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Stromaleepithelial cell interactions play an important role in cancer and the tumor stroma is regarded as
a therapeutic target. In vivo xenografting is commonly used to study cellular interactions not mimicked
or quantiﬁed in conventional 2D culture systems. To interrogate the effects of tumor stroma (cancerassociated ﬁbroblasts or CAFs) on epithelia, we created a bioengineered microenvironment using human
prostatic tissues. Patient-matched CAFs and non-malignant prostatic ﬁbroblasts (NPFs) from men with
moderate (Gleason 7) and aggressive (Gleason 8e9 or castrate-resistant) prostate cancer were cultured
with non-tumorigenic BPH-1 epithelial cells. Changes in the morphology, motility and phenotype of
BPH-1 cells in response to CAFs and NPFs were analyzed using immunoﬂuorescence and quantitative cell
morphometric analyses. The matrix protein gene expression of CAFs, with proven tumorigenicity in vivo,
had a signiﬁcantly different gene expression proﬁle of matrix proteins compared to patient matched
NPFs. In co-culture with CAFs (but not NPFs), BPH-1 cells had a more invasive, elongated phenotype with
increased motility and a more directed pattern of cell migration. CAFs from more aggressive tumors
(Gleason 8e9 or CRPC) were not quantitatively different to moderate grade CAFs. Overall, our bioengineered microenvironment provides a novel 3D in vitro platform to systematically investigate the
effects of tumor stroma on prostate cancer progression.
Crown Copyright Ó 2013 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The cell microenvironment through multiple controlled signals
directs fundamental cellular processes such as migration, proliferation, survival, and differentiation. Aberrant cues can result in
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diseases, such as cancer [1,2]. Speciﬁcally, in prostate cancer, the
stromal microenvironment is critical in determining epithelial cell
differentiation and function [3]. In tumor stroma, carcinomaassociated ﬁbroblasts (CAFs) have a distinct phenotype relative to
normal prostate ﬁbroblasts (NPFs) and confer tumorgenicity on
non-tumorigenic prostatic epithelial (BPH-1) cells when xenografted in vivo [4e7]. Based on these observations, CAFs are a
therapeutic target.
At present, the only proven method of investigating CAF
tumorigenicity is tissue recombination, where stroma and epithelia
are co-grafted into immune-deﬁcient mice and the outcome is
whether or not a tumor is formed. We and others have widely used
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this bioassay, yet the techniques are lengthy and technically challenging; only recently we developed a method for unbiased semiquantitative analyses [4]. To advance the ﬁeld, there is a need to
develop improved in vitro models to mimic the cancer cell interactions with the microenvironment and allow quantitative analyses of the outcome, in terms of their effect on the epithelium. In
turn, this will enable the comparison of relative differences between different patient CAFs. Ultimately, this data is fundamental
to identify mechanisms that underpin therapeutic targeting of tumor stroma.
In the past, in vitro models of cancer cells have largely depended
on the use of two-dimensional (2D) tissue culture on plastic or glass
surfaces. Although much has been learned from these studies about
how paracrine mechanisms instruct or direct cell behavior, these
approaches are limited by the fact that the cells on surfaces often
experience artiﬁcial polar environments, atypical elastic properties
of their environment, and non-physiological cell contacts and
densities. Moreover, the ﬂat surface of the tissue culture plate
represents a poor topological approximation of the more complex
three-dimensional (3D) architecture of the extracellular matrix
(ECM) [8]. Therefore, more physiologically mimetic model systems
to study both normal and abnormal functions of cells and tissues
are desirable [9]. There is strong evidence exists that the highly
porous nano- and microtopography that results from the 3D
ﬁbrillar associations of ECM proteins is essential for cell adherence,
cytoskeletal organization, migration, signal transduction,
morphogenesis and differentiation in cell culture [10,11].
The hypothesis of this study was that production of ECM components in a cellularized co-culture method would allow in vitro
validation of prostatic CAFs. Herein, a bioengineered approach was
developed to compare the effects of human primary stromal ﬁbroblasts on epithelial cell morphology and motility and test if
there is a change with prostate cancer progression.
2. Materials and methods
2.1. Isolation of primary prostatic stromal cells (CAFs and NPFs)
Human prostate specimens were obtained by the Australian Prostate Cancer
BioResource with approval from the Cabrini Institute (03-14-04-08), Epworth
Hospital (34306) and Monash University Human Research Ethics Committees
(2004/145). Tissue was collected from radical prostatectomy specimens for CAFs
and NPFs as previously described [4]. Transurethral resection of the prostate (TURP)
tissue was used for benign prostate ﬁbroblasts (BAFs) and CAFs from castrate
resistant prostate cancer (CRPC). Prostate tissue specimens were diced into 2e
3 mm3 pieces, then digested in digestion media (RPMI, 10% fetal calf serum (FCS),
25 mM HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, 0.5 mg/mL fungizone,
100 mg/mL gentamicin, 225 U/mL Collagenase Type I (SigmaeAldrich) and 125 U/mL
Hyaluronidase Type II (SigmaeAldrich)) for approximately 16 h. Cell suspensions
were washed with PBS and transferred into T75 ﬂasks with RPMI (School of
Biomedical Sciences, Media and Prep Services, Monash University) containing 5%
heat inactivated FCS (ThermoScientiﬁc), 1 nM testosterone (SigmaeAldrich), 10 ng/
mL ﬁbroblast growth factor (FGF; Millipore), 100 U/mL penicillin and 100 mg/mL
streptomycin (Gibco), which allows for the selective growth of stromal cells. Cells
were maintained at 37  C in 5% CO2 atmosphere. Matched stromal cells from ﬁve
patients and unmatched CAFs from two patients with CRPC were used for this study
between passages 2 and 10. For all 7 patients (ievii), the original patient ID and
pathology are recorded in Table 1.
2.2. BPH-1 cells
BPH-1 cells [12] were grown in RPMI media, supplemented with 5% heat inactivated FCS, 100 U/mL penicillin and 100 mg/mL streptomycin at 37  C, 5% CO2.
2.3. Animals
All animal handling techniques and procedures were conducted in accordance
with National Health and Medical Research Council guidelines for the care and use of
Laboratory Animal Act according to the Animal Experimentation Ethics Committee
at Monash University (Approval Numbers: MMCA/2008/33). Sprague Dawley day 0e
1 rats were obtained from Monash University Central Animal Services (Clayton,
Australia) and culled. Seminal vesicles (SVs) were dissected in DMEM F-12. The

Table 1
Primary prostatic stromal cell lines used in study.

Gleason 7

Gleason 8e9

CRPC

Patient

Cell line

Pathology (Gleason score)

i

26

ii

35

iii

72

iv

62

v

64

vi
vii

CRPC e 4
CRPC e 5

CAF
NPF
CAF
NPF
CAF
NPF
CAF
NPF
CAF
NPF
CRPC-CAF
CRPC-CAF

3 þ 4 (7)
Benign
4 þ 3 (7)
Benign
3 þ 4 (7)
Benign
4 þ 5 (9)
Benign
4 þ 4 (8)
Benign
4 þ 5 (9)
4 þ 5 (9)

CPRC e castrate-resistant prostate cancer.

mesenchyme (SVM) was dissociated from the epithelium by digestion in 1% trypsin
for 70 min and separated into mesenchyme and epithelial components by dissection. SVM were transferred to fresh DMEM with 20% FCS where they were stored on
ice until recombinant grafts were made. Non-obese diabetic severe combined
immune-deﬁcient (Nod-SCID) 6e8 weeks old male mice were obtained from Animal
Resources Centre (Canningvale, Australia) for grafting of recombinants.
2.4. Tissue recombination
Tissue recombination involves mixing of stromal and epithelial cell populations
which are combined and then grafted into immune-deﬁcient host mice, as previously described [7,13]. For this study tissue recombinants were generated from NPFs,
CAFs, BAFs or SVM (w2.5  105 cells), mixed with 1  105 BPH-1 cells. Recombinants
were embedded in 10e50 ml of type I rat tail collagen and incubated overnight in a
5% CO2 humidiﬁed incubator at 37  C in complete RPMI 1640 with 1 nM testosterone. The following day, recombinants were surgically implanted under the renal
capsule of Nod-SCID mice, typically with 3e4 grafts on each kidney. Nod-SCID hosts
were supplemented with 5 mm sub-cutaneous testosterone (T) implants. Recombinant tissues were grown in host mice for 8 weeks. At the time of harvest, wet
weights of tissue recombinants were recorded and tissues were ﬁxed in 10%
formalin and embedded in parafﬁn wax for histological analysis by hematoxylin and
eosin staining.
2.5. In vitro co-culture
CAFs or NPFs were seeded at 3  103 cells/cm2 onto ThermanoxÔ coverslips (B
13 mm, ThermoScientiﬁc) in 24 well plates (BD Falcon). Cells were cultured at 37  C,
5% CO2 and after three days the medium was supplemented with 50 mg/mL ascorbic
acid (Sigma) to stimulate extracellular matrix deposition [14]. Fibroblasts were
cultured for a further 2 weeks to yield a dense monolayer with extensive ECM
deposition. Then 1.5  104 BPH-1 cells pre-stained with Cell Tracker green CMFDA
(5-chloromethylﬂuorescein diacetate; Invitrogen Molecular Probes, USA) were
seeded on top of the ﬁbroblasts and cultured at 37  C, 5% CO2 for 3 days.
2.6. Immunocytochemistry
After 2e3 passages, stromal cells were trypsinized and 5  103 cells were seeded
into wells of Millicell EZ slides (Merck Millipore, Massachusetts, USA) and grown
overnight in a 37  C, 5% CO2 humidiﬁed incubator. Cells were stained for vimentin
(SigmaeAldrich, Missouri, USA; 5 mg/mL) and smooth muscle actin (SigmaeAldrich;
1 mg/mL). Epithelial speciﬁc markers such as cytokeratin 8/18 (Leica Biosystems,
Germany; 2.1 mg/mL) and high molecular weight cytokeratin (CKHMW; Dako,
Denmark; 0.18 mg/mL) were used to identify any contaminating non-stromal cells.
Staining was performed as previously reported [15]. Brieﬂy, cells were ﬁxed in 4%
formalin, permeabilized with 0.3% Triton X-100, and blocked using peroxidase and
CAS blocks prior to incubation with primary antibodies or matching isotype controls.
Staining was visualized using anti-mouse polymer-HRP and ABC (Dako), followed by
DABþ chromagen solution for 3e5 min and hematoxylin counterstaining.
2.7. Immunoﬂuorescence
Samples were ﬁxed with 4% formaldehyde (SigmaeAldrich) for 10 min at room
temperature, washed twice with PBS and then permeablized for 5 min with 0.2%
Triton X (BDH, Poole, UK)/PBS. After a 10 min blocking step with 2% BSA (Sigma)/PBS,
samples were incubated with 10 mg/mL of mouse anti-human ﬁbronectin (HFN 7.1,
DSHB), in 2% BSA in PBS for 1 hour at room temperature; mouse IgG (Invitrogen) was
used as a control. After washing with PBS, samples were incubated with 10 mg/mL
ﬂuorescently labeled secondary antibody (cell signaling, anti-mouse Alexa 633), 8 U/
mL phalloidin-TRITC (Invitrogen), and 5 mg/mL DAPI (Invitrogen) diluted in 2% BSA in
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PBS. After washing with PBS and distilled H2O (Millipore), samples were mounted
upside down onto glass coverslips (Proscitech) with mounting medium (Prolong
Gold, Invitrogen). Images were acquired on a confocal microscope (Nikon C1 Upright
confocal microscope (Nikon Instruments Inc.), or Leica SP5, (Germany)). Quantitative analysis of cell morphology was performed using MetaMorph software (Molecular Devices). Thresholds were applied to ﬂuorescent images of green ﬂuorescent
BPH-1 cells (green channel), which were then transformed into binary pictures and
processed with the integrated morphometry tool in Metamorph to extract shape
factor, spreading area and orientation angle of individual cells. A total of 12 images, 3
images from 4 replicate samples, were analyzed per condition.
2.8. Cell migration analysis
Cell Tracker-labeled BPH-1 cells (1.5  103) were seeded onto monolayers of
CAFs and NPFs and cultured for 48 h at 37  C in 5% CO2. Epiﬂuorescent and phase
contrast images were recorded every 20 min using a Leica AF6000LX microscope
(Leica Microsystems). Image stacks were analyzed with Image J using the “manual
tracking tool” and x and y positions were retrieved. For a cell tracked over N sequences at a constant time interval Dt ¼ 20 min, the mean square displacement
(MSD) d2 for the time interval tn ¼ n*Dt was calculated as follows:
D

E

d2 ðtn Þ

¼

Nn
X
1
$
ðx
 xi Þ2 þ ðynþ1  yi Þ2
N  n þ 1 i ¼ 0 nþi

(1)

where xi and yi are the coordinates of the tracked cell in frame i, N is the total
number of frames, and n is the step number. Mean squared displacements were
calculated using an automated procedure written in Igor Pro (Wavemetrics). The
mean square displacements were averaged for all analyzed cells and plotted against
the time interval tn for 0e36 h. Using Igor Pro, data were then ﬁtted to the persistent
random walk (PRW) model (equation (2)) [16] to calculate persistence time P and
migration speed S.
. 



f ðtn Þ ¼ 2$S2 $P$ tn  P$ 1  exp tn P

(2)

At least 25 cells from 3 different movies of each type of co-culture were
analyzed.
2.9. Gene expression analyses
Total RNA was extracted from passage 3e6 cells using TRIzol (Invitrogen). For
quantitative RT-PCR, RNA was reverse transcribed with Superscript III (Invitrogen)
and ampliﬁed on an ABI 7900 thermocycler (Applied Biosystems) with SYBR Green
(Applied Biosystems) and previously reported SFRP1 [6] and GAPDH primers [17].
Samples from patients i, ii and iii were also applied to Affymetrix Human Gene 1.0ST
arrays at the Australian Genome Research Facility (Sydney, Australia). Pairwise analyses of CAFs and NPFs from each patient were performed using the limma package
in R [18]. A ranked list of differentially expressed genes was generated based on
the sign(log fold change)*log 2(p-value). Data were analyzed using gene-set
enrichment analysis [19,20] with the Gene Ontology (C5) collection of molecular
signatures for cellular components (C5-CC). The results were visualized with the
Enrichment Map plugin [21] for Cytoscape software [22] using default parameters.
2.10. Statistical analysis
All data was expressed as mean  standard error of the mean (SEM) where
appropriate. Signiﬁcance within individual patients was compared using an unpaired student’s t-test. Statistical signiﬁcance between grouped CAFs and NPFs was
determined using a paired student’s t-test. All data analyses were conducted using
GraphPad Prism 5.04 software (GraphPad Software, Inc., San Diego, California, USA)
or Igor Pro 6.05 software (WaveMetrics, Inc, Portland, Oregon, USA).

3. Results
3.1. Morphological and molecular characterization of prostatic
stroma
For this study, primary ﬁbroblasts were isolated from human
radical prostatectomy specimens. Tissue pieces were selected from
conﬁrmed malignant areas and adjacent non-malignant areas, as
assessed by a pathologist. Carcinoma-associated ﬁbroblasts (CAFs)
and normal prostatic ﬁbroblasts (NPFs) were isolated from digested
tissue and cultured in medium that selects for ﬁbroblasts instead of
prostate epithelial cells. As an additional control, benign-associated
ﬁbroblasts (BAFs) were isolated from patients with benign prostatic
hyperplasia (BPH). CAFs and NPFs were morphologically
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indistinguishable as assessed by phase contrast microscopy
(Fig. 1A). Enrichment of ﬁbroblasts in culture was conﬁrmed by
immunoreactivity for smooth muscle a-actin and vimentin, but not
cytokeratin 8/18 or high molecular weight cytokeratin, which are
expressed by prostate epithelial cells (Fig 1B). Although the cultures
were visually identical, we conﬁrmed that the gene expression of
SFRP1 (secreted ﬁzzled receptor protein 1), a co-receptor for Wnt ligands that is commonly elevated in prostatic CAFs [4,6], was
signiﬁcantly elevated in CAFs compared to patient-matched NPFs
and unrelated BAFs (Fig. 1C).
3.2. Functional in vivo characterization of prostatic ﬁbroblasts
In vivo tumorigenic potential was tested using traditional tissue
recombination with CAFs and patient-matched NPFs from three
different patients with Gleason 7 prostate cancer. To do this,
selected populations of stromal ﬁbroblasts (either CAFs, NPFs, BAFs
or SVM; mouse seminal vesicle mesenchyme) were combined with
BPH-1 human prostate epithelial cells, which are initiated, but
non-tumorigenic [7]. Tissue recombinants were surgically placed
under the renal capsule of testosterone supplemented immunedeﬁcient mice (Nod-SCID) for 8 weeks (Fig. 1D). Harvested grafts
were analyzed for morphological and histological changes. As a
baseline, mouse SVM was used to induce benign differentiation of
BPH-1 cells (Fig. 1E). In SVM þ BPH-1 recombinants, glandular
ducts formed as organized acini surrounded by an intact basement
membrane, containing benign epithelial cells with low cytoplasmic to nuclear ratios. In contrast, CAF þ BPH-1 recombinants
formed large tumor masses, with poorly differentiated epithelial
cells with high cytoplasmic to nuclear ratios. Some BPH-1 cells
escaped the tumor front and were observed invading into the
surrounding stroma (Fig. 1E). In contrast, NPFs and BAFs produced
an intermediate phenotype between the cancerous CAFs and
benign SVM. NPF þ BPH-1 grafts formed one large epithelial mass,
lined by organized epithelial cells with benign morphology. BPH-1
cells undergo extensive differentiation and produce keratin pearls
in the center of the glands. BAFs showed a similar phenotype
(Fig. 1E).
Tissue recombination is currently the best approach to assess
the functional differences between CAFs and NPFs (or BAFs), but it
has multiple limitations. Firstly, whilst it allows adequate analysis
of gross changes in morphology, ﬁne changes to individual parameters of morphology, invasion or motility are not measurable.
Secondly, the technique is labor intensive, expensive and time
consuming, providing semi-quantitative data [4]. Therefore, there
is a need to develop an in vitro model that recapitulates the functional activity of CAFs observed in vivo.
3.3. Gene set enrichment analysis of prostatic stroma
To help design an in vitro model capable of capturing the
phenotypic differences between CAFs and NPFs, their gene
expression proﬁles were compared using affymetrix microarrays.
Gene-set enrichment analysis was used to examine the function
and subcellular localization of these genes based on gene ontology
categories. This revealed that clusters of extracellular matrix (ECM)
and plasma membrane proteins are over-expressed in CAFs (Fig. 2).
Clusters of genes that regulate transcription and are localized in the
nucleus or mitochondria are down-regulated in CAFs. Given the
enrichment of cell membrane and ECM proteins in CAFs versus
NPFs, we decided to develop a co-culture method that maintains
cellecell interactions, allows for assembly of physiologically and
anatomically relevant ECM and secretion of growth factors and
chemokines.
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A

E

SVM + BPH-1

Carcinomaassociated
fibroblasts

Normal prostatic
fibroblasts
NPFs

CAFs
BAF + BPH-1

C

B

NPF + BPH-1

D

CAF + BPH-1
Stroma

+

BPH-1 cells
Fig. 1. Human CAFs exhibit a tumorigenic phenotype. (A) Schematic representation of CAF and NPF isolation from human radical prostatectomy specimens. In culture, NPFs and
CAFs are indistinguishable. (B) Expression of vimentin and a smooth muscle actin (aSMA) in CAFs (representative of NPFs and BAFs) and negative expression of epithelial markers:
luminal (CK8/18) and basal (high molecular weight, HMWCK) cytokeratins. Inset is isotype-matched negative control (mouse IgG1). (C) qPCR analysis of SFRP1 mRNA expression in
three independent patient CAF/NPF lines, compared to non-patient matched BAFs. Data are represented expression relative to GAPDH. CAF and NPF lines (patients i, ii, iii) were
derived from Gleason 7 specimens; lines connect patient-matched specimens. (D) Schematic representation of in vivo tissue recombination assay used to test tumorigenic potential
of stromal cell lines. Left hand image is initial grafts, and right hand image is grafts at the time of harvest (8 weeks post-graft in NOD-SCID host mice). (E) Representative H&E images
of BPH-1 cell recombinants with SVM, BAF, NPF or CAF grown in Nod-SCID mice for 8 weeks. Scale ¼ 100 mm (A), 50 mm (B and E; right panels) and 200 mm (E; left panels).

3.4. Morphological analysis of cellularized co-cultures
Patient-matched CAFs and NPFs (n ¼ 3) from moderate grade
(Gleason 7) prostate cancer specimens were cultured under conditions that stimulate the production of ECM proteins. After 3
weeks of culture, dense stromal monolayers with abundant ECM
surrounding the cells had formed. Following co-culture with BPH-1
cells, we observed differences in CAF and NPF cell morphology.
While NPFs grew in a random arrangement, CAFs consistently grew
in a highly aligned organization, with the majority of ﬁbroblasts
orientated in the same direction (Fig. 3A,B). Similarly, the ﬁbronectin meshwork secreted by NPFs was less organized compared to
the aligned ﬁbronectin ﬁbrils around CAFs.
After 3 days of culture on NPFs, BPH-1 cells adopted a round
spreading morphology and grew in dense clusters with close cellcell contacts (Fig. 3A). In comparison, when BPH-1 cells were
cultured on CAFs, they elongated in the direction of the underlying
ﬁbroblasts (Fig. 3B).
To quantify the changes in BPH-1 cell morphology, Metamorph
software was used to measure the shape factor, spread area and
orientation of cells cultured on CAFs and NPFs from three patients
with moderate grade (Gleason 7) prostate cancer. For all three
patients, the shape factor of BPH-1 cells co-cultured on CAFs was
signiﬁcantly lower compared to BPH-1 cells on NPFs (Fig. 3C,D).
This conﬁrmed the qualitative ﬁndings of BPH-1 cells adopting an
elongated morphology on CAFs, and a more round, spreading

morphology on NPFs. Concomitantly, morphometric analysis
revealed a higher spread area of BPH-1 cells co-cultured on a CAFmatrix than on NPFs (Fig. 3E,F). Further, a distinct orientation was
found for the majority of BPH-1 cells spreading on CAFs compared
to NPFs. Whereas BPH-1 cells oriented their main axis within a
narrow angular range on CAFs, BPH-1 cells were more randomLy
arranged on NPFs, as indicated by their orientation values being
widely spread (Fig. 3GeJ). Importantly, the data for shape factor
and spread area were reproducible and were replicated by three
individual investigators in two separate laboratories (Supplemental
Fig. 1).
3.5. Motility changes in cellularized co-cultures
The more elongated morphology of BPH-1 cells on CAFs
resembled a more invasive phenotype. Therefore, we compared
BPH-1 cell migration on CAFs and NPFs using timelapse videomicroscopy. Fluorescently-labeled BPH-1 cells were seeded onto
CAF or NPF monolayers and ﬁlmed over a total of 48 hours
(Fig. 4A,B; Supplemental Videos 1 and 2). To quantify cell migration,
individual BPH-1 cells were tracked. By ﬁtting the mean squared
displacements of cells with the persistent random walk model,
migration speed and persistence time could be calculated (Fig. 4C)
[16]. Quantitative analysis revealed profound differences in the
migration of BPH-1 cells on NPF and CAF monolayers. Both a higher
migration speed (Fig. 4D) and a 0higher persistence time (Fig. 4E)
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Proteinaceous
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Membrane
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Dystrophin Associated
Glycoprotein Complex
Mitochondrial Lumen

Mitochondrial
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Ribonucleoprotein
Complex

Spliceosome
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Small Nuclear
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DNA Directed
RNA Polymerase
RNA Polymerase Complex
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Pore Complex
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Nuclear Body
Cytoplasmic Vesicle Part
Proteasome Complex
Nuclear DNA Directed
RNA Polymerase Complex

Nuclear Pore

Fig. 2. Gene-set enrichment analysis of differentially expressed genes in CAFs and NPFs. An enrichment map of genes that are up-regulated (white) and down-regulated (grey) in
CAFs compared with NPFs. Each node represents a gene ontology category enriched with differentially expressed genes. The size of nodes corresponds to the size of the gene-set.
The thickness of lines connecting each node represents the number of overlapping genes between each node, where thicker lines indicate greater overlap.

were measured for BPH-1 cells on CAFs compared to NPFs. This
indicated that BPH-1 cells not only translocate faster on CAF
monolayers, but also in a more directed way. This is in agreement
with the more invasive morphology of BPH-1 cells on CAF
compared to NPF cell layers, since directed cell migration is a key
factor for cancer cell invasion.
Supplementary material associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
biomaterials.2013.03.005.
3.6. Effect of disease progression on prostatic ﬁbroblasts
Benign human prostate consists of intact glandular structures,
lined by epithelial cells surrounded by a ﬁbromuscular stroma

(Fig. 5A). In contrast, prostate cancer is characterized by a progressive loss of ductal architecture and invasion of tumor cells
accompanied by signiﬁcant changes in the composition of the
stroma [23]. Moderate grade Gleason 7 tumors have some
remaining ductal architecture, whilst advanced Gleason 8e9 tumors lack ductal architecture and have tumor cells invading into
the stromal microenvironment (Fig. 5A). The pathology of CRPC is
similar to high grade prostate cancer, but has been subjected to
androgen deprivation (Fig. 5A).
To interrogate whether increasing Gleason Score affects the
ability of CAFs to alter BPH-1 cell morphology, we compared specimens from two Gleason 8e9 tumors and two CRPC to the original 3
patient specimens from Gleason 7 prostate cancer. Data were represented as mean values from each patient (n ¼ 7); CRPC ﬁbroblasts
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Persistence time (min)

12x103

Migration speed (µm/h)

Mean squared displacement (µm2)
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4
3
2
1

500

1500
1000
Time interval tn (min)

2000

400
300
200
100
0

0
0

500

NPF

CAF

NPF

CAF

Fig. 4. Time lapse imaging of BPH-1 cells on NPF and CAF cellularized matrices. BPH-1 cells tracked over 48 hours on NPF (A) and CAF (B) matrices from patient iii. Lines show the
course traveled by each BPH-1 cell. (C) Cell migration of BPH-1 cells migrating on NPF and CAF monolayers over the ﬁrst 36 hours. The graph represents averaged mean squared
displacements over time of BPH-1 cells (25 cells over 3 movies per cell line) on NPFs or CAFs. Dotted black lines show ﬁts with the random persistent walk model. The migration
speed S (D) and persistence time P (E) were extracted from the ﬁt function.

were obtained from men with advanced disease, and thus no
matching normal tissue was available. Gleason score did not affect
BPH-1 cell shape factor, spread area or orientation, with values from
CAFs and NPFs from each group clustering together (Fig. 5BeD). For
orientation, the percentage of BPH-1 cells orientated between 15
and 15 was consistently higher for cells cultured on a CAF matrix,
independent of cancer stage, when compared to BPH-1 cells on an
NPF matrix (Fig. 5D). These data show that CAFs derived from
different grades of prostate cancer have similar functional effects as
determined by the cellularized co-culture model.
4. Discussion
Xenograft models where epithelia are recombined with stroma
to study tumorigenicity are based on complex cellular interactions
that cannot be replicated in standard 2D cell cultures because cues

from the cell matrix play a critical role in directing and maintaining
cell fate in vivo. Misregulation within the extracellular space can
cause cell death or other aberrant behaviors associated with
developmental defects and diseases such as ﬁbrosis and cancer.
Thus, as one thinks about cell culture models for functional studies,
it is prudent to consider the surrounding microenvironment,
especially given that the expression of ECM genes is signiﬁcantly
different between CAFs and NPFs.
We proposed that a multi-component bioengineering strategy,
incorporating biomaterial probes and physicochemical manipulation into in vitro platforms, would enable dynamic extracellular
matrix signals between CAFs and epithelia to be modeled. The 3D
culture system described herein stimulates ECM production to
provide spatial and temporal matrix interactions essential for cell
function, integration of information through surface receptors, and
activation of downstream intracellular signaling pathways.

Fig. 3. Morphological changes induced by CAFs on BPH-1 morphology at day 3. Epithelial cell morphology in NPF co-culture (A) and in CAF co-culture (B). Immunoﬂuorescent
labeling of BPH-1 cells (GFP-Cell Tracker-green), and ﬁbroblasts (ﬁbronectin-yellow; F-actin-red). Nuclei visualized using DAPI (blue). Images of patient ii (passage 8) are representative of all NPFs and CAFs. Scale bar ¼ 100 mm. Quantitation of shape factor (C,D), spread area (E,F) and orientation (GeJ) of BPH-1 cells on CAF and NPF cellularized matrices
after 3 days of co-culture. Box and whisker plots (C,E) and axial orientation (GeJ) represent the mean shape factor, spread area and orientation values for each individual patient (i,
ii, iii). Box plots (C, E) and axial diagrams (G, H, I) represent individual patient data, histograms (D,F) and combined axial diagram (J) represent pooled cell shape factor and spread
area values from n ¼ 3 matching CAF and NPF lines derived from Gleason grade 7 (moderate) patients, measured by one investigator (D, F). For all graphs, cells were analyzed using
4 technical replicates per patient, from 3 images per replicate. A student’s t-test was used to determine signiﬁcance (*P < 0.0001) (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.).
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Fig. 5. Effect of ﬁbroblasts from increasing tumor stage on BPH-1 cell morphology. (A) Photomicrographs representing the histological changes observed from benign human
prostate to low/moderate grade prostate cancer (Gleason grade 7), high grade prostate cancer (Gleason 8e9) and castrate-resistant prostate cancer (CRPC). (BeD) Graphical
representation of changes in shape factor (B), spread area (C), orientation (D). Patient CAFs and NPFs from Gleason 7 (n ¼ 3; patients i, ii, iii; black circles), Gleason 8e9 (n ¼ 2;
patients iv, v; gray squares) and castrate-resistant prostate cancer (n ¼ 2; patients vi, vii; CAFs only, without matching NPFs; white triangles) were used in cellularized matrix coculture with BPH-1 cells. A student’s t-test was used to determine signiﬁcance. ***P < 0.001. Values are expressed as mean  SEM.

Many in vitro cancer assays focus on epithelial cell biology, so
they often lack essential components of the microenvironment and
are, therefore, unsuitable for studying the dynamic reciprocal,
bi-directional cell interactions that occur. The novelty of our bioengineered model lies in the ability to interrogate the changes that
tumor stroma confers on epithelia; the invasive phenotype that
normally non-tumorigenic BPH-1 cells adopt when cultured with
CAFs mimics exactly what is observed with in vivo xenografts [4,7].
Therefore, our bioengineering platform based on ECM production is
a new method to demonstrate that CAFs confer tumorgenicity in
epithelial cells, whereas NPFs do not.
As cancer assays are translated from the Petri dish to the third
dimension, analyses will become more demanding and require
ingenious bioengineering solutions. For example, new methods
will be required to recover protein and nucleic acid complexes from
a complex culture milieu to validate cell function. With this in
mind, we used our expertise in ECM topology, where organization,
orientation and post-translational modiﬁcations of the matrix
validate our bioengineering tools [24]. Once an ECM has formed,
cells respond by altering shape and mechanical properties. In
cancer, cells become elongated, the area of spread is reduced, they
orientate along a discrete axis, and motility increases [25]. We used
time lapse and confocal laser microscopy in combination with
software analysis to show that these epithelial features are driven
by modiﬁed cues from ECM-stimulated CAFs, but not NPFs, and are
fully concordant with our previous observations using xenografting
methodology [4].
Our bioengineered in vitro microenvironment has substantial
advantages over the in vivo model. It is not only faster and less
technically demanding, but allows quantitative analyses of

individual parameters that therefore, permit more objective analyses of CAFs versus NPFs. Indeed, these quantitative analyses
revealed that whilst CAFs from all patients were signiﬁcantly
different from their matched NPFs, CAFs from tumors of
increasing grade were not signiﬁcantly different from each other.
This is an unexpected insight into the tumor microenvironment,
which warrants further investigation, but nevertheless endorses
the need to therapeutically target the stroma at all stages of
disease progression.
5. Conclusions
This co-culture technique is a reliable in vitro model to quantify
stromaleepithelial interactions in the tumor. The cellularized matrix, which includes production of ECM, more accurately mimics
the microenvironment found in vivo. Using this method, quantitative comparisons were made between ﬁbroblasts from individual
men at different stages of prostate cancer progression. Our data
demonstrate the ability of CAFs to induce phenotypic changes in
BPH-1 cells, regardless of the tumor stage.
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