Tris‐buffered saline with Tween‐20 for

10 µM NSC 405020 (Sigma) with respectively amount of DMSO as

1 hour at room temperature. Odyssey CLx from Li‐COR Biosciences

control.

was used to detect fluorescent bands on membrane, band intensities
were analyzed with Image Studio program (LI‐COR) and protein
expressions were shown as relative to β‐actin.

2.6 | Sample preparation for mass spectrometry
Spheroids were collected and treated o/n at +4°C with hypotonic

2.8 | Adhesion assay

lysis buffer (HLB) containing (10 mM Tris, 1 mM EDTA, and 10 µg/mL
DNAse) to release soluble cytoplasmic proteins. The next day

Cell adhesion was measured in real time with xCelligence technology

samples were washed two times with HLB and centrifuged between

(Acea Biosciences Inc.). DU145 cells (10 000/well) were seeded on

washes at 12 600 g and +4°C for 2.5 minutes. Samples were

96‐well xCelligence E‐plate (Acea Biosciences Inc) coated with

recovered by centrifugation as mentioned above and dissolved in

fibronectin (Sigma, 5 µg/cm2 in PBS, +4°C, overnight), blocked with

solution containing 8 M urea and 100 mM ammonium bicarbonate.

1% BSA in PBS (+37°C, 1 hour). As a control BSA treated wells were

The cysteine was reduced by 10 mM diothiotreitol at +37°C for

used. When indicated human recombinant Endostatin (PeproTech

2 hours and alkylated in 40 mM iodoacetamide for 30 minutes.

Inc, 40 µg/mL) was added to the SF media prior plating the cells. Cell

Iodoacetamide

dithiothreitol

spreading was followed for 20 hours with xCelligence RTCA (Acea

concentration to 30 mM. Proteins were digested with trypsin/Lys

Biosciences Inc). For statistical analysis three different experiments

C‐mixture (Promega) first for 4 hours at +37°C so that trypsin/Lys

were combined and cell adhesion difference between fibronectin and

C‐mixture added was 1/50 of the protein concentration. Urea con-

fibronectin with endostatin in the media was calculated at 1 hour

centration was decreased to 0.6 M and ammonium bicarbonate

30 and 10 hours time points.

was

inactivated

by

increasing

concentration was increased to 80 nM to reactivate trypsin. Trypsin/
Lys C‐mixture concentration was increased to 1/25 of the protein
concentration and incubated overnight at +37°C. The peptides were

2.9 | Statistical analysis

desalted by StageTips and loaded on a nanoflow high‐performance
liquid chromatography system (Easy‐nLCII, Thermo Fisher Scientific)

The paired two‐sample Student t tests, One way analysis of variance

coupled to the QExactive mass spectrometer (Thermo Fisher

with Tukey or Dunnett T3 post hoc tests were performed by using

Scientific) equipped with a nano‐electrospray ionization source.

IBM SPSS Statistics software version 22.

Three repeated runs per sample were performed. Information about
mass spectrometry runs and details of proteomics data analysis can
be found in Supplementary Methods. The mass spectrometry

3 | RE SU LTS

proteomics data are available through the ProteomeXchange
PXD016882.

3.1 | Prostate fibroblasts modify the cellular
organization and the composition of ECM in spheroid
cocultures with PC3 and DU145 prostate cancer cell

2.7 | Western blot analysis

We used mass spectrometry and proteomics to analyze the compo-

Consortium via the PRIDE repository with the data set identifier

sition of ECM in the spheroids formed by DU145 or PC3 prostate
Cells grown as spheroids for 6 days with a daily change to

cancer cells or by their cocultures with prostate‐derived fibroblasts.

fresh media (RPMI with 0% FCS, 50 µg/mL ascorbic acid) were

Without fibroblasts DU145 and PC3 cells produced a very limited

treated with HLB as explained in the mass spectrometry section. The

number of matrisome and matrisome‐associated proteins. Totally

protein

64 proteins were recognized and most of them were ECM‐regulators

pellet

was

suspended

into

radioimmunoprecipitation

assay buffer (Thermo Fisher Scientific). The 6 × sodium dodecyl

(32.8%), ECM‐affiliated proteins (25%), or secreted factors (20.3%)

sulfate (SDS) sample buffer was added and samples were boiled

(Figure 1A). Thirty‐two out of 64 proteins were produced by both cell

5 minutes at 100°C. Protein aliquots were separated in 6% to 15%

lines, while DU145 had four and PC3 28 unique gene products

SDS‐polyacrylamide gel electrophoresis gels, thereafter proteins

(Figure 1B; Table SI). None of the common or DU145‐specific gene
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F I G U R E 1 Cancer cells produce limited number of core matrisome proteins. A, Most of the proteins identified from DU145 and PC3
spheroid culture matrices in mass spectrometry analysis fall into the categories of ECM regulators, ECM‐affiliated proteins and secreted factors.
Only one protein from groups of collagens and proteoglycans was identified. B, Prostate cancer cell lines share 32 matrix proteins out of 64;
DU145 cells exclusively synthesize four matrix proteins and are unable to synthesize matrix structural proteins. PC3 cells synthesize 28
proteins not identified in DU145 cells, these include laminins, HSGP2, and collagen type VI (Table SI). C, The majority of matrisome proteins are
synthesized by fibroblasts. About 87 proteins were shared between fibroblasts only, DU145/fibroblasts, and PC3/fibroblasts matrisomes.
ECM, extracellular matrix [Color figure can be viewed at wileyonlinelibrary.com]

products represented core matrisome structural proteins, while PC3

diminished accumulation of a number of ECM proteins, most notably

cells could produce laminin chains α3, β3, γ2, as well as HSPG2 and

fibrillin‐2 (FBN2), fibulin‐1 (FBLN1), and collagen XIV (Table 2).

collagen VI (COL6A1) (Figure 1B; Table SI). In accordance with our
previous observations,

21

fibroblastic cells were responsible for the

Staining of fibroblasts and cancer cells with distinct Cell Trackers
unveiled organization of the 5 days old coculture spheroids. Confocal

production of the structural proteins in the core matrisome

z‐stack mode images and maximum projection were used to get an

(Figure 1C; Table 1). The major components of collagenous,

overview of the cellular localization. In the majority of DU145/fi-

fibronectin‐rich ECM could be detected in fibroblast spheroids, in-

broblast spheroids the fibroblasts surrounded the core formed by

cluding the two α chains of fibril forming collagen I (COL1A1 and

DU145 cells. In contrast, in PC3/fibroblast spheroids the two cell

COL1A2), fibril‐associated proteins, such as collagen XII (COL12A1)

types were mixed, that is, the similar fibroblastic capsule was not

and decorin (DCN), tenascin C (TNC), and beaded filament‐forming

formed and the surface of the spheroid was often covered by PC3

collagen VI (COL6A2 and COL6A3) (Table 1). Prostate‐derived

cells (Figure 2A,B).

fibroblasts also produced MMPs, since MMP‐14 (also called
membrane type 1 metalloproteinase, MT1‐MMP) was recognized in
the samples. Comparison of matrisome profiles in fibroblast, DU145/
fibroblast, and PC3/fibroblast spheroids revealed remarkable
similarity, that is, 87 out of 107 proteins identified (Figure 1C).
In

cancer

cell/fibroblast

cocultures

basement

3.2 | Cancer cell‐fibroblast interaction promotes
proteolytic processing of basement membrane
components

membrane

components, such as laminins (α3, α5, β2, and β3), heparan sulfate

To confirm the mass spectrometry results we performed Western blots

proteoglycan (HSPG2 gene product), and collagen XVIII accumulated

utilizing specific antibodies to laminin‐332 (previously called laminin‐5)

in a more prominent manner when compared with spheroids that

and to endostatin, a protein derived from the C‐terminal part of col-

contained one cell type only (Table 2). Proteoglycans agrin and

lagen XVIII. These analyses indicated that all three laminin subunits in

syndecan 4 had enhanced expression in the cocultures, too (Table 2).

laminin‐332, namely, α3, β3, and γ2, were upregulated in cancer

The increased accumulation of these proteins was observed in both

cell/fibroblast coculture spheroids (Figure 3). Importantly, it was

PC3/fibroblast and DU145/fibroblast spheroids. At the same time,

also possible to see lower molecular mass bands (~40 kDa), which

the interplay between prostate cancer cells and fibroblasts led to a

suggested proteolytic processing of laminin (Figure 3). Similarly, in

OJALILL
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T A B L E 1 Matrisome proteins synthesized by fibroblasts
Only by fibroblasts

719

interaction was also tested using real time xCelligence technology to
measure cell attachment and spreading on ECM protein fibronectin‐
coated surfaces. Human recombinant endostatin was shown to

HGF

significantly promote the adhesion of DU145 cells to fibronectin
FBLN1

(Figure 4C,D). To conclude these results, the spheroids contained

COL12A1

proteolytic activity that could modify the basement membrane‐

TNFAIP6

associated proteins and generate their functional fragments, which

COL14A1

also have the capability to regulate cancer cell behavior.
The presence of MMP‐14 in both DU145/fibroblast and

LTBP1/LTBP2

PC3/fibroblast coculture spheroids was confirmed in Western
MMP14

blot experiments (Figure S1A). In further experiments two MMP

LAMB1

inhibitors were used: NNGH (N‐isobutyl‐N‐(4‐methoxyphenylsulfonyl)

WNT5A

glycyl hydroxamic acid), a selective inhibitor of MMP‐3 and a broad

VWA5A

spectrum inhibitor of many MMPs, and NSC 405020, a selective inhibitor of MMP‐14/MT1‐MMP. However, MMP inhibitors could not

FGF2

significantly prevent the formation of either endostatin‐related proteins
COL6A2

(Figure S1B,C) or laminin fragments (Figure S1D). Thus in spheroids

IGFBP5

proteinases other than MMPs seem to be responsible for the proteo-

LEPREL2

lytic degradation of these basement membrane components. Based on

COL1A1

our mass spectrometric analysis DU145 and PC3 cells express several
cathepsins, namely cathepsin B, D, L, and Z (Table SI). Cathepsin L has

FBN1

been shown to release endostatin from collagen XVIII NC1‐domain.22

COL6A3

Accordingly, in our coculture spheroids a selective Cathepsin L inhibitor

EMILIN1

(Z‐FY‐CHO) in a concentration of 50 µM significantly decreased the

NID2

formation of ~30 kDa endostatin‐containing protein (Figure 5).

PXDN
COL15A1

3.3 | Interplay between DU145 cells and fibroblasts
promotes the motility of cancer cells in 3D invasion
model

COL1A2
COL3A1
PLOD1
FN1

In cancer the invasion of malignant cells leads to the local pro-

LAMC1

gression of the disease and later to the formation of metastases.
Both DU145 and PC3 are considered to represent invasive cell

COL4A1

phenotypes.23 Here, we established an invasion assay that mea-

HTRA1

sures the ability of cells to move out of the coculture spheroid. At

COL4A2

first, prostate cancer cells or prostate‐derived fibroblasts or both

DCN

cell types together were allowed to form spheroids. After 72 hours

TGFBI

in culture these spheroids were placed on collagen I coated surfaces or inside collagen I gels. Migration on collagen I or invasion

PLAT

through collagen I gel was followed by phase‐contrast microscopy
TNC

for 96 hours. Fibroblasts alone did not invade out from the

Abbreviations: COL1, collagen I; COL3, collagen III; COL4, collagen IV;
COL6, collagen VI; COL12, collagen XII; COL14, collagen XIV; COL15,
collagen XV; DCN, decorin; FBLN1, fibulin‐1; FGF2, fibroblast growth
factor 2; HGF, hepatocyte growth factor; LTBP, latent‐transforming
growth factor beta‐binding protein; MMP14, metalloproteinase 14;
TGFBI, transforming growth factor beta induced; TNC, tenascin C;
TNFAIP6, tumor necrosis factor‐inducible gene 6 protein.

spheroids (Figure 6A‐E). In this experimental setting PC3 cells in
coculture with fibroblasts invaded into the collagen gel less effectively than DU145 cells (Figure S2) and, therefore, the following
experiments were performed with DU145 and DU145/fibroblast
spheroids only.
In 2D conditions, cell migration out of DU145 spheroids was more
efficient when compared with DU145/fibroblast spheroids (Figure 6A).

DU145/fibroblast spheroids collagen XVIII was intensively processed to

However, invasion of cells inside 3D collagen gels was significantly

~30 kDa endostatin‐containing fragment (Figure 4A,B), a common de-

faster when DU145/fibroblast spheroids were assayed and compared

gradation product in a process also generating the classical ~20 kDa

with spheroids solely formed by either DU145 cells or fibroblasts

22

endostatin.

The potential role of endostatin in DU145–ECM

(Figure 6B). When DU145 cells and fibroblasts were differentially
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T A B L E 2 Matrisome proteins enriched in fibroblast/cancer cell coculture

Protein names

Gene names

FC DU145 + fibroblasts
vs sum of DU145 and
fibroblasts

Tubulointerstitial nephritis
antigen‐like

TINAGL1

138.2

4.7

Laminin subunit alpha‐5

LAMA5

25.3

5.4

Basement membrane‐
specific heparan
sulfate proteoglycan
core protein

HSPG2

7.6

3.7

Laminin subunit beta‐2

LAMB2

5.8

3.0

Galectin‐3

LGALS3

4.9

3.0

Agrin

AGRN

4.1

2.6

Laminin subunit beta‐3

LAMB3

3.6

4.0

Syndecan‐4

SDC4

3.3

2.3

Laminin subunit alpha‐3

LAMA3

3.2

3.5

Collagen alpha‐1(XVIII)
chain; endostatin

COL18A1

2.8

5.2

Serine protease HTRA1

HTRA1

2.0

2.4

Protein S100‐A8

S100A8

ND

39.4

Protein S100‐A9

S100A9

ND

14.8

Fibroblast growth factor‐
binding protein 1

FGFBP1

ND

10.0

Elafin

PI3

ND

7.0

Antileukoproteinase

SLPI

ND

3,4

Deleted in malignant brain
tumors 1 protein

DMBT1

Infinity

−7.8

Fibrillin‐2

FBN2

−6.3

−10.4

Fibulin‐1

FBLN1

−4.7

−8.1

Collagen alpha‐1(XIV)
chain

COL14A1

−5.5

−5.7

Cathepsin Z

CTSZ

−2.0

−3.4

Annexin A4

ANXA4

−4.2

−3.2

Lysosomal protective
protein

CTSA

−2.0

−3.0

Annexin A6

ANXA6

−4.7

−2.0

Latent‐transforming
growth factor
beta‐binding protein 1

LTBP1

−14.6

−2.0

Tumor necrosis
factor‐inducible
gene 6 protein

TNFAIP6

−Infinity

−6.3

Hepatocyte growth factor

HGF

−Infinity

−Infinity

Note: Infinity/−Infinity, not detected in one side of comparison.
Abbreviations: FC, fold change; ND, not detected.

FC PC3 + fibroblasts
vs sum of PC3 and
fibroblasts
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F I G U R E 2 A distinct cancer cell location in spheroids: fibroblasts surround the DU145 cells creating tight spheroids, whereas PC3 cells also
locate on the edges of spheroid and fibroblasts in middle creating more incompact spheroids. A, Representative images of cancer cells and
fibroblasts grown in spheroids for 96 hours shown as maximum intensity projections. DU145 and PC3 cells were stained with Cell Tracker
Green (CMFDA, Invitrogen) and fibroblasts with Orange (CMTMR, Invitrogen), nuclei were stained with DAPI. Bar 200 µm. B, Quantification of
expression profiles of cancer cells (black line) and fibroblasts (red line) indicating the localization in spheroids. The cells were treated as in (A),
and the expression profile was calculated from the confocal images. Mean intensity values show the intensities of cancer cells (black) and
fibroblasts (red), and relative distance indicates the diameter of the spheroids. 15 spheroids from three biological replicates were analyzed.
Mean (the middle dark line) ± SEM (light area around the middle line) is shown. DAPI, 4′,6‐diamidino‐2‐phenylindole [Color figure can be viewed
at wileyonlinelibrary.com]

stained with Cell Trackers, it was obvious that already after 24 hours

To test the potential role of MMPs during the invasion process

DU145 was the invading cell type, while most fibroblasts stayed in

we used the two selective inhibitors, NNGH and NSC 405020, as

spheroids (Figure 6C). To ensure that the difference in invasion was not

above. Both inhibitors could significantly inhibit the migration and

affected by cell number, experiments in which hydroxyurea was used to

invasion of DU145 cells (Figure 7A,B), but a similar phenomenon

block cell proliferation were performed. The inhibition of cell growth

could also be seen in the absence of fibroblasts (Figure 7A,B). Taken

had no effects on the invasion (Figure 6D).

together, our data show that the presence of fibroblasts in the mi-

These results suggest that in spheroids fibroblasts activate
DU145 cells and initiate invasion. In the presence of ascorbic acid,

croenvironment enhances cancer cell dissemination possibly through
several mechanisms.

the difference between DU145/fibroblast and DU145 spheroids remained the same (Figure 6E), which suggests that triple helical collagens produced by the fibroblasts or organization of the collagenous

4 | D IS C U S S I O N

matrix is not part of the mechanism how fibroblasts support cancer
motility. DU145 cells can use direct integrin α2β1‐mediated adhesion

Tumor stroma is an important regulator of cancer progression. We

to collagen I.24 It is also possible that basement membrane protein

applied 3D cell culture methods to study the effects of stromal fi-

production induced by fibroblasts in DU145 cells has a positive effect

broblasts on ECM production and cell invasion in prostate tumors. In

on an invasion. However, it is not clear, whether in these conditions

spheroid cultures prostate fibroblasts could produce, in addition to

DU145 cells are able to take full advantage of ECM produced by

the basic ECM components, many classical basement membrane

fibroblasts. In addition soluble factors, for example, growth factors or

proteins, including laminin chains β1 (LNB1) and γ1 (LNC1), collagen

MMPs, produced by fibroblasts may play part in the process. Indeed,

IV (COL4A1 and COL4A2), and basement membrane‐associated

we could detect hepatocyte growth factor (HGF) and fibroblast

proteins fibulin‐1 (FBLN1) and collagen XV (COL15A1). However,

growth factor (FGF2) in spheroid cultures (Table 1).

accumulation of several basement membrane proteins was only seen
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in cancer cell/fibroblast cocultures. These gene products included α3,
α5, β2, β3 laminins, heparan sulfate proteoglycan (HSPG2 gene
product), and collagen XVIII.
Incompletely organized, thin basement membranes as well as the
down regulation of α6β4 integrin and other hemidesmosome‐
associated proteins are typically seen in prostate cancer.25,26 One
earlier report suggests that the expression of LN332 related gene
products (α3, β3, and γ2) is lost, whereas the corresponding messenger RNA levels have paradoxically elevated.27 Here, our results
propose that the in vivo activation of laminin genes may be due to
the interplay of cancer cells with stromal fibroblasts. Based on our
observations, in addition to LN332 also the expression of other
laminins can be induced in such circumstances, since the detected
laminin gene products have the potency to form also other trimers,
such as LN321, LN521, LN522, and LN523. Recently, it was shown
that the interplay between fibroblasts and cutaneous squamous cell
carcinoma cells resulted in the accumulation of laminin‐332 in a H‐
Ras‐ and TGF‐β signaling dependent manner, which consequently
enhanced motility of cancer cells.28 However, in prostate cancer Ras
F I G U R E 3 Coculturing of prostate fibroblasts with DU145 or PC3
cancer cells induces synthesis of basement membrane component
laminin‐332 and its active degradation. Representative Western blot
analysis of laminin‐332 expression. Cells grown as spheroids were
allowed to produce ECM for 6 days, thereafter, cells were lyzed and
matrix proteins collected for WB analysis. Human recombinant
laminin‐332 was used as positive control. ECM, extracellular matrix

mutations are rather infrequent.29 Furthermore, the simultaneous
activation of proteolytic processes may explain the disappearance of
laminin LN332 proteins. Importantly, laminin degradation products
may enhance cell mobility.30
Degradation of collagen XVIII to endostatin was another indication of the active proteolysis of basement membrane‐related
proteins in spheroid cultures. Endostatin is well known about its

F I G U R E 4 Coculturing of prostate
fibroblasts with DU145 or PC3 cancer cells
induce degradation of basement membrane
component Collagen XVIII into endostatin‐
containing fragments. A, The representative
Western blot analysis of endostatin expression in
DU145 or PC3 cells alone or cocultured with
fibroblasts. B, The quantification of endostatin
expression in DU145 or PC3 cells cultured alone
or cocultured with fibroblasts (n = 3).
C, Representative cell adhesion assay of DU145
cells binding and spreading on fibronectin with
(red line) and without (black line) added
endostatin measured with Xcelligence system. D,
Quantification of DU145 cells attachment to
fibronectin was significantly increased in the
presence of endostatin (40 µg/ml) at 90 minutes
and 10 hour time points. n = 3, P < .05 by Student
t test. BSA, bovine serum albumin [Color figure
can be viewed at wileyonlinelibrary.com]
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F I G U R E 5 Cathepsin L inhibitor decreases the formation of endostatin‐containing fragments in DU145 and PC3 co‐cultures with fibroblasts.
A, Representative Western blot analysis of endostatin expression in DU145 or PC3 cells cocultured with fibroblasts in the presence of
DMSO (control) or cathepsin L inhibitor at 10 µM or 50 µM concentration. B, The quantification of cathepsin L inhibitor effect on expression of
30 kDa endostatin‐containing fragment in co‐cultures of DU145 or PC3 cells with fibroblasts (n = 4), P < .05 by one way ANOVA with Dunnett
T3 post hoc test. ANOVA, analysis of variance; DMSO, dimethyl sulfoxide [Color figure can be viewed at wileyonlinelibrary.com]

antiangiogenic properties.31 The effects of endostatin on endothelial

Invasion is one of the hallmark properties of cancer cells. In our

cell proliferation, migration, and apoptosis have also been reported in

experiments, the close contact between fibroblasts and DU145 in

various cancer cells.32‐36 Interestingly, in prostate cancer cells en-

spheroids stimulated the invasion by DU145 cells, whereas fibro-

37

Here, our

blasts mainly stayed in spheroids. In addition to changes in ECM

results indicate that endostatin promotes the adhesion of DU145

composition fibroblasts may also promote invasion by the production

cells to fibronectin. Thus it is a potential regulator of adhesion‐

of growth factors, since in spheroid cultures we were able to detect

related functions of prostate cancer cells.

HGF and FGF2. Interestingly, in colon cancer, HGF and TGF‐β sy-

dostatin can also regulate androgen receptor function.

ECM proteins can be degraded by several proteases, including

nergistically stimulate laminin γ2 chain expression.40

serine proteases, cathepsins, which are cysteine proteases, and
MMPs. Here, in spheroid cultures fibroblasts produced detectable
amounts of membrane‐type metalloproteinase MMP‐14, known to be

5 | CON CLUSIONS

able to degrade multiple ECM proteins, including LN332. Furthermore, we could also find one member of the trypsin family of serine

To conclude, our results suggest that prostate fibroblasts can pro-

proteases, namely, HTRA1 to be expressed by fibroblasts. In addition

mote prostate cancer cell invasion by several simultaneous me-

to fibroblast‐derived enzymes, DU145 and PC3 cells produced ca-

chanisms. Fibroblasts produce the majority of components of ECM

thepsins D, B, L, and Z, and PC3s also cathepsin C. Thus, the pro-

around the cancer cells and the interplay between fibroblasts and

teolytic processing of ECM proteins is promoted by both cancer cells

cancer cells induces the expression of many basement membrane

and fibroblasts.

proteins. Together, the two cell types synthesize a mixture of pro-

The proteolytic process leading to the generation of endostatin

teolytic enzymes that have the capability to promote cell invasion

from collagen XVIII is still poorly understood. MMP‐14 is one of the

and to generate biologically active peptides derived from the base-
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but our

ment membrane proteins. Furthermore, fibroblasts produce soluble

experiments utilizing MMP inhibitors showed that in DU145/fibro-

regulators, such as growth factors, that activate cancer cells. In

blast cocultures MMP‐14 is not responsible for either endostatin or

general, our observations stress the importance of prostate cancer

laminin fragment formation. In previous studies secreted cathepsin L

cell‐prostate fibroblast interaction in the process that leads the dis-

has been indicated to be one of the key enzymes in the process

semination of the disease and present 3D spheroid cocultures as an

leading to the generation of endostatin.22 In our spheroid model a

adequate model to study tumor microenvironment.

MMPs that can generate endostatin from collagen XVIII,

selective inhibitor of cathepsin L significantly decreased the formation of 30 kDa endostatin‐containing fragment. Thus the presence of
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F I G U R E 6 Fibroblasts induce invasion
capability of DU145 cancer cells in coculture.
A, Representative images and quantification of
migration assay. Spheroids consisting of DU145
cells or fibroblasts alone or in coculture were
grown for 96 hours and placed on collagen I
coated surface. The migration shown as area
covered by cells was followed for 96 hours with
Incucyte Zoom B, Representative images and
quantification of invasion assay. Spheroids
consisting of DU145 cells or fibroblasts alone or
in coculture were grown for 96 hours and placed
on collagen I coated surface, covered with
collagen I gel and cell invasion into gel was
followed for 96 hours with Incucyte Zoom.
C, Representative confocal microscopy images of
invasion assay at 0 and 24 hour time point.
DU145 cells (green), fibroblasts (red) alone or in
coculture indicate that DU145 cells move
actively out from spheroids and fibroblasts tend
to stay still. The treatment of cells with hydroxyl
urea to inhibit cell proliferation (D) and the
treatment of cells with ascorbic acid to induce
the synthesis of cells own triple helical collagen
(E) indicated that the observed differences were
not influenced by proliferation of cells nor due to
synthesis of own matrix [Color figure can be
viewed at wileyonlinelibrary.com]
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F I G U R E 7 MMP inhibitors decrease the cell migration and invasion capability. A, Quantification of cell migration in the presence of MMP
inhibitor NNGH and MMP‐14 specific inhibitor NSC 405020. DU145 cells grown alone or with fibroblasts as spheroids for 96 hours were
placed on collagen I coated surface. Cells were covered with media containing 1 µM of NNGH or 10 µM NSC405020 or DMSO as control.
Migration of cells was followed for 96 hours. B, For invasion assay spheroids were covered with collagen I gel and media containing 1 µM
of NNGH or 10 µM NSC405020 or DMSO as control. Invasion of cells was followed for 96 hours. DMSO, dimethyl sulfoxide; MMP,
metalloproteinase [Color figure can be viewed at wileyonlinelibrary.com]
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