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Abstract
Background: Inhibition of androgen receptor (AR) signaling is the main treat-
ment strategy in advanced prostate cancer (PCa). A subset of castration resistant 
prostate cancer (CRPC) bypasses the AR blockade by increased fibroblast growth 
factor receptor (FGFR) signaling. The first- and second-generation, non-covalent 
FGFR inhibitors (FGFRis) have largely failed in the clinical trials against PCa. 
Purpose: In this study, we tested the drug sensitivity of LNCaP, VCaP, and CWR-
R1PCa cell lines to second-generation, covalent FGFRis (FIIN1, FIIN2) and a 
novel FGFR downstream molecule inhibitor (FRS2�i).
Methods: 2D and 3D mono- and co-cultures of cancer cells, and cancer-associated 
fibroblasts (CAFs) were used to mimic tumor-stroma interactions in the extracel-
lular matrix (ECM). The treatment responses of the FGFR signaling molecules, 
the viability and proliferation of cancer cells, and CAFs were determined through 
immunoblotting, migration assay, cell viability assay, and real-time imaging. 
Immunofluorescent and confocal microscopy images of control and treated cul-
tures of cancer cells and CAFs, and their morphometric data were deduced.
Results: The FGFRis were more effective in mono-cultures of the cancer cells 
compared with co-cultures with CAFs. The FRS2�i was specifically effective in 
co-cultures with CAFs but was not cytotoxic to CAF mono-cultures as in the 
case of FIIN1 and FIIN2. At the molecular level, FRS2�i decreased p-FRS2�, p-
ERK1/2, and activated apoptosis as monitored by cleaved caspase-3 activity in a 
concentration-dependent manner in the co-cultures. We observed no synergis-
tic drug efficacy in the combination treatment of the FGFRi with ARi, enzaluta-
mide, and darolutamide. The FRS2�i treatment led to a decrease in proliferation 
of cancer cell clusters in co-cultures as indicated by their reduced size and Ki67 
expression.
Conclusions: CAFs exert a protective effect on cancer cells and should be in-
cluded in the in� vitro models to make them physiologically more relevant in 
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1   |   INTRODUCTION

Prostate cancer (PCa) is primarily regulated by andro-
gens via the androgen receptor (AR)1 and further stim-
ulated by modulation of various signaling pathways 
including fibroblast growth factor receptor (FGFR) 
signaling. Localized PCa is routinely treated by radi-
cal prostatectomy and/or radiation therapy. In cases 
where PCa has advanced despite prostatectomy or PCa 
is primarily metastasized, the patient is typically treated 
with androgen deprivation therapy (ADT), in which an-
drogen effects are suppressed by inhibiting androgen 
synthesis indirectly or directly,2 or by blocking their ac-
tivity using AR inhibitors (ARis) such as enzalutamide 
and darolutamide.3 However, 10%�20% of PCa patients 
develop resistance to ADT and the tumor progresses 
to castration-resistant PCa (CRPC).4,5 Therefore, it is 
important to identify alternative treatment strategies 
specifically targeting such advanced PCa, and/or to over-
come the PCa resistance to ADT. One of the molecular 
mechanisms frequently observed in ARi-resistant cells is 
the activation of FGFR signaling.6,7

Fibroblast growth factors (FGFs) and their five recep-
tors (FGFR 1�4 and FGFRL1) are involved in the differ-
entiation, migration, and proliferation of cancer cells.8,9 
The FGFRs (except FGFRL1) have an intracellular ty-
rosine kinase binding domain, which is activated after 
binding to ligands such as FGF2. This leads to phosphor-
ylation and activation of the key downstream FGFR me-
diator p-FRS2�, which in turn activates the intracellular 
cell cycle cascade ERK1/2, PI3Kinase/AKT, and PLC�/
MAPK signaling leading to cancer progression including 
in PCa.10�12 Mutations, overexpression, deletions, and 
gene fusions involving FGFRs, or functional deregula-
tion of their downstream signaling pathways have been 
widely associated with many cancers incuding PCa.13�15 

FGFR signaling depends on ligands secreted in a para-
crine, juxtacrine, and/or autocrine fashion by the cancer 
cells themselves but typically also by cancer-associated 
fibroblasts (CAFs) or other stromal cells found in solid 
tumor tissues.16,17

Detailed studies based on single-cell RNA sequenc-
ing have shown that the response to drug treatments in 
PCa is affected by the properties of both the epithelium-
derived tumor cells and their interactions with the tumor 
microenvironment (TME), which includes CAFs and the 
extracellular matrix (ECM).18 CAFs secrete growth fac-
tors, cytokines, exosomes or extracellular vesicles (EVs), 
and ECM proteins,19 and represent a consistent although 
highly diverse component of the TME in PCa tissues.20,21 
Specifically, different subtypes of CAFs have been re-
cently identified, which protect and support tumor cells, 
or interact with infiltrating immune cells and other cel-
lular components of the TME.22,23 Moreover, the tradi-
tional monolayer or two-dimensional (2D) in�vitro cell 
cultures on plastic surfaces do not adequately capture 
the complex morphological, cellular, and phenotypic 
heterogeneities of PCa tissues.24 For that reason, several 
three-dimensional (3D), or organotypic cell culture tech-
niques have been developed over the past decade, which 
claim to represent physiologically more relevant model 
systems that may mimic the initiation and progression 
of human cancers including prostate cancers.25,26 These 
complex models include organotypic 3D cultures, typi-
cally embedded in ECM preparations or hydrogels such 
as Matrigel and/or collagen type I, and are increasingly 
used for in� vitro chemosensitivity testing and person-
alized medicine applications. These hydrogels support 
cells to actively engage in forming cell�cell and cell�ma-
trix interactions that at least partly mimic the dynamics 
and the architecture of in�vivo tumor tissues.27,28 For this 
study, representative PCa cell lines were chosen based a 
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screening and testing of FGFRis. The FRS2�i was the most potent agent in reduc-
ing the viability and proliferation of the 3D organotypic co-cultures, mainly by dis-
rupting the contact between CAFs and cancer cell clusters. The next-generation 
FGFRi, FRS2�i, may be a better alternative treatment option for overcoming ARi 
treatment resistance in advanced PCa.

K E Y W O R D S
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differential response to androgen signaling, as observed 
in the clinical progression of PCa. This response is rang-
ing from AR-dependent (VCaP),29 to androgen-sensitive 
(LNCaP),30 and finally, largely androgen-independent 
(CWR-R1).31 The CWR-R1 cells are dependent on the 
persistent, growth-stimulating nature of mouse CAFs 
that persist in this line and originate from the patient-
derived xenografts (CWR22 model) used to establish this 
model.32,33 We developed reproducible, standardized co-
cultures of tumor cells from PCa cell lines (VCaP and 
LNCaP) with patient-derived immortalized CAFs,28,34,35 
followed by automated analysis of confocal microscopy 
images34,36 as a phenotypic or high-content readout. The 
human telomerase reverse transcriptase (hTERT) ex-
pression in these immortalized CAFs showed only mild 
directional effects interpreted from a global expression 
profiling analysis using cDNA microarrays on RNA sam-
ples from immortalized CAFs versus non-immortalized 
CAFs.37

The above mentioned co-culture models of cancer 
cells and CAFs were used to test our hypothesis that ad-
vanced PCa may benefit from the treatment with next-
generation FGFRi alone and/or in combination with 
ARi. The next-generation FGFRi includes the second-
generation, covalent-binding, irreversible FGFRi such as 
FIIN1 and FIIN2,38�40 which bind to the kinase domain 
of the FGFRs have shown to overcome the resistance 
of first-generation FGFRi due to gatekeeper mutations 
of FGFRs.41 In addition, we tested a novel concept of 
targeting fibroblast growth factor receptor substrate 2 
(FRS2�), which integrates FGFR signaling from all four 
FGFR receptors in normal and cancer cells. Specifically, 
this exploits the critical downstream signaling molecule 
FRS2�,42,43 which is phosphorylated upon binding of li-
gand to any of the four active FGFRs. FRS2� is specif-
ically and effectively blocked by a recently developed, 
novel experimental inhibitor (�compound 7�)44 which is 
used in this study.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture

Human PCa cell lines LNCaP (RRID: CVCL_1379, 
clone FGC), CWR-R1 (RRID: CVCL_4833), and VCaP 
(RRID: CVCL_2235) were obtained from the American 
Type Culture Collection (ATCC). The immortalized 
PF179T CAFs (RRID: CVCL_JL59) isolated from a pros-
tate cancer biopsy was obtained from Varda Rotter, 
Weizmann Institute, Israel.37 CWR-R1, VCaP, and 
GFP-labeled PF179T CAF were cultured in DMEM 
containing Glutamine, 10% fetal bovine serum (FBS, 

Gibco, Thermo Fischer, UK), and 1% penicillin/strep-
tomycin (Lonza, Belgium). LNCaP cells were cultured 
in RPMI medium supplemented with 10% FBS, 2 mM 
UltraGlutamine (Lonza, Belgium), and 1% penicil-
lin/streptomycin (Lonza, Belgium). All cell lines were 
maintained at 37°C with 5% CO2. The cell lines have 
been authenticated using short tandem repeat profil-
ing at IdentiCell Laboratories, Department of Molecular 
Medicine, Aarhus University Hospital, Denmark, and at 
the Institute of Molecular Medicine (FIMM), University 
of Helsinki, Finland. All cells were free of mycoplasma 
(routinely tested with Lonza LT07-118 mycoplasma de-
tection kit).

2.2  |  Quantitative reverse 
transcriptase-polymerase chain reaction 
(qRT-PCR)

The total RNA was extracted from cells in culture using 
the RNeasy Mini Kit (Qiagen, Germany). 1 �g of ex-
tracted RNA was transcribed into complementary DNA 
using a master mix of RNase inhibitor (Promega, USA), 
Oligo dT primer (Oligomer Oy, Finland), dNTP mix 
(Thermo Fisher Scientific, Finland), and Maxima re-
verse transcriptase (Thermo Fisher Scientific, Finland). 
The qRT-PCR was carried out using SYBR� Green 
master mix (Thermo Scientific, Finland) with a Bio-Rad 
CFX384 Touch� system. The primers used for FGFR1 
(F: 5�TGGCACCCGAGGCATTATTT3�, R: 5�CATGTAC  
AGCTGGTTGTTGC3�), FGFR2 (F: 5�AACAGTCA  
TCCTGTGCCGAA3�, R: 5�AGCCGAAACTGTTACCTGT  
C3�), FGFR3 (F: 5�CGTCCA CCGACGAGTACCT3�, R: 5� CT  
CACATTGTTGGGGACCAGT3�), FGFR4 (F: 5�CTGAC  
ACAGTGCTCGACCTT3�, R: 5� AACCCTGACATTTGGG  
CCAT3�) were designed using the NCBI databases (http://​
www.​ncbi.​nlm.​nih.​gov/​tools/​​prime​r-​blast/​​).45 The stand-
ard ��Ct method was used to calculate fold-change 
differences in the mRNA expression. They were nor-
malized to the housekeeping gene, TATA box binding 
protein (TBP) (F:5�GAATATCCCAAGCGGTTT3�, R:5� 
ACTTCACATCACAGCTCCCC3�).

2.3  |  2D cell proliferation and viability 
assay after inhibitor treatment

FGFRi, FIIN1, and FIIN2 were obtained from SelleckChem, 
and FRS2� inhibitor (�compound C7�)44 was obtained from 
Dr. Martin Baumgartner, University of Zurich, Switzerland. 
Compound 7 is referred to as FRS2�i in this study. ARi, en-
zalutamide (MDV3100) and darolutamide (ODM-201) were 
purchased from AdooQ Biosciences. These inhibitors were 
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dissolved in Dimethyl Sulfoxide (DMSO, Fischer Scientific, 
USA), and corresponding DMSO concentrations (0.1%�0.2% 
DMSO) were used in control samples based on single or 
combination treatments. The biochemical IC50 values of 
the inhibitors are reported in Table�S1. LNCaP, VCaP cells 
in 2D mono-culture and 2D co-culture with PF179T CAFs 
(ratio of 5 cancer cells:1 CAFs), and CWR-R1 were seeded 
in 96-well plates in their respective growth medium for 24 h 
before drug treatment. The final treatment media contained 
0.3 �M�10 �M inhibitors in 5% FBS and supplemented with 
25 ng/mL FGF2 and 0.1 nM�1 nM synthetic androgen 
(R1881, Sigma, Germany). The cells were imaged every 
6 h with Incucytefi S3 live cell imaging (Sartorius Stedim 
Biotech, France). The proliferation was monitored for 72 h 
after drug treatment and kinetic data from phase-contrast 
images and fluorescent CAFs were analyzed with Incucytefi 
S3 software. Cell Titre Glo 2.0 (Promega, USA) was used 
to measure the effect of inhibitor treatment on cellular vi-
ability after 72 h. The data representation was plotted using 
GraphPad Prism 8 software.

2.4  |  Immunoblotting

In case of FGFRi treatment, cells were serum starved 
for 24 h�36 h in DMEM or RPMI with 1% Bovine Serum 
Albumin (BSA, Thermo Fischer, Finland) before treatment 
with FGFRi for 30 min (FIIN1 or FIIN2), 16 h (FRS2�i) and 
25 ng/mL of FGF2 (R&D system, Canada) with 4 �g/mL 
Heparin (ScienCell research laboratories, USA) for 15 min 
before collection of cell lysates. In case of ARi, androgen-
deprived cells in charcoal-stripped serum (Gibco, Thermo 
Fischer, UK) for 48 h were exposed to enzalutamide and 
darolutamide, and synthetic androgen (R1881) for 72 h. 
Cell lysates were collected in cell lysis buffer supplemented 
with a protease inhibitor and phosphatase inhibitor cock-
tail (Pierce Ltd, Thermo Fischer Scientific, USA). The 
extracted protein was combined with Laemmli buffer (Bio-
rad, Finland) containing �-mercaptoethanol, denatured by 
boiling, and separated on 4�20% Mini-PROTEANfi TGX� 
precast gradient protein gels (Bio-Rad, Finland), and trans-
ferred for 2 h at 180 V using Towbin transfer buffer (Biorad, 
Finland) or for 30 min using the semidry gel transfer sys-
tem (Bio-Rad, Finland) and Trans-Blot Turbo Midi 0.2 �m 
Nitrocellulose Transfer Packs (Bio-Rad, Finland). After 
overnight incubation with primary antibodies diluted in 5% 
BSA [1:1000 PSA #ab53774, 1: 400 AR #MS-441-P1, 1:1000 
CAMKK2 #HPA014659, 1:1000 p-FRS2� (Y196) #CST 
3864, 1:1000 p-FRS2� (Y436) #CST 3861, 1:1000 pERK1/2 
#CST 9102, 1:1000 ERK1/2 #CST 9101, 1:500 FRS2�(H-91) 
#sc8318, 1:1000 �-tubulin #ab4074] at 4°C, membranes 
were incubated with secondary antibodies labeled with flu-
orescent dyes IRDyefi 800CW/600CW donkey anti-rabbit 

IgG or donkey anti-mouse IgG (LI-COR, USA) for 1 h at 
room temperature. The signals were visualized in Odysseyfi 
CLx Imaging System (LI-COR, USA).

2.5  |  Cell migration assay

Cell migration was examined using scratch wound assay 
in Incucytefi S3 imaging device (Sartorius Stedim Biotech, 
France). Briefly, the 96 well plates were seeded with CWR-
R1 cells and incubated in standard conditions for 24 h�48 h 
to reach 100% confluence. The scratch wounds were made 
in confluent cell layers using the wound-maker tool. The 
inhibitors in the required concentrations (0.3 �M�10 �M) 
were added on top of the wounded cell layer. The percent-
age of cell migration leading to relative wound density 
was analyzed with Incucytefi S3 software.

2.6  |  3D organotypic cultures and 
inhibitor treatments

3D organotypic mono-cultures and co-cultures were 
prepared in Matrigel (Corning/BD Biosciences, USA) 
and Collagen type 1 (BD Biosciences, USA) matrices 
as described previously.46 LNCaP cells with PF179T 
CAFs (5:4) in 2:1 mix of Matrigel and Collagen type 1, 
and CWR-R1 in 1:1 mix of the matrices were seeded in 
their respective growth media on 96-well angiogenesis 
�-plates (Ibidi, Germany). The single cells replicate and 
form organotypic cultures within 4 days and were treated 
with inhibitors for an additional period of 6 days with a 
media change every 2 days. The single treatment with 
FIIN1, FIIN2, and FRS2�i were performed for a range 
of concentrations between 0.3 �M and 10 �M and combi-
nation treatments with 1 �M enzalutamide or daroluta-
mide. The effects of inhibitor treatment on cell viability 
were measured by spectrophotometry using Cell Titre 
Glo 2.0 (Promega, USA).

2.7  |  3D organotypic culture live cell 
staining and imaging

The 3D organotypic cultures were monitored once a day 
using the Incucytefi S3 imaging device. At the end of in-
hibitor treatments on day 10 after cell seeding, organo-
typic structures were stained with 1 �g/mL of Calcein 
AM (488 nm) (Thermo Fisher Scientific, MA, USA) to 
visualize the live cells. The resulting stained cultures 
were imaged with a spinning disk confocal microscope 
(3i CSU-W1, Zeiss 5x objective, Germany). Maximum 
intensity projections and batch normalization of image 
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stacks were done with SlideBook6 software (3I Inc., CO, 
USA). The organotypic cultures in the images were sub-
jected to segmentation and then analyzed using AMIDA 
software.34,47 The resulting quantitative morphometric 
data such as area (in pixels), symmetry or roundness, 
and features typical of cell invasion such as appendages 
of the segmented organoid were plotted using the R soft-
ware (http://​www.​r-​proje​ct.​org).

2.8  |  Immunofluorescence staining

The 3D organotypic co-cultures were fixed with 4% 
paraformaldehyde. Cells were permeabilized with 
0.5% Triton X-100 and blocked with 3% BSA. The fixed 
cultures were then washed, and incubated overnight 
at 4°C with primary antibodies (rabbit Cytokeratin 
8+18/1:300/Abcam #53280, UK; mouse �-actin/1:200/
Santa Cruz #32251, USA; mouse Ki67/1:100/Dako 
#M7240, USA; rabbit Ki67/1:100/Abcam #ab15580, UK; 
rabbit Vimentin/1:200/cell signaling technology #5741 
for mouse CAFs and Abcam #ab18200 antibody for 
human CAFs), washed with PBS, and finally incubated 
at room temperature for 1 h with secondary antibodies 
(goat anti-mouse and anti-rabbit IgG-Alexa Flour Plus 
488 and 555/1:200; Thermo Fischer Scientific, USA). 
Phalloidin Alexa Flour 555 to stain actin filaments 
and Draq5 (647 nm/1:1000, Thermo Fischer Scientific, 
USA) was used as DNA counterstain. The images 
were recorded with a 3i CSU-W1 spinning disk confo-
cal microscope using Zeiss 20x/0.8 Plan-Apochromat 
and 40x/0.6 LD Plan-Neofluar objectives (3I GmbH, 
Germany).

2.9  |  Statistical analysis

GraphPad Prism 8 and R software (http://​www.​r-​proje​
ct.​org) were used for visualization of data and statistical 
analyses. The statistical methods used are mentioned in 
the captions under each figure.

3   |   RESULTS

3.1  |  Expression and activation of FGFRs 
in PCa cell lines

The PCa cell lines LNCaP, VCaP, CWR-R1, and the 
PF179T CAFs all express FGFR 1�4. The mRNA expres-
sion profile of the cell lines shows some similarities, with 
FGFR2 and FGFR3 being typically expressed at higher 
levels compared to FGFR1, but the cell lines differ in 

terms of FGFR4 expression. CWR-R1 cells, which 
maintain a stable population of (mouse) fibroblasts, 
expressed significantly higher levels of all FGFRs, com-
pared to LNCaP and VCaP. In contrast, PF179T CAFs 
express mainly FGFR1 and show only low levels of all 
other FGFRs (Figure�S1).

3.2  |  Second-generation FGFR 
inhibitors (FIIN1, FIIN2) block 
FGFR-mediated signaling pathway 
in PCa cell lines but cause marked 
cytotoxic off-target effects

The serum-starved PCa cell lines, LNCaP, VCaP, and 
CWR-R1 were treated with second-generation FGFR 
inhibitors (FIIN1, FIIN2) that covalently bind to the 
receptor, along with the ligand FGF2. The exposure of 
PCa cell lines to FGF2 showed variable extents of ac-
tivation, as indicated by phosphorylation of FRS�, and 
ERK1/2 (Figure�1A). In LNCaP cells, a band of p-FRS2� 
at Tyr 196 was observed. This was further reduced after 
exposure to even the lowest concentrations of FIIN1/2 
inhibitors, indicating low-level activation of FGFR sign-
aling. In contrast, VCaP cells did not show any phospho-
rylation of FRS2� even after exposure to FGF2. In both 
LNCaP and VCaP cell lines, phosphorylated ERK1/2 
protein could be detected, which was rapidly diminished 
by FGFRi. Phosphorylation of ERK1/2 in these cell lines 
may be partly induced by upstream signaling events 
that are only indirectly linked to FGF-FGFR signaling. 
In contrast, the cell line CWR-R1 showed rapid and con-
sistent phosphorylation of FRS2� at both the Tyr 196 
and Tyr 436 sites, and strong phosphorylation of down-
stream ERK1/2 upon exposure to ligand FGF2. This 
persistent activation could not be completely abolished 
even with a high concentration of FGFRis. We conclude 
that the FGFRis, FIIN1, and FIIN2 inhibit the phos-
phorylation FRS2� already at the lowest concentration 
(0.3 �M) tested and partially decrease the phosphoryla-
tion of ERK1/2 in CWR-R1 (Figure�1A). CWR-R1 cells 
appear to depend on FGFR signaling for proliferation 
and are sensitive for growth inhibition by FGFRi. In the 
viability assay, only at the highest concentration tested 
(10 �M), FIIN1 and FIIN2 were found to be cytotoxic for 
all three PCa cell lines (Figure� 1B). At lower concen-
trations, FIIN1 and FIIN2 showed effective growth in-
hibition of CWR-R1 cells at approximately 3 �M, while 
not even a 50% inhibition was achieved at <10 �M in the 
poorly responsive LNCaP cells. Despite the lack of spe-
cific pFRS2� activation, VCaP cells showed even higher 
sensitivity to treatment than CWR-R1 cells (approx. 70% 
inhibition of cell viability at 3 �M) (Figure�1B).
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All PCa cell lines showed dose-dependent growth 
inhibition, as indicated by a decrease in the total cell 
number and viability, and also morphometric responses 
(Figure� 1C), essentially confirming the viability assay 
data. The highest concentrations of FIIN1 and FIIN2 
(10 �M) most probably resulted in nonspecific, off-target 
effects and were excluded from further analyses.

3.3  |  CAFs in 2D and 3D co-culture with 
PCa cells exert a significant protective 
effect against FGFRi treatment

For 2D co-cultures, different ratios of cancer cells and 
CAFs were tested to identify optimal conditions for repro-
ducible and stable tumor/stroma co-cultures. CAFs and 
PCa cell lines (LNCaP, VCaP) were co-cultured at defined 
ratios and grown as a 2D monolayer. The metabolic assay 
indicating cellular viability of the cancer cells and CAFs 
together, confirmed the pronounced and consistent pro-
tective effect of CAFs against growth inhibition by FGFRi 
(Figure�2A), in comparison to cancer cell mono-cultures 
(Figure�2A,C). The protective effect of CAFs against FGFRi 
was more pronounced in LNCaP with CAF co-cultures, 
compared to VCaP with CAF co-cultures (Figure�2A and 
Figure�S2).

In parallel, we tested tumor/stroma co-cultures in or-
ganotypic 3D culture conditions, embedded in a Matrigel/
collagen type I matrix using the �sandwich model�.34,46 
Unfortunately, VCaP cells failed to spontaneously form 
organotypic growths in Matrigel/collagen gels and could 
not be tested in 3D culture. Treatment effects on cell via-
bility of the 3D co-cultured cancer cells were significantly 
less pronounced in the presence of CAFs (Figure� 2B). 
These effects are also visualized in phase contrast micros-
copy images, indicating reduced growth-inhibitory effects 
in 3D co-cultures in the presence of CAFs (green) com-
pared to 3D mono-cultures (Figure�2D). In the absence of 
CAFs, LNCaP organotypic structures treated with FIIN1 
or FIIN2 were significantly smaller, more irregular, and 
showed a more uneven, rough surface (Figure� 2D,E). 
Figure� 2E is a higher magnification image showing the 
green CAF distribution and morphology. The CAF marker, 
�-smooth muscle actin, and epithelial cancer cell marker 

cytokeratin 8 + 18 are detectable after drug treatment in 
the 3D co-culture setting.

3.4  |  The FRS2�i targeting the 
downstream p-FRS2� is more specific and 
effective against FGFR-dependent PCa 
cells than FIIN1 and FIIN2

Since even the second-generation FGFRis, FIIN1, and 
FIIN2 showed mostly unspecific and relatively mild ef-
fects on PCa co-cultures, we explored an experimental 
inhibitor of the FRS2a signaling molecule (�compound 
7�, named FRS2�i44). LNCaP co-culture and CWR-R1 
cells were both sensitive to FRS2�i in the range between 
0.3 �M and 10 �M, effectively inhibiting proliferation 
(indicated by the lower percentage of confluence in 
the line graphs of Figure� 3A�C) leading to a decrease 
in metabolic activity indicated as cell viability (bar 
graphs of Figure�3A,C). Moreover, the migration of the 
CWR-R1 cells also decreased upon treatment with 7 �M 
FRS2�i (Figure�3D). In contrast, VCaP co-culture with 
CAFs only responded to high concentrations (>7 �M) 
of FRS2�i, lacking the characteristic dose-dependent 
sensitivity for the lower range of concentrations 
(0.3 �M�5 �M, Figure�3E). The VCaP doubling time is al-
most twice that of LNCaP and CWR-R1, which may ac-
count for the relatively small increase in the confluence 
of VCaP control (Figure�3E). A detailed image analysis 
using the IncuCyte S3 imager and software showed that 
the FRS2�i also decreased the proliferation of the CAFs 
in the co-culture settings in a dose-dependent manner, 
but more than 25% of the CAFs persisted after 72 h treat-
ment even at the highest drug concentrations (10 �M) of 
FRS2�i (Figure�3B,F). These results identify FRS2�i as 
a potential drug candidate that more specifically targets 
activated FGFR signaling in PCa cells than second gen-
eration FGFRi, without showing excessive toxicity on 
stromal cells such as fibroblasts.

The molecular effects of FRS2�i on key signal-
ing molecules in PCa cells were further investigated 
(Figure� 3G). FRS2�i treatment at concentrations 
greater than 5 �M reduced the phosphorylation at 
both the Tyr196 and the Tyr436 sites of FRS2� and the 

F I G U R E  �   The effects of second-generation pan-FGFRi, FIIN1, and FIIN2 on FGFR signaling in PCa cells. (A) Immunoblot analysis 
of FGFR pathway activation of serum-starved LNCaP, VCaP, and CWR-R1 cells treated with FGF2 for 15 min in the presence or absence of 
FIIN1 and FIIN2 at indicated concentrations and control sample being 0.1% DMSO. Total FRS2� and ERK1/2 protein were used as controls 
for phospho-specific antibodies, and �-tubulin as a loading control. (B) A biochemical end-point assay (Cell Titre Glo 2.0) to determine the 
dose�response of treatment effects. Statistical significance of n = 3 replicas was calculated using one-way ANOVA, combined with Dunnett’s 
test with untreated control as reference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Visualization of treatment effect by phase-
contrast microscopy imaging of treated and its control cultures at the endpoint after 72 h treatment with FIIN1 and FIIN2 inhibitors. The 
scale bar is as mentioned in the image.
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phosphorylation of ERK1/2 (line graphs of Figure�3G). 
Exposure of cells to this compound also led to increased 
levels of cleaved caspase-3 subunits p19 and p17, in-
dicating induction of apoptosis, and reduction in the 
overall confluence of the cells.

3.5  |  Treatment effects of FIIN1, 
FIIN2, and FRS2�i on proliferation and 
viability of CAF mono-cultures

The FGFRi treatment on CAF mono-cultures led to a 
concentration-dependent reduction in the proliferation 
of the CAFs (Figure� 4A�C). The viability of CAFs was 
significantly affected at a concentration of 10 �M for all 
three FGFRi and decreased the confluence of the CAFs 
by 50% after 72 h of treatment (Figure�4C). In contrast, 
3 �M and 7 �M of FRS2�i had much milder effects on 
proliferation and lower cytotoxicity as compared to 
FIIN1 and FIIN2 (Figure�4D). The representative phase-
contrast images of the density and the morphology of 
CAFs after 72 h of treatment are shown in Figure� 4E. 
The lower cytotoxicity of FRS2�i and increased specific-
ity to block active FGFR signaling (as mentioned in sec-
tion�3.4) is further indicated by treatment of the CAFs in 
3D organotypic cultures. Here, CAFs persist even after 
6 days of exposure to 7 �M FRS2�i, retain stable expres-
sion of the mesenchymal marker vimentin, and still 
proliferate as indicated by expression of Ki67 marker 
(Figure�4F).

3.6  |  FRS2�i treatment of 3D organotypic 
co-cultures with CAFs affects the contact 
between CAFs and cancer cell clusters

The effects of compound FRS2�i were tested in 3D or-
ganotypic co-cultures of CWR-R1 and LNCaP cells with 
CAFs. These CAFs typically surround and interact closely 
with the cancer cells (as seen in Figure�2E and Figure�S3). 

We assume that the close contact of tumor cells to CAFs 
likely activates several autocrine, juxtracrine, and parac-
rine support functions including FGFR signaling. The 3D 
organotypic co-cultures were precultured for 4 days and 
treated with FRS2�i (3 �M�7 �M) for 6 days (Figure�5). The 
live-cell images show that FRS2�i treatment significantly 
decreased the size of the organotypic cultures, while the 
proliferation and number of CAFs were affected but not 
completely lost at the endpoint of treatment (Figure�5A,B). 
The quantified effects of the treatment are presented as 
box and whisker plots reflecting a significant decrease in 
organotypic structure size [measured as the area in pixels, 
(Figure�5C,E)], and the bar graphs show a significant re-
duction of their viability (Figure�5D,F). Additionally, im-
munofluorescent images with higher magnification show 
a decrease in direct contact between several cancer cell 
clusters and CAFs. Cancer cell clusters that have retained 
contact with CAFs after treatment with FRS2�i also show 
growth inhibition based on their smaller size compared to 
the untreated�controls (Figure�5G,H).

3.7  |  Combinatorial treatment of FRS2�i 
with ARi in 2D and 3D co-cultures with 
CAFs does not show significant added or 
synergistic effects over single treatment 
with FRS2�i

Optimized concentrations of R1881 showed effective acti-
vation of AR target genes in VCaP and LNCaP cell lines,48 
including prostate-specific antigen (PSA). In contrast, the 
CWR-R1 cell line does not express and secrete PSA but 
is characterized by hyperactive AR signaling that results 
in androgen-independent growth which is not responsive 
to androgen deprivation.31,32 This is shown by the persis-
tent protein expression of AR itself, and stable AR-driven 
expression of target genes like calcium/calmodulin-
dependent protein kinase kinase 2 (CAMKK2) in CWR-
R1 cells even with ARi treatment (Figure�S4A). In LNCaP 
and VCaP cells, treatment with ARi, enzalutamide or 

F I G U R E  �   Reduction of cell viability (in percentage, compared to control) and morphologic effects as the result of FGFRi (FIIN1, 
FIIN2) exposure in adherent 2D monolayer versus matrix-embedded 3D organotypic cultures with or without CAFs (green fluorescence). 
The treatment was done for 3 days in 2D cultures and 6 days in 3D cultures in three replicas. (A) The drug sensitivity of LNCaP cells 
quantitated in 2D mono-culture and co-culture with CAFs, as measured by Cell Titre Glo metabolic assay. Similarly, (B) the viability of 
LNCaP cells in 3D mono- versus co-culture with CAFs. Statistical significance of n = 3 replicas was calculated using one-way ANOVA, 
combined with Dunnett’s test with respective untreated control as reference in each model system (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). (C) Representative phase-contrast images of LNCaP 2D cultures with or without GFP-tagged CAFs. Scale bars 100 �m. (D) 
In parallel, LNCaP cells were cultured in 3D organotypic conditions, using mixed Matrigel/collagen type I gels. Representative images of 3D 
mono- and co-cultures of LNCaP with CAFs expressing GFP are shown. Scalebars 200 �m. (E) Spinning disk confocal microscopy images 
with 40× objective labeled by immunofluorescence with an antibody against �-smooth muscle actin (�-actin, green), which serves as a 
marker of cancer-associated fibroblasts (indicated with arrows), epithelial cell marker (cytokeratin 8 + 18, red), and nuclear counterstain 
(Draq5, blue). Scale bars 100 �m.
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darolutamide reduced the transcriptional androgen re-
sponse, such as PSA expression, already at 1 �M concen-
tration (Figure�S4A). Therefore, 1 �M of these ARis were 
used as the minimally effective concentration that results 
in significant inhibition of AR-dependent target protein 
expression. This was combined with 3 �M�7 �M of FRS2�i 
and tested in both 2D and 3D co-cultures of CWR-R1, 
LNCaP, and VCaP cells with CAFs. Exposure to FRS2�i 
alone, effectively blocked cell proliferation (as shown in 
section�3.4 and Figure�3). However, no significant change 
in proliferation over FRS2�i alone was observed upon 

combinatorial treatments with ARi in 2D co-cultures 
for both LNCaP (Figures� S5A, S6A) and CWR-R1 cells 
(Figures� S5C, S6C). As expected, only weak effects of 
FRS2�i with ARi on cell proliferation were observed for 
VCaP co-culture (Figures� S5B, S6B). Correspondingly, 
the cellular viability upon combinatorial treatment with 
FRS2�i and ARi, had no additive or synergistic effects 
(Figures�S5D, S6D) in 2D co-cultures. The single and com-
binatorial effects on CAFs quantitated by distinct, separate 
image analysis and segmentation of GFP-labeled cells in 
the co-culture were not significantly different (Figure�S7). 

F I G U R E  �   The FRS2�i blocks cancer cells and CAFs growth in a dose-dependent manner in the PCa co-cultures of LNCaP, VCaP, 
and CWR-R1. (A, C, E) Time course effects of FRS2�i treatment on proliferation (line graphs) and cellular viability (bar graphs), expressed 
as percentage of solvent (0.1% DMSO) control in LNCaP, CWR-R1, and VCaP co-cultures with CAFs. (B, D, F) Time course analysis of 
FRS2�i treatment effects on the growth of CAFs expressed as the count of green fluorescent cells in (B, F) and migration of the cells into 
the wound expressed as the percentage of wound confluence in (D). Statistical significance of n = 3 replicates in A, B, and C were calculated 
using one-way ANOVA using Dunnett’s test with controls (0.1% DMSO) as reference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
(G) Immunoblot analysis of FGFR downstream signaling, with protein band signal intensities, indicated in the line graphs in response to 
0 �M�10 �M FRS2�i treatment. Antibodies used are indicated to the right of the immunoblot panels.

F I G U R E  �   The FGFRis affect proliferation of CAFs in a dose-dependent manner (A�C). Time course shows the effects of FIIN1 (A), 
FIIN2 (B), and FRS2�i (C) treatment on proliferation (indicated as percentage of confluence) and (D) cell viability after 72 h of treatment, 
expressed as the percentage of solvent (0.1% DMSO) control. Statistical significance of n = 3 replicas was calculated using one-way ANOVA 
and Dunnett’s test with controls (0.1% DMSO) as a reference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (E) Representative phase-
contrast images of CAF 2D mono-cultures after 72 h treatment with FGFRis. Scale bar 200 �m. (F) Immunofluorescent staining of CAFs in 
3D organotypic culture against mesenchymal markers (vimentin), F-Actin (Phalloidin), a cell proliferation marker (Ki67), and nuclear DNA 
counterstain (Draq5) after 6 days of treatment with FRS2�i. The images were captured with a 40× objective using the spinning disk confocal 
microscope. Scalebar = 100 �m.
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