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In the fields of biomaterials and tissue engineering simulating the native microenvironment is of
utmost importance. As a major component of the microenvironment, the extracellular matrix (ECM)
contributes to tissue homeostasis, whereas modifications of native features are associated with
pathological conditions. Furthermore, three-dimensional (3D) geometry is an important feature of
synthetic scaffolds favoring cell stemness, maintenance and differentiation. We analyzed the 3D
structure, geometrical measurements and anisotropy of the ECM isolated from (i) human bladder
mucosa (basal lamina and lamina propria) and muscularis propria; and, (ii) bladder carcinoma

(BC). Next, binding and invasion of bladder metastatic cell line was observed on synthetic scaffold
recapitulating anisotropy of tumoral ECM, but not on scaffold with disorganized texture typical of non-
neoplastic lamina propria. This study provided information regarding the ultrastructure and geometry
of healthy human bladder and BC ECMs. Likewise, using synthetic scaffolds we identified linearization
of the texture as a mandatory feature for BC cell invasion. Integrating microstructure and geometry
with biochemical and mechanical factors could support the development of an innovative synthetic
bladder substitute or a tumoral scaffold predictive of chemotherapy outcomes.

A comprehensive examination of the 3D-structure and geometry of the extracellular matrix (ECM) of
non-tumoral human bladder and paired human urothelial bladder cancer (UBC) specimens have not yet been
undertaken. Given the proven critical role of ECM in determining cell behavior, organ functioning, and tumor
progression'™, a through characterization of the healthy and tumoral human bladder ECM would pave the way to
(i) assessing pathways leading to modification of bladder ECM during tumor progression and invasion; (ii) mod-
elling a 3D synthetic bladder wall able to create an environment more similar to the in vivo microenvironmental
niche conditions to test innovative therapies; and, (iii) for promoting bladder regenerative medicine in patients
eventually needing bladder augmentation. In this context, we sought to assess the ultrastructure and geometry of
the healthy human bladder ECM; moreover, specimens from muscle invasive bladder cancer (MIBC) were used
to assess modifications of the ECM that occurred during tissue invasion. Therefore, we provide novel findings
regarding an ultrastructural analysis of the ECM from the basal lamina, lamina propria, and muscularis propria
layers of the healthy bladder, comparing the features of non-tumoral ECMs with that of MIBC-derived ECM.
Either partial or complete urinary bladder replacement may be indicated in individuals with congenital or
acquired diseases (eg, congenital bladder extrophy and spina bifida, spinal cord injury and MIBC) with indi-
cations for orthotopic bladder reconstruction®®. Currently, the treatment of choice in these cases is surgical
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enlargement of the bladder using intestinal tissue. Enterocystoplasty is potentially associated with a number of
sequalae such as metabolic disturbance (iperchloremic acidosis), increased mucus production, urinary stones
formation, urinary tract infections and even secondary-developed malignant diseases’. In an attempt to overcome
these limitations, over the last decades naturally-derived and synthetic scaffolds have been engineered with the
specific aim to provide alternatives for either repairing or replacing the bladder®.

Being an hollow organ composed of different tissue layers, bladder substitutes must provide support for
(i) the high density of urothelial and smooth muscle cells (eg, serving as a barrier between luminal contents
and the body cavity, while preventing premature collapse of the hollow organ itself); and, (ii) the formation
of properly-oriented muscle tissue, innervation and vascularization. Unfortunately both naturally-derived and
synthetic scaffolds, either transplanted alone or following the seeding of autologous cells, have shown limited
success, mainly due to the lack of proper innervation and blood supply, thus leading to graft shrinkage and a lack
of functionality®.

The extracellular environment is made of ECM composed of structural (core-matrisome) and
matrisome-associated components’. ECM proteins and proteoglycans interact within a network but also
participate in supra-molecular assemblies where their biological properties are modified. Conversely,
matrisome-associated components (eg, cytokines, growth factors, matrix metallo-proteases) bind to the glyco-
sylated components of the ECM, thus localizing their mechanism of action in a specific compartment. Moreover,
intrinsic domains of stromal proteins have growth factor-like structures which act as ligands for canonical growth
factor receptors. Therefore, ECM has been described as an organized solid-phase ensemble of ligands'®. In addi-
tion to the biochemical signalling provided to cells by ECM proteins, stiffness, topography and geometry of
the extracellular space also modulate cell behaviour and phenotype!=>. Recently, three-dimensional geometry
has been reported as an important feature of synthetic scaffolds favoring cell stemness, maintenance and dif-
ferentiation, nerve regeneration and vascularization''-!*. Further evidence of the role of matrix geometry is the
fact that a depletion of all integrins does not impede the movement of dendritic cells in 3D matrices'?, whereas
matrix geometry and the resulting cell confinement were the main parameters regulating cell phenotype and cell
behavior!6-15,

Modifications of the ECM emerged to be of major importance in terms of tumor progression, both at the
primary site!® and in metastatic niches®®. Recent evidence has suggested that tumor-related extracellular envi-
ronment may play a leading role, and it is not just a supporting actor over the initiation of the tumor; indeed,
the dysregulation of the composition® and stiffness?! of the ECM are associated with both the lack of asymmetric
cellular division and of the differentiation of stem cells, and with the epithelial-mesenchymal transition of cancer
stem cells as well, thus regulating tissue homeostasis and sustaining the onset and progression of cancer®!®. In
agreement with these latter observations, we recently reported that an increased organization of ECM fibrils, but
not biochemical composition, of the perilesional area of the colorectal carcinoma?? is associated with proliferation
and infiltration of metastatic cancer cells®.

Here we established ultrastructural features of tissue layers ECM of the human bladder, detailing those mod-
ifications occurring with MIBCs.

Next, feasibility study was performed to evaluate if the ultrastructural geometry of MIBC stroma was suffi-
cient to allow for adhesion and infiltration of bladder metastatic cells, using a synthetic matrix recapitulating the
texture of MIBC stroma. Since the MIBC stroma has a sub-fibrous morphology, we have produced the synthetic
matrix using the electrospinning technique, widely used in regenerative medicine and in bladder tissue engineer-
ing**?, and polycaprolactone (PCL) as a polymer model®. Electrospinning uses charge separation to produce
micro- to nanoscale non-woven fibrous mats from a polymeric solution. It is accomplished by inducing a large
electric potential (10 to 30kV) in a polymer solution (synthetic or natural) and separating that polymer from an
oppositely charged target (collector). This charge separation creates a static electric field that drags the polymer
fibers to the collector. During the time of flight of fibers to the collector the solvent of the solution evaporates and
dry fibers are then collected in the form of non-woven mats on the collector. Varying the type of collector and
the polymer solution concentration and electrospinning parameters it is also possible to obtain random, aligned
or twisted fibers. The base polymer used in the herein feasibility study, the PCL, has been chosen for its wide use
in electrospun tissue engineering?®, since it allows to control the pore size of membrane by changing the fibers
density in unit area?. PCL is also biocompatible, biodegradable and, in the form of electrospun membranes, it has
mechanical properties (Young Modulus of 3.8 4 0.8 MPa)* adequate to support the adhesion and proliferation of
cells derived from human bladder®.

We have produced 2 types of scaffolds, changing the collector type (rotating drum and grid collector) but
without varying the polymer. Each scaffold has been characterized for superficial morphological and geometrical
characteristics, and tested for the adhesion and infiltration of bladder cancer cells T24. The different produc-
tion set-up leaded to different scaffold features, such as geometrical pattern characterized by disorganized and
organized degree of fibril organization, with the latter recapitulating anisotropy of MIBC stroma and allowing
cell invasion.

This synthetic scaffold recapitulating morphologic features of the bladder environment needed for tissue inva-
sion might aid in the identification of new therapeutic targets and drugs for controlling the outcome of urothelial
bladder cancer. In general, this synthetic scaffold might be a successful and more predictable future 3D platform??
for the pre-clinical research and for better understanding the process of bladder cancer development.

Results

Patient characteristics. According to the increased incidence of UBC in male vs. female individuals, paired
non-tumoral and tumoral bladder areas were collected from specimens of 10 male individuals submitted to rad-
ical cystectomy for MIBC. Inclusion criteria only considered UBCs, while excluding squamous and sarcomatoid
histotypes (Table 1).
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Ageat TURBT- Tumor Location of tumor in
# Sex | surgery | THERAPY staging the bladder
Rear, left and right
1 M 67 NO T3BG3N1 lateral wall, dome
2 M 78 NO T3AG3N2 | Rear and left lateral wall
3 M 76 NO T3BG3N3 Dome
4 M 78 NO T3B NO Mo Rear, left and right
lateral wall,
5 M 88 NO T4AG3N2 Rear wall
6 M 67 NO T3AG2N1 | Rear and left lateral wall
7 | M 78 NO T3BG3Ng | Reanleftand right
lateral wall, base
8 M 71 NO T3AG3NO Rear wall
9 M 56 NO T3BG3N1 Rear and left lateral
wall, dome
10 M 75 NO T3AG3N1 Left lateral wall

Table 1. Characteristics of patients with transitional cell carcinoma. All patients were naive for TURBT
(Trans Urethral Resection Bladder Tumor) and therapy.

Non-neoplastic tissue was obtained from the anterior side of the bladder, which emerged as the most distant
area from the tumor lesion in every individual (Table 1). Furthermore, the choice of the anterior side of the blad-
der allowed to avoid the bias caused by the heterogeneity of the bladder tissues, that is usually limited to the areas
of the bladder neck and the trigone, where the thickness of the lamina propria is thinner as compared with that
in the dome and in the left/right/anterior and posterior wall of bladder due to an increased size of the muscularis
propria®.

Validation of both non-neoplastic and neoplastic areas was performed by histological analysis at light micros-
copy. Bladder layers were separated into the mucosa (urothelium and lamina propria) and the muscle layer. All
non-neoplastic bladder areas were free of epithelial dysplasia and/or inflammatory infiltrate; conversely, MIBC
areas showed cancer cells infiltrating both the sub-epithelial stroma and the muscle layer (Fig. 1).

ECMs from non-neoplastic bladder tissue and MIBC maintain the architecture ascribed to the
native tissue. ECM:s from human bladder mucosa (Fig. 2a), bladder muscularis propria (Fig. 2b) and MIBC
(Fig. 2c) were isolated according to our previously published protocol validated on the human colon?. The
hematoxylin-eosin stained sections of the non-neoplastic urinary bladder showed the different cells layers: (i)
mucosa, formed by transitional epithelium and lamina propria, and (ii) muscolaris propria, known as detrusor
muscle, formed by three layers of smooth muscle. MIBC contained a disorganized tissue structure with neoplastic
cells infiltrating the muscle layer. Hematoxylin-eosin staining of mucosa, muscolaris and MIBC ECM revealed
that the architecture ascribed to the native tissue was maintained, while lacking cells and nuclei.

Immunohistochemistry was used to identify cellular and stromal components and to validate ECM procedure.
Absence of cytokeratin staining revealed lack of epithelial cells in the ECM from the mucosa and MIBC. Vimentin
staining showed the removal of stromal cells in the ECM from mucosa, whereas positive labeling remained in the
ECM from muscularis propria and MIBC. In agreement with this information, also the staining with a-smooth
muscle actin revealed maintenance of cytoskeletal elements of stromal origin, likely binding the surrounding
matrix. The stromal protein type IV collagen was maintained in the ECM with the usual distribution, as evident
by its expression surrounding capillary structures in the lamina propria and vessels in MIBC-ECM.

ECMs from bladder lamina propria, muscularis propria and MIBC have 3D ultrastructural dif-
ferences. The ultrastructural evaluation performed via scanning electron microscopy analysis of the ECM
from non-tumoral bladder mucosa revealed a different morphology of the two tissue layers. The healthy basal
lamina ECM showed a flat surface characterized by regular “footprint-like” depressions with a compact base; in
some of the footprint-like” depressions round-shaped empty spaces of 6 & 0.5 um (28 counts from the 10 tested
mucosae-derived ECMs) representative of empty capillaries were present (Fig. 3a), as observed with type IV col-
lagen staining. The ECM from the healthy lamina propria showed a wavy pattern constituted of well-separated
but intersecting fibrils forming a random network (Fig. 3b).

The ultrastructure of ECM from the bladder muscularis propria appeared to have a regular morphology of
crests and clefts and a well-oriented direction of fibers consisting of parallel fibrils organized in intertwisted
bundles (Fig. 3¢).

The ultrastructure of the MIBC-derived ECM was characterized by many empty “holes” remaining after
the removal of cells, which were ascribed to veins and arteries (Fig. 3d), based on shape and diameter (ranging
between 25 and 235 pm, in agreement with previously reported diameters of veins and arteries in the healthy
bladder®; 61 counts from the 10 tested MIBC-derived ECM). The ECM from MIBC was also characterized by a
dense and compacted layer (Fig. 3d).

MIBC ECM is characterized by increased linearized texture. Width of fibrils in the lamina propria
was 83+ 0.4nm (mean & SEM) with an inter-fibrils distance ranging between 10 and 870 nm (Fig. 4a—c). Fibrils
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Figure 1. Histology of bladder mucosa, muscularis propria and MIBC. Paired mucosa and muscularis
propria were selected from the non-neoplastic tissue vs MIBC from cystectomies and evaluated by hematoxylin-
eosin staining. Three donors out of the 10 tested are shown. Asterisks are representative of areas infiltrated by
tumor cells.

width in the muscularis propria was 60 & 0.6 nm, with fibrils appearing to be organized in intertwisted bundles,
with inter-bundles distances of 8 +- 0.2 um (Fig. 4d—f). On average, the bundles completed a twist in 4.7 pm (6.7
m was the median distance among three twists, represented in Fig. 4d).

The dense and compact layer of MIBC ECM was composed by fibrils with a width of 50 £ 0.6 nm, therefore
thinner than the width of those present in the non-tumoral counterparts of both the lamina propria and the mus-
cularis propria (p < 0.0001, Krustal Wallis test); likewise, MIBC ECM presented fibrils more condensed together
(with an inter-fibrils distance in ranging between 2 and 250 nm) (Fig. 4g-i). In agreement with these findings,
the texture of MIBC ECM was thus characterized by an increased degree of organization of fibrils (Fig. 41), with a
fold of increase vs non-neoplastic ECM (Fig. 4m), similar to that previously reported in colorectal®? and ovarian
cancers®.

Anisotropic architecture of PCL scaffold influences binding and invasion of metastatic blad-
der cancer cell line T24. Next, we attempted to design synthetic model recapitulating the features of
tissue-derived ECM sustaining cell invasion, focusing our model on the role of the texture of fibrillar organiza-
tion. To this regard, 2 scaffolds of PCL nanofibers were designed.

The first scaffold was obtained upon electrospun on rotating drum collector, resulting in the formation of
synthetic fibers of 492 & 18 nm (No. = 30 measurements) width, arranged in well-separated but intersecting fibers
forming a random network with anisotropy of 0.04; on this scaffold metastatic T24 cancer cell lines did not bind
(Fig. 5a).

The texture of the electrospun PCL was next changed in order to recapitulate the linearized geometry of
MIBC-derived ECM. PCL was electrospun on grid collector, where the fibers are aligned in the center of the grid
(Fig. 5b). With this geometry electrospun fibers were 701 + 24 nm (No. = 30 measurements) width, and reached
a degree of anisotropy of 0.17; T24 cells were bound on this scaffold with linearized texture and they successfully
invaded the matrix 7 days after seeding (Fig. 5b), as observed on MIBC ECM (Fig. 5¢).

Finally, PCL fibers did not modify cell viability that was comparable to that of cells cultivated in the absence of
the scaffold itself (96% cell viability, Fig. 5d).
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Figure 2. Histology and immunohistochemistry analysis of ECMs from non-neoplastic bladder mucosa
and muscularis propria and MIBC. ECM from bladder mucosa (a) muscularis propria (b) and MIBC (c) were
evaluated for the absence/presence of cells and stromal makers. Presence and absence of cells and nuclei in

the bladder layers was evaluated by means of hematoxylin-eosin staining. Presence and absence of epithelial,
stromal and smooth muscle cells in bladder layers and the relative ECMs was evaluated by means of the
expression of cytokeratin, vimentin and a-smooth muscle actin (a-SMA), respectively. Expression of collagen
IV was used as marker of ECM. All tested bladders showed similar result, and representative pictures from one
donor are shown. Paired tissue and ECM are shown from one representative bladder. HE; hematoxylin-eosin,
Ur; urothelium, Lp; lamina propria, Bl; Basal lamina, Vs; Vessel.

Discussion

This study provided information regarding the ultrastructure and the geometry of a healthy human bladder ECM.
Likewise, we compared these features with those observed in a set of urothelial MIBCs. Here we report novel evi-
dence depicting differences and similarities in term of ECM ultrastructure between a non-tumoral and a MIBC
human tissue, along with a number of detailed measurements of the geometry of the healthy lamina propria and
muscularis propria. Second, the study showed that MIBC ECM is characterized by an increased degree of fibrils
organization, in agreement with a recent report on colorectal carcinoma?®?. Third, using a synthetic scaffold this
study showed that the linearized texture of fibrils is the main feature of the ECM associated with cell invasion.
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Figure 3. Ultrastructure of ECM isolated from human bladder mucosa, muscularis propria and MIBC.
Ultrastructure of ECM derived from bladder mucosa, muscularis propria and MIBC were analyzed by

scanning electron microscopy. Ultrastructure of basal lamina ECM (a) lamina propria ECM (b) and muscularis
propria ECM (c) are reported at magnification of 1000x, 5010x and 20030x (with scale bars reported): red
asterisks in panel A indicate capillaries. The ultrastructure of the MIBC ECM was analyzed by scanning

electron microscopy at 100x and 20030x magnifications (scale bars reported) (d) red and blue asterisk indicate
representative artery and vein, respectively. Representative pictures of ECM ultrastructure from tissues obtained
from one cystectomy are shown.

Findings of the present study are exploitable for the design of synthetic non-neoplastic bladder and MIBC scaf-
folds, and for assessing pathways associated with tumor invasion.

To the best of our current knowledge, data about the ultrastructure of human bladder mucosa and the muscu-
laris propria, and the potential modifications of these tissues associated with a tumor invasion have not yet been
reported. As for the healthy areas of bladder, different features of ECM were evident between the lamina propria
and the muscularis propria, suggesting that for its specific structure the lamina propria acts as a capacitance layer,
as it has previously been reported in the bovine bladder®.

The characteristics of the muscularis propria ECM outlined a fibrillar ultrastructure packed into intertwisted
bundles. Those twists were quite close, as it would be expected for a relaxed bladder having performed the cys-
tectomy on an empty organ.
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Figure 4. Texture of bladder ECMs and MIBC ECM. Geometry of the ECM ascribed to bladder lamina
propria (a) muscularis propria (d) and MIBC (g) was established using SEM pictures (40060x magnification in
panels (a) and (g), 5010x magnification in panel (d) Double headed arrows in panel d are representative of how
the distance between bundles and the distance among three twists was measured. Numbers within the graph
represent multiple measurements of tissue-derived ECM from the 10 patients. Red bars in panels b,e,h and f
represent mean + standard error mean. The degree of alignment of fibrils was estimated on SEM micrographs
of ECM from non-neoplastic lamina propria and MIBC (1). Anisotropy was estimated on the region of interest
inside the colored box, and the output is represented by the red line, the angle of which represents the average
orientation and the length of which is proportional to the degree of alignment. Anisotropry of ECM from pair-
wise tissues and fold of increase of tumoral stroma vs non-neoplastic stroma are reported (m). Horizontal bars
indicate median value, numbers within the graphs indicate anonymized patients, and asterisks show statistical
significance evaluated by means of 2 tailed paired T-test.

SCIENTIFICREPORTS | 6:36128 | DOI: 10.1038/srep36128 7



www.nature.com/scientificreports/

a PCL fibers electrospun on drum collector
work of PCL fibers Absence of T24 cells

Random ne

N x G

S

T

100 pm

b PCL fibers electrospun on grid collector

Linearized network of PCL fibers Binding and invasion of T24 cells

‘ R

o e
iy

5‘»‘&@@“ 4
‘ !;é"?""ij’”
‘ei"ﬁ 9,

7 't’?"{‘)

e
CAANA "‘( )
W TS
i 07N FOn R
c T24 cells invade MIBC ECM d Live/dead cells
Glass PCL

NN
% =

100 uym

L. 100 pm

Figure 5. Linearized texture of synthetic scaffold allows cell invasion. Texture of electrospun scaffolds made
of PCL fibers deposited on drum collector (a) and grid collector (b) were investigated by scanning electron
microscopy (SEM) and assessed for the ability to support binding and invasion of metastatic T24 cells. The
degree of fibril organization (anisotropy index) was estimated on the SEM micrographs by using Image].
Presence of T24 cells on electrospun PCL was analyzed 7 days after seeding; histology evaluation was performed
on sections obtained from a transverse cut of the scaffold. Metastatic T24 cells were seeded onto MIBC-derived
ECM, and 4 days after seeding 3 pm paraffin sections from each sample were used, and hematoxylin-eosin
stained sections were histologically evaluated (c) one experiment representative of 3 independently performed
on MIBC-ECM obtained from 3 different tumors is shown. Cell viability of cells seeded for 7 days on the
synthetic scaffold was compared to T24 cells plated on glass-slide (green and red spots show live and dead cells,
respectively) (d) For panels a,b and d one experiment representative of 3 independently performed is shown.
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Crests and clefts due to the presence of collagen bundles were evident in the ECM of the muscularis propria,
as crests and clefts were resulting from the presence of a cytoskeleton (eg, a-smooth muscle actin and vimentin)
preventing any structural collapse. The distance between bundles was in agreement with the size of smooth mus-
cle cells in the detrusor layer of a bladder in the relaxed state®”. Other features were indicative of a relaxed state
of the analyzed bladders, including the round shape of “foot-like” depression in the basal lamina and the loose
network observed in the lamina propria which was composed by crossed and intersected but not parallel fibrils.

In the context of tissue engineering the acquisition of an adequate knowledge regarding the spatial geometry
of a potential synthetic bladder scaffold may be of paramount relevance. The maintenance of morphological and
geometrical features of the ECM of the human bladder is certainly of potential relevance for the design of an
innovative biosynthetic scaffold. Indeed, proper 3D geometry of the extracellular environment and an adequate
space allocated for cell seeding are needed for cell engraftment and polarization which may eventually lead to
vascularization and innervation, as it was recently reported with scaffolds made of synthetic polymers!>-'4.

As to the specific features of the MIBC ECM, current findings highlighted (i) a loss of tissue morphology;
(i) the linearization and degree of organization of fibrils of thin diameter; and, (iii) an increased vascularization
(both veins and arteries). All these specific aspects emerge to be of relevant impact when designing a 3D model
which may adequately resemble the spatial ultrastructure of a tissue niche either favoring or hindering the devel-
opment and the progression of a tumor, especially with the aim of developing new types of therapy for which a
three-dimensional context could represent a better and more effective field test that a simple two-dimensional
reality.

To this regard, further studies should assess the pathways responsible for the formation of a compact ECM
made of organized fibrils, since this tumor-related ECM did not appear solely as a consequence of a desmoplastic
reaction but it is deeply reorganized, possibly impacting the bladder compliance of MIBC patients. As previously
detailed, one of the major modifications caused by the MIBC is an increased tissue vascularization, which might
be responsible to enhance oxygen-dependent cross-linking of collagen®, thus resulting in a stiffer and more com-
pact ECM. In this context, MIBC-derived ECM might represent a useful scaffold for assessing vessel formation
in neoplastic tissue and establishing permeability of drugs in the dense neoplastic matrix. Tissue architecture has
recently been reported to be important also for predicting chemotherapy outcome®. Therefore, current findings
could help to design synthetic scaffolds recapitulating tridimensional geometry of tumoral ECM, thus enhancing
biological approximation of the native tumor microenvironment, thus allowing for preclinical approaches more
sensitive in predicting clinical response to anticancer drugs.

Furthermore, this study reported the design of a functional synthetic scaffold resembling the linearized tex-
ture of MIBC ECM, supporting binding and invasion patterns of bladder cancer cells. Thereof, the scaffold with
linearized texture is exploitable to assess cellular signaling pathways mediating invasion, with the subsequent
potential assessment of novel therapeutic targets.

Overall, we therefore consider that these findings could be of critical relevance for a better understanding of
the 3D structure related to the neoplastic infiltration of the tissue and for the potential design of novel synthetic
scaffolds useful for both preclinical understanding of topical therapeutic approaches and for bladder engineering.

Material and Methods

Tissue specimens. Bladder transitional cell carcinoma specimens encompassing all tissue layers were
obtained through the Unit of Pathology at the IRCCS Ospedale San Raffaele (Milan, Italy). A formal written
consent was obtained by the local Institutional Review Board (Ethic Committee IRCCS Ospedale San Raffaele,
protocol URBBAN, March 6 - 2014). Data collection and all experimental protocols were approved by the Ethic
Committee IRCCS Ospedale San Raffaele, in accordance with the relevant guidelines and regulations outlined
in the Declaration of Helsinki. All methods were carried out in accordance with the approved guidelines. All
patients signed written informed consent agreeing to supply their own anonymous information for this and
future studies.

Bladder specimens stored in OCT were histologically validated by means of hematoxylin-eosin slides. Based
on histological evaluation, tissue layers from non-neoplastic bladder were separated into mucosa (urothelium and
lamina propria) and muscularis propria. Tissue layers and MIBC were then split in two blocks and either fixed/
embedded in formalin/paraffin or used unfixed for ECM isolation.

Preparation of ECM. ECMs were isolated according to a protocol recently published and validated on the
human colon?. A minor modification to the original protocol was introduced, as components of solutions A and
B were merged together thus resulting in a solution composed of 86.8% 0.1x PBS, 5mM EDTA, 10% DMSO, 1%
Triton X-100, 1% protease inhibitor cocktail and 1% pen/strep. Briefly, 100 mg of tissue free of OCT and washed
in PBS was placed in 10 ml of solution A 4+ B and kept rotating overnight at 4 °C. Tissue was then washed with
solution C and transferred into 10 ml of solution C (0.5M NaCl in 0.1x PBS) and kept rotating for 8 hours at 4°C.
Tissue was then washed with solution D and transferred into 10 ml of solution D (10 mM sodium cholate hydrate
in 0.1x PBS) and kept rotating overnight at room temperature. Tissue was then washed with Tris buffer (50 mM
Tris-HCl pH 8, 2mM MgCl,). ECM was then suspended in 1.5ml of Tris buffer added of 100 U/ml Benzonase
and incubated 8 hours at 37 °C in thermomixer. Finally, ECM was either fixed/embedded in formalin/paraffin for
histo- and immunological analysis, or fixed in glutaraldehyde for scanning electron microscopy.

PBS and pen/strep were from Lonza (BioWhittaker). EDTA, DMSO, Tris-HCI, NaCl, sodium cholate hydrate,
Triton X-100 and protease inhibitor cocktail were from Sigma Chemical Corp. MgCl,, was from BDH, and
Benzonase was from Novagen (Merck Chemicals Ltd.).

Histological and immunohistochemistry analysis. Cells and nuclei in the tissues and ECMs were
evaluated by hematoxylin-eosin, cellular antigens (cytokeratin, vimentin and a-smooth muscle actin) and the
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presence of stromal component collagen IV by immunohistochemistry, as it has been previously reported?*4.
Tissues and ECMs were fixed in 10% buffered formalin for 24-48 h at room temperature and then embedded in
paraffin. Three pm paraffin sections from each sample were used and hematoxylin-eosin stained sections were
histologically evaluated. For immunohistochemistry, sections were pretreated in a microwave oven, two cycles
of 5min each, at 780 W in 0.25 mM EDTA buffer, and then incubated for 2hours with specific antibodies against
human antigens and counterstained with hematoxylin. The reactions were revealed by non-biotin peroxidase
detection system with 3,3’-diaminobenzidine free base as chromogen. Antibodies against human cytokeratin,
vimentin, a-smooth muscle actin and type IV collagen (clone MNF116, V9, HHF35 and CIV22, respectively)
were from Dako (Dako Italia S.p.A.).

Scanning electron microscopy (SEM). ECM:s for SEM were prepared as detailed?. Briefly, ECM were
fixed with 2.5% glutaraldehyde (25% solution, electron microscopy grade) in PBS for 24 hours, dehydrated in an
ascending degree of ethanol (10-25-50-75-90-100%) and dried overnight in hexamethyldisilizane. ECMs were
coated with gold-palladium after evaporation of hexamethyldisilizane and examined in a Leica S420 scanning
electron microscopy. Fibrils width and degree of organization of fibrils (anisotropy) were estimated by using the
function “measure” and the plug-in FibrilTool*! in the Image ] software; 3 electron micrographs were evaluated
for each donor. Anisotropy of ECM was measured on the entire area of electron micrographs, in order to avoid
any bias due to the selection of areas excluding or over-representing certain fibers in the outputs. The degree of
alignment of fibrils in pair-wised ECMs was estimated on images with the same magnification.

Seeding of bladder cancer cells on MIBC-derived ECM.  T24 cell line (CLS Cell Lines Service GmbH,
Eppelheim, Germany) was seeded onto bladder tumor-derived ECM as previously reported®. Briefly, 3¥10° cells
in 10 ml of culture medium (DMEM added of 10% FBS, 1% penicillin/streptomycin sulfate and 1% glutamine)
were incubated overnight with MIBC-derived ECM. The day after, ECM was then transferred in 6 well/plate, with
culture medium entirely replaced every 2-3 days. Histological analyses were performed on 3 um paraffin sections
stained with hematoxylin-eosin.

Electrospinning, characterization and cleaning of PLC scaffolds. Poli-e-caprolactone (PCL) pellets
(Mw =80kDa, Sigma-Aldrich) were dissolved at a 15w/v ratio in a solvent solution 1: 1 (v/v) of Cloroform (CF,
Carlo Erba) and N, N-Dimethylformamide (DME, Carlo Erba) under constant stirring until the mixture was
clear, viscous and homogenous in a 15% w/v rate. PCL solution was poured into a syringe capped with a 19 gauge
blunt-tipped needle nozzle, then loaded into a syringe pump (KD Scientific, Holliston, MA). The needle tip was
connected to a custom made high voltage supply (AV =0-30kV). The resulting PCL nanofibers were deposited
on collectors with different topography, such as rotating drum or grid mesh grounded aluminum, placed at a
fixed distance. In detail two different set of working parameters were used to electrospun PCL on: (i) Rotating
drum collector, AV =17.9 £ 0.5kV, V=3ml/h, D=18 cm; (ii) grid mesh collector, AV =12.2kV, V=3 ml/h,
D = 14 cm. To eliminate any possible chemical or biological contaminants, scaffolds were subjected to washing
and sterilization protocols. Scaffolds were washed in demineralized water with several cycles of 10 minutes each,
to help the detachment of the membrane from aluminum, to remove dust and any residues of the solvents used
over the manufacturing process. Next, scaffolds were washed twice in 70% ethanol (30 minutes each wash), fol-
lowed by 30 minutes wash in Milli-Q water. Lastly, the scaffolds were immersed in an antibacterial/antifungal
solution for 15 minutes (repeated twice), dried under biological hood overnight and exposed to UV rays for
15 minutes (for each side).

Scanning electron microscopy was performed on gold-palladium coated scaffold and examined in a Leica
$420 scanning electron microscopy.

Cell seeding on synthetic scaffolds and histology. Scaffolds were pre-conditioned with culture
medium (DMEM added of 10% FBS, 1% penicillin/streptomycin sulfate and 1% glutamine) for 24 hours.
Metastatic bladder T24 cells were seeded on synthetic scaffolds at 5000 cells/cm?, for a total of 1 cm? surface.
Culture medium was replaced every 2 days. Seven days after seeding, scaffolds were fixed in 10% buffered forma-
lin and snap-frozen. Eight jum section from OCT-embedded scaffolds were then stained with Toluidine-blue and
mounted with Aqueous-mounting medium, to preserve cellular and stromal staining.

Cell viability. Live/dead viability assay (Calcein 488 and Propidium Iodide 555, Invitrogen) was performed
according to manufacturer instructions. Briefly, 7 days after culture the scaffold with the seeded cells was washed
with PBS, spotted on glass slide and incubated for 45 minutes at room temperature with 2pM Calcein-AM and
4uM EthD-1 working solution. Following incubation 10 pl of the fresh LIVE/DEAD reagent solution were added
on top of the scaffold. Live and dead cells were visualized under fluorescence microscope: live cells were calcein
positive, showing in green (Ex 495/Em 635 nm) and dead cells were EthD-1 positive cells, showing in red (Ex 495/
Em 635nm).

Statistic. Geometric features are represented as either mean + standard error of the mean or range of values.
Non parametric, paired and two-tailed statistic test was used and p value considered significant at <0.05.

References
1. Charras, G. & Sahai, E. Physical influences of the extracellular environment on cell migration. Nat Rev Mol Cell Biol 15, 813-824,
doi: 10.1038/nrm3897 (2014).
2. Iskratsch, T., Wolfenson, H. & Sheetz, M. P. Appreciating force and shape - the rise of mechanotransduction in cell biology. Nat Rev
Mol Cell Biol 15, 825-833, doi: 10.1038/nrm3903 (2014).
3. Humphrey, J. D., Dufresne, E. R. & Schwartz, M. A. Mechanotransduction and extracellular matrix homeostasis. Nat Rev Mol Cell
Biol 15, 802-812, doi: 10.1038/nrm3896 (2014).

SCIENTIFICREPORTS | 6:36128 | DOI: 10.1038/srep36128 10



www.nature.com/scientificreports/

1521

=

10.
. Graziano, A. et al. Scaffold’s surface geometry significantly affects human stem cell bone tissue engineering. Journal of cellular

12.
13.
14.
15.
16.
17.
18.
19.

20.

21

23.

24.

25.

26.

27.

28.

29.

30.

—

3

32.

33.

34,

35.

36.

37.

38.

39.

40.

4

—_

. Lu, P,, Weaver, V. M. & Werb, Z. The extracellular matrix: a dynamic niche in cancer progression. J Cell Biol 196, 395-406, doi:

10.1083/jcb.201102147 (2012).

. Aitken, K. J. & Bagli, D. J. The bladder extracellular matrix. Part II: regenerative applications. Nat Rev Urol 6, 612-621, doi: 10.1038/

nrurol.2009.202 (2009).

. Song, L. et al. Bladder acellular matrix and its application in bladder augmentation. Tissue Eng Part B Rev 20, 163-172, doi: 10.1089/

ten. TEB.2013.0103 (2014).
Horst, M. et al. Engineering functional bladder tissues. Journal of tissue engineering and regenerative medicine 7, 515-522, doi:
10.1002/term.547 (2013).

. Alberti, C. Whyever bladder tissue engineering clinical applications still remain unusual even though many intriguing technological

advances have been reached? G Chir 37, 6-12 (2016).

. Naba, A. et al. The extracellular matrix: Tools and insights for the “omics” era. Matrix biology: journal of the International Society for

Matrix Biology 49, 10-24, doi: 10.1016/j.matbio.2015.06.003 (2016).
Hynes, R. O. The extracellular matrix: not just pretty fibrils. Science 326, 1216-1219, doi: 10.1126/science.1176009 (2009).

physiology 214, 166-172, doi: 10.1002/jcp.21175 (2008).

Mobasseri, A. et al. Polymer Scaffolds with Preferential Parallel Grooves Enhance Nerve Regeneration. Tissue engineering. Part A,
doi: 10.1089/ten. TEA.2014.0266 (2014).

Wei, J. et al. The importance of three-dimensional scaffold structure on stemness maintenance of mouse embryonic stem cells.
Biomaterials 35, 7724-7733, doi: 10.1016/j.biomaterials.2014.05.060 (2014).

Tocchio, A. et al. Versatile fabrication of vascularizable scaffolds for large tissue engineering in bioreactor. Biomaterials 45, 124-131,
doi: 10.1016/j.biomaterials.2014.12.031 (2015).

Lammermann, T. et al. Rapid leukocyte migration by integrin-independent flowing and squeezing. Nature 453, 51-55, doi: 10.1038/
nature06887 (2008).

Tozluoglu, M. et al. Matrix geometry determines optimal cancer cell migration strategy and modulates response to interventions.
Nature cell biology 15, 751-762, doi: 10.1038/ncb2775 (2013).

Nuernberger, S. et al. The influence of scaffold architecture on chondrocyte distribution and behavior in matrix-associated
chondrocyte transplantation grafts. Biomaterials 32, 1032-1040, doi: 10.1016/j.biomaterials.2010.08.100 (2011).

DiMarco, R. L. et al. Engineering of three-dimensional microenvironments to promote contractile behavior in primary intestinal
organoids. Integr Biol (Camb) 6, 127-142, doi: 10.1039/c3ib40188j (2014).

Tozzo, R. V. Tumor stroma as a regulator of neoplastic behavior. Agonistic and antagonistic elements embedded in the same
connective tissue. Lab Invest 73, 157-160 (1995).

Vessella, R. L., Pantel, K. & Mohla, S. Tumor cell dormancy: an NCI workshop report. Cancer Biol Ther 6, 1496-1504, doi: 4828
(2007).

. Jaalouk, D. E. & Lammerding, J. Mechanotransduction gone awry. Nat Rev Mol Cell Biol 10, 63-73, doi: 10.1038/nrm2597 (2009).
22.

Nebuloni, M. et al. Insight On Colorectal Carcinoma Infiltration by Studying Perilesional Extracellular Matrix. Scientific reports 6,
22522, doi: 10.1038/srep22522 (2016).

Genovese, L. et al. Cellular localization, invasion, and turnover are differently influenced by healthy and tumor-derived extracellular
matrix. Tissue Eng Part A 20, 2005-2018, doi: 10.1089/ten. TEA.2013.0588 (2014).

Baker, S. C. &a. S.J. In Electrospinning for tissue regeneration (ed. Bosworth and Downes) Ch. 11, (Woodhead Publishing Limited,
2011).

Sara Bouhout, A. R,, Stéphane Chabaud, Amélie Morissette & Stéphane Bolduc. In Tissue Engineering and Regenerative Medicine (ed.
Jose A. Andrades) Ch. 23, (InTech, 2013).

Stankus, J. J., Freytes, D. O., Badylak, S. F. & Wagner, W. R. Hybrid nanofibrous scaffolds from electrospinning of a synthetic
biodegradable elastomer and urinary bladder matrix. Journal of biomaterials science. Polymer edition 19, 635-652, doi:
10.1163/156856208784089599 (2008).

McManus, M. et al. Electrospun nanofibre fibrinogen for urinary tract tissue reconstruction. Biomedical materials 2, 257-262, doi:
10.1088/1748-6041/2/4/008 (2007).

Cipitria, A., Skelton, A., Dargaville, T. R., Daltonac, P. D. & Hutmacher, D.W. Design, fabrication and characterization of PCL
electrospun scaffolds—a review. J. Mater. Chem, 9419-9453, doi: 10.1039/C0JM04502K (2011).

Dash, T. K. & Konkimalla, V. B. Poly-small je, Ukrainian-caprolactone based formulations for drug delivery and tissue engineering:
A review. Journal of controlled release: official journal of the Controlled Release Society 158, 15-33, doi: 10.1016/j.jconrel.2011.09.064
(2012).

Croisier, F. et al. Mechanical testing of electrospun PCL fibers. Acta biomaterialia 8, 218-224, doi: 10.1016/j.actbio.2011.08.015
(2012).

. Li, C. et al. Quantitative elasticity measurement of urinary bladder wall using laser-induced surface acoustic waves. Biomedical optics

express 5, 4313-4328, doi: 10.1364/BOE.5.004313 (2014).

Alemany-Ribes, M. & Semino, C. E. Bioengineering 3D environments for cancer models. Advanced drug delivery reviews 79-80,
40-49, doi: 10.1016/j.addr.2014.06.004 (2014).

Ro,]. Y., Ayala, A. G. & el-Naggar, A. Muscularis mucosa of urinary bladder. Importance for staging and treatment. The American
journal of surgical pathology 11, 668-673 (1987).

Miodonski, A. J. & Litwin, J. A. Microvascular architecture of the human urinary bladder wall: a corrosion casting study. Anat Rec
254, 375-381, doi: 10.1002/(SICI)1097-0185(19990301)254:3<375::AID-AR8>3.0.CO;2-R (1999).

Nadiarnykh, O., LaComb, R. B., Brewer, M. A. & Campagnola, P. ]. Alterations of the extracellular matrix in ovarian cancer studied
by Second Harmonic Generation imaging microscopy. BMC Cancer 10, 94, doi: 10.1186/1471-2407-10-94 (2010).

Chang, S. L., Chung, J. S., Yeung, M. K., Howard, P. S. & Macarak, E. J. Roles of the lamina propria and the detrusor in tension
transfer during bladder filling. Scand J Urol Nephrol Suppl 201, 38-45 (1999).

Benninghoff, A. Makroskopische Anatomie, Embryologie und Histologie des Menschen. 1993, 15% edition. Last update 15 April
2015. http://www.urology-textbook.com/bladder-histology.html.

Lucero, H. A. & Kagan, H. M. Lysyl oxidase: an oxidative enzyme and effector of cell function. Cellular and molecular life sciences:
CMLS 63, 2304-2316, doi: 10.1007/s00018-006-6149-9 (2006).

Majumder, B. et al. Predicting clinical response to anticancer drugs using an ex vivo platform that captures tumour heterogeneity.
Nature communications 6, 6169, doi: 10.1038/ncomms7169 (2015).

Nebuloni, M. et al. HIV-1 Infected Lymphoid Organs Upregulate Expression and Release of the Cleaved Form of uPAR That
Modulates Chemotaxis and Virus Expression. PLoS One 8, 70606, doi: 10.1371/journal.pone.0070606 PONE-D-13-11271 (2013).

. Boudaoud, A. et al. FibrilTool, an Image]J plug-in to quantify fibrillar structures in raw microscopy images. Nature protocols 9,

457-463, doi: 10.1038/nprot.2014.024 (2014).

SCIENTIFICREPORTS | 6:36128 | DOI: 10.1038/srep36128 11


http://www.urology-textbook.com/bladder-histology.html

www.nature.com/scientificreports/

Acknowledgements

The authors thank Dr. Dana Kuefner for reviewing the language in this manuscript, and Dr. Giusy Burgio for
data managing (URI-Urological Research Institute, IRCCS Ospedale San Raffaele, Milan, Italy). This work was
supported by URI-UROLOGICAL RESEARCH INSTITUTE free funds.

Author Contributions

M.A,RA,PZ,EL,RL,AP,LL,M.I and C.S. performed experiments and analysis. M.A. and M.N. prepared
Figures. M.A., M.N,, C.S. and A.S. wrote the manuscript. M.A., M.N. and A.S. designed the study. M.A., M.N,,
C.D,, PM., EM. and A.S. contributed to data interpretation. All authors contributed to the final version of the
manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Alfano, M. et al. Linearized texture of three-dimensional extracellular matrix is
mandatory for bladder cancer cell invasion. Sci. Rep. 6, 36128; doi: 10.1038/srep36128 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

S or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:36128 | DOI: 10.1038/srep36128 12


http://creativecommons.org/licenses/by/4.0/

	Linearized texture of three-dimensional extracellular matrix is mandatory for bladder cancer cell invasion

	Results

	Patient characteristics. 
	ECMs from non-neoplastic bladder tissue and MIBC maintain the architecture ascribed to the native tissue. 
	ECMs from bladder lamina propria, muscularis propria and MIBC have 3D ultrastructural differences. 
	MIBC ECM is characterized by increased linearized texture. 
	Anisotropic architecture of PCL scaffold influences binding and invasion of metastatic bladder cancer cell line T24. 

	Discussion

	Material and Methods

	Tissue specimens. 
	Preparation of ECM. 
	Histological and immunohistochemistry analysis. 
	Scanning electron microscopy (SEM). 
	Seeding of bladder cancer cells on MIBC-derived ECM. 
	Electrospinning, characterization and cleaning of PLC scaffolds. 
	Cell seeding on synthetic scaffolds and histology. 
	Cell viability. 
	Statistic. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Histology of bladder mucosa, muscularis propria and MIBC.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Histology and immunohistochemistry analysis of ECMs from non-neoplastic bladder mucosa and muscularis propria and MIBC.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Ultrastructure of ECM isolated from human bladder mucosa, muscularis propria and MIBC.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Texture of bladder ECMs and MIBC ECM.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Linearized texture of synthetic scaffold allows cell invasion.
	﻿Table 1﻿﻿. ﻿  Characteristics of patients with transitional cell carcinoma.



 
    
       
          application/pdf
          
             
                Linearized texture of three-dimensional extracellular matrix is mandatory for bladder cancer cell invasion
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36128
            
         
          
             
                Massimo Alfano
                Manuela Nebuloni
                Raffaele Allevi
                Pietro Zerbi
                Erika Longhi
                Roberta Lucianò
                Irene Locatelli
                Angela Pecoraro
                Marco Indrieri
                Chantal Speziali
                Claudio Doglioni
                Paolo Milani
                Francesco Montorsi
                Andrea Salonia
            
         
          doi:10.1038/srep36128
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36128
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36128
            
         
      
       
          
          
          
             
                doi:10.1038/srep36128
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36128
            
         
          
          
      
       
       
          True
      
   




