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Abstract

ABSTRACT

Bladder cancer (BC) is the second leading cause of cancer death in the world. Treatment
options for muscle-invasive bladder cancer (MIBC) are limited, with poor prognosis and
incomplete molecular tumor classification posing a significant problem. BC onset and
progression is highly dependent on extracellular matrix (ECM) remodeling. Moreover, the use
or development of translational 3D in vifro models is rare in BC research, thus the
mechanistically background underlying the interaction between MIBC tumor cells and ECM,
as well as the identification of novel therapeutic targets and biomarker needs to be further
investigated.

In this study, the BC cell lines (UROtsa, RT4, T24/83, SCaBER) were applied to the 3D in vitro
ultra-low-attachment (ULA) method under Matrigel-free conditions. Intact spheroids were
analyzed by a transcriptomic microarray and proteomic approach, and were compared to the
regular used 2D model. Based on the protein level, gene set enrichment analysis was
performed and pathways related to ECM proteins were identified. Resulting targets were
further validated by public available mMRNA sequencing data from MIBC patients. The targets
gene expression was related to clinicopathological parameters, overall survival (OS), and
disease-free survival (DFS).

Intact spheroid formation and growth was realized for T24/83 and RT4, while T24/83 needed
the addition of 50% unconditioned fibroblast basal medium (UCM) or fibroblast conditioned
medium (CM). A combination of ECM-based and -interacting targets (n=10) were significantly
increased on protein level and mRNA level for the invasive T24/83 spheroids, compared to 2D
culture. 6(10) targets were elevated under CM (CALU, CD109, FBN1, HTRA1, LAMC1, LRP1),
2(10) in both (P4HA2 and PLOD1), and 2(10) under UCM condition (DPYSL3 and SUMF2).
Furthermore, increased levels of these targets correlated with worse OS, DFS and advanced
MIBC features. Mechanistically, these targets were found to act in epithelial to mesenchymal
transition (EMT), embryonic stem cell signature (ESC), neurological activity, cancer pathways,
and posttranslational modification (PTM). For RT4, no ECM-related target was valid.
Spheroids of the invasive T24/83 BC cell line expressed malignant features more abundant
compared to the 2D standard condition. Under CM, more targets were validated compared to
UCM conditions, indicating more distinct MIBC properties under CM condition. Thus, T24/83
spheroids cultured under CM conditions can serve as a valid in vitro 3D model to study invasive
BC mechanisms (EMT, ESC, RAF1/MAP2K1/ERK pathway, ERBB2) and treatment options
for future projects. Furthermore, follow up the 10 identified ECM-related targets could lead to
promising molecular biomarker or future therapeutic targets, which is urgent to improve

personalized stratification, and therapy for MIBC patients.
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Introduction

1 INTRODUCTION

1.1 Bladder cancer-clinical relevance

Bladder cancer (BC) is the second leading cause of cancer death in the world. It accounts for
3% of new cancer diagnoses worldwide and is particularly prevalent in industrialized
countries(1), while 2.1% of global cancer death are BC cases(2).

The maijority of patients are diagnosed with BC at age 60 and older(2), indicating a disease
progression that requires decades after exposure to mutagens to overcome tumor suppressor
mechanisms and culminate in cancer development. Tobacco smoking is considered the
greatest risk factor for BC, accounting for approximately 50%-65% new cases per year.
Smoking has been shown to increase the risk of BC by three to four times. Occupational
exposure to carcinogens is considered the second largest preventable risk factor for BC,
including aromatic amines, polycyclic aromatic hydrocarbons, and chlorinated hydrocarbons.
These compounds are frequently found in industrial manufacturing. In addition, high processed
meat consumption increased the risk of BC by about 20%, caused by nitrosamines formed
from nitrates which induce carcinogenesis. Also obesity is linked to BC development, while
increases the risk by 10%. The protozoan schistosomiasis, which infects about 240 million
humans worldwide is associated to an increased risk of squamous cell carcinoma of the
bladder. It is frequently occurring in the Middle-East and Africa, where it accounts for the
second most common form of cancer(1).

BC is over four times more common in men than women, with a global incidence of 9.6/100,000
in men and 2.4/100,000 in women. Since BC is the 10th most common neoplasm worldwide,
it is the 13th deadliest, estimated to accounts for nearly 200,000 deaths per year. Mortality
rates reflect incidence rates in terms of gender differences, with a mortality of 3.2/100,000 in
men, and 0.9/100,000 in women. The observed gender discrepancy for BC incidence and
mortality is likely most attributable to gender differences in smoking tobacco, which may also
explain why cancer is rising among women in the developed world. Worldwide, accurate
survival data on BC are rare, especially for developing countries. Using the USA as an
example, the 5-year survival rate for BC is 77.1%. However, the survival rate is highly changing
considering the different BC variants(1).

90% of BC cases, especially those in the developed countries are urothelial carcinoma, mainly
occurring in the bladder, and less frequent in the urinary tract(3). About 80% of urothelial
carcinoma correspond to the non-muscle-invasive variant, including non-invasive papillary
urothelial carcinoma (pTa), carcinoma in situ (Cis, pTis) or invasive but non-muscle-invasive
(pT1). These indicate a recurrence rate of 50%-70% but a limited potential to become muscle-

invasive (10%-20%), with a 5-year survival rate of 90%(4). The remaining 20% of urothelial

1
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carcinoma belong to the muscle-invasive variant (pT2-pT4), which can arise de novo or
originate out of high-grade carcinoma in situ (pTis), with a dropped 5-year survival rate to 6%.
At least 50% of muscle-invasive patients die by the reason of metastasis(5,6).

BC is a molecularly heterogeneous disease that has different clinical courses and responds to
different therapies(7). High recurrence rates and intensive surveillance strategies lead to
expensive costs for treatment of urothelial carcinoma, independent on its phenotype(8).
Although since two decades, there was few progress in treatment of muscle invasive BC
(MIBC) the patient’s outcome did not change significantly(9). Consequently, the treatment of
choice is based on a combination of cisplatin chemotherapy and radical cystectomy. Among
other malignancies, targeting immune suppressing mechanisms has become a promising
strategy for BC treatment. The PD-1 and PD-L1 antibodies showed persistent anticancer
activity especially in non-responding MIBC patients to first-line cisplatin-based
chemotherapy(9).

The evaluation of patient’s treatment option and prognosis is based on the histological outcome
of the malignant tissue obtained after tumor resection or cystectomy. According to the
tumor/node/metastasis staging method, T-stage, lymph node and distant metastasis serve as
the most important parameters for BC evaluation(10). However, due to observer-induced
variations in visual assessment, these parameters showing limitation in their ability to
accurately identify an individualized therapy strategy and predict clinical outcomes. With
respect to personalized medicine, molecular identification of BC would support the

implementation of tailored therapy, including valid biomarkers and patient management(11).
1.2 The extracellular matrix in BC

The extracellular matrix (ECM) describes a complex part of the cellular environment, and it is
a dynamic network of interacting proteins, glycosaminoglycans, and proteoglycans. The ECM
properties include structural function, cell-signaling responses, and cytoskeleton tension
support. Its dynamic and remodeling structure constantly changes ECM interaction to cells, by
influencing adhesion, expression of matrix components, growth, migration, or
differentiation(12). By the interaction of cell-surface receptors with ECM components,
intracellular signaling or structural changes can be induced by directly gene expression
modification(13). The cellular response to the matrix can remodel the ECM structure, and leads
to further interactions between the ECM and cells in a dynamic interplay(12). The ECM network
also regulates the activity and release of cytokines and growth factors in a location-dependent
manner. While bound to glycosylated ECM components, these factors are in a close proximity
to their place of action, and their release is regulated by ECM remodeling. To get a better
overview of the ECM components and their functions, Hynes and Naba (2012) categorized

ECM components into structural molecules (the core matrisome, consists of 200 glycoproteins,
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43 collagen subunits and 35 proteoglycans), and matrisome-associated components (176
ECM-affiliated proteins, 250 ECM regulators, 352 secreted factors bound to the ECM, such as
matrix metalloproteinases, mucins, matrix metalloproteinase inhibitors and TGF-B) which
possess regulating or remodeling function(14).

Since few years, there is intensive research ongoing in terms of ECM function in the bladder.
Several genes or proteins were identified and found to remodel the ECM, and ca be associated
to BC progression and worse prognosis. The ECM composition of the basal membrane, and
the submucosa have been investigated for normal and tumor tissue, however its detailed
function is still not completely understood(15). Urothelial cells are lined by glycosaminoglycans
(such as hyaluronic acid, heparan sulfate, heparin, chondroitin sulfate, dermatan sulfate and
keratan sulfate), which serve as a barrier against urine and bacteria(16,17).

The main structural component of the ECM is collagen, providing a scaffold for proper function
in the bladder(18). Particular collagens (collagen |, I, IV, VI and XII)(17) were found to occur
in a specific relation in women to maintain bladder function(19). Collagen degradation is
executed by collagenases which are responsible for scaffold remodeling and turnover(20,21).
Based on omics technologies, the transformation of non-muscle-invasive BC to MIBC was
found to be related to higher collagen expression in MIBC, indicating increased collagen
stiffness in MIBC development(22,23). Collagenases such as matrix metalloproteinases have
been associated with invasive potential in BC, occurrence of metastasis, and correlation to
advanced progression factors and poor outcome(24—27). By evidence they play a crucial role
in BC development and progression, however, they were never proofed successfully as
biomarker or therapeutic target(28).

The bladder also expresses ECM-related glycoproteins as osteopontin, fibronectin, tenascin,
and nidogen. Osteopontin is a matrix protein mainly expressed in bone matrix(29) but is highly
associated with BC. Osteopontin was found to be overexpressed in invasive cancer compared
to healthy tissue, and correlates with advanced tumors and poor prognosis. Furthermore, its
expression is significantly linked to increased matrix metalloproteinase 9 and S100 calcium-
binding protein A8(30,31). Osteopontin also promotes invasion and clonal growth by
interacting with CD44 surface molecules on tumor cells(32). It is suggested to act via
JAK1/STAT1 signaling pathway, enhance proliferation, inhibit apoptosis and promote
metastasis(33). Fibronectin is a multifunctional and widely distributed glycoprotein. It interacts
with components, such as collagen, fibrin, integrins and syndecans(15). Fibronectin could be
of potential use as therapeutic target to treat BC. It was reported to promote cell proliferation
in vitro and in vivo, including tumor formation(34,35). Tenascin-C is a large, ECM glycoprotein,
and is the most intensively studied member of the tenascin family. It is rarely expressed in
adult tissue but detected to be persistent expressed in cancer(36). It consists of two domains,

namely domain B and C, which were significantly increased in urinary samples derived from
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patients with BC progression. Further, the B domain value was identified to be able to
distinguish between non-muscle-invasive and muscle-invasive outgrowth(37,38).

Laminins act through binding to integrins and interact between epithelial cells and the
ECM(39). They are crucial for cell proliferation, adhesion and migration(40). In BC, staining of
whole Laminin layer of the basal membrane could be used to differentiate non-invasive variants
from invasive ones(41). Laminin alpha 3, a specific isoform, was reported to be higher
expressed in more advanced tumors, and in vitro experiments linked its expression to invasion
and cell motility in BC(42). Another isoform, laminin gamma 2, promoted invasive tumor growth
in vivo(43). In combination with elastic fibers, laminins are also responsible for proper bladder
function(44).

Elastin accounts to ECM proteins with structural and mechanical properties. The covalent
linkage of elastin to fibrillin, fibulin and microfibril-associated glycoprotein leads to the formation
of elastic fibers. This linkage is executed by the enzyme lysyl oxidase, which have been
reported with elevated levels, and increased stiffness in different cancer entities in contrast to
normal tissue. In addition, lysyl oxidase expression showed correlation with poor
prognosis(15). However, in BC the data present contrary findings. Epigenetically silencing of
lysyl-like oxidase 1 and 4, and loss of their expression was frequently observed in BC. It is
suggested that lysyl-like oxidase 1 and 4 inhibit cell growth by impairing Ras/ERK
signaling(45). In contrast, a high fibulin 2 expression was determined in human clinical BC
tissue, and correlated with adverse pathologic features and worse patient outcomes(46).
Proteoglycans are glycoconjugates, attached to at least one glycosaminoglycan chain. They
are known to occur at, the cellular surface (transmembrane syndecans or glypicans), the ECM
(lecticans (aggrecan, versican, brevican and neurocan) or small leucine-rich proteoglycans
(decorin, biglycan and lumican)), the basement membrane (perlecan, agrin and collagen
XVII), and intracellular (serglycin)(47).Studies have shown a relation of biglycan expression
and its function as endogenous inhibitor of cell proliferation in BC. Its expression was reported
to be associated with better outcome(48). Decorin, another small leucine-rich ECM
proteoglycan, was found to be not expressed in in vitro and in vivo BC models, while its
expression in BC patients exhibited decreased expression in malignant BC tissue(49). On the
other hand, the proteoglycan versican was mechanistically related to fibrillin 1 and the ECM
remodeling matrix metalloproteinases 1 and 2, thus it is suggested to be involved in BC
formation and prognosis (50).

Altogether, the current data situation elucidated a lot of ECM-related components for BC so
far, however there is more research necessary to study the mechanistically interplay between
the ECM and the bladder tissue cells. In the current time, where omics technologies are
frequently more applied, in-depth investigation of the ECM and its underlining dysregulation in

BC is possible. The highly dynamic features of the ECM compartment are crucial factors
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associated to epithelial to mesenchymal transition (EMT), invasive cell motility, proliferation,
and cancer signaling, as erb-b2 receptor tyrosine kinase 2/ erb-b2 receptor tyrosine kinase
3(51). As a consequence, the ECM has a distinct impact on BC onset and malignant
progression(52) that is not to be neglected. Thus, the compartment offers a promising platform

for future investigations of valid biomarker and new treatment strategies for BC.
1.3 Translational BC in vitro models

The heterogeneous nature of BC and the clearly impact of the ECM on BC onset and
progression require meaningful and valid in vitro models to generate transferable knowledge
of BC pathology from the lab to the clinic. In general, cellular-based in vitro systems are a very
common tool in translational research. Traditionally, adherent cells are cultured in a 2D (two-
dimensional) orientation, which can be entitled as gold standard of in vitro systems, by offering
a standardized, less complex, and cost effective approach. However, culturing cells in a planar
orientation surely lacks cellular arrangements, and the interaction with the ECM compared to
the physiology of an organism(53). Recently, the methodology of de-cellularization of whole
rodent organs, including the urinary bladder, displayed native 3D (three-dimensional) ECM
scaffolds with preserved structure and composition(54). Another group demonstrated a de-
epithelialized rat bladder as in vitro model to study BC invasion to enable ECM interaction with
tumor cells(55). The application of animal-based experiments could fix the lack of physiology
but is connected to highly costs, specialized skills and strict legal regulations. Thus, it was of
significant advance when patient-derived BC tissue was cultured as organoids in vitro. This
method allows the maintenance of individual tumors to identify best treatment options in vitro,
and reanalyze the tissue at later time points as required(56). A very comprehensive study from
2018 investigated an entire biobank of BC organoids, which reflected molecular and
histopathological diversity of the disease, and validated personalized drug response and
associated resistance in vivo(57). BC patient-derived organoids demonstrate a promising
approach to improve patient treatment and surveillance, however, due to its dependency on
clinical post-surgery tissue samples, organoids harbor a limiting factor for intensive BC
research. Apart from patient-derived in vitro models, several 3D in vitro applications with
established cell lines were developed by diverse techniques. For instance, 3D microfluidic
devices or 3D gelatin-based bio-printed scaffolds were used for in vitro mono- or co-culture of
BC. These models enable a platform for drug screening(58), the measurement of cell-cell
interactions(59), to study migration and proliferation of metastatic BC cell lines(60), and the
communication between cancer cells and fibroblasts(61). Furthermore, a 3D vesical-like
structure was engineered from primary human endothelial cells, and BC spheroids were
incorporated to investigate invading cells(62). In consideration to reduced animal-based

experiments, these models are of big advantage, however they remain complex and elaborate,



Introduction

while specific equipment and skills are needed. To overcome these barriers, 3D in vitro
spheroids can be cultured by far simpler applications, and were already described to show
more similarities to physiological conditions in several cancer-related studies(63). Hence,
spheroid-based 3D in vitro models can be applied to better recapitulate the phenotypic and
cellular heterogeneity. In addition, the incorporation of the ECM supports the reflection of
realistic tumor conditions and characteristics. Spheroids are being easy to develop and more
flexible to conduct repeated experiments. Compared to the 2D culture model, the diffusion of
nutrients and oxygen to the inner zones of spheroids is limited. Therefore, hypoxia, one of the
major hallmarks of solid tumors, can be caused in spheroids larger than 1-2mm(53).

Vasyutin et al. (2019) summarized the semiliquid technique (seeding cells on pre-coated
agarose plates) as the most applied spheroid technique for BC so far(64). As an example, the
accumulation of a photosensitizer and its therapeutic effect was investigated in normal and
carcinoma cell line, grown as spheroids on agarose(65). To generate single and uniformly
sized spheroids, the semiliquid overlay method seems to be inadequate, since the formation
of multiple spheroids of different size were observed(66). Two other used techniques, namely
hanging-drop method and ultra-low-attachment (ULA )method, were investigated using the
RT4 cell line(67). The authors observed for the spheroid treatment with doxorubicin a higher
drug resistance in comparison to 2D culture within a similar concentration for both methods.
However, due to the lower working volume of the hanging-drop method (40ul), larger spheroids
can be produced by the ULA method, and keeping the spheroids moisturized could be
challenging for long term culture. Thus, the authors mentioned the ULA method as more
straightforward(67). The ULA method belongs to the forced-floating methods, and provides a
non-adherent surface, thus the cells have the only possibility to attach to each other, and form
a spherical arrangement. This principle was previous used in BC research for high-throughput
drug screening(68) and BC subtype expression in comparison to 2D culture(69). This recent
study demonstrated a stronger expression of the luminal subtype in 3D, showed a reduced
proliferation rate, and were therefore less sensitive to cisplatin and gemcitabine, in contrast to
2D culture(69). Moreover, the ULA method is also applicable for co-culturing, which was
published as 3D BC invasion model(70). They co-cultured tumor with stroma cells (fibroblasts
and immune cells), and enriched the ECM components derived from rat tail to reflect in vivo
conditions occurring in the BC microenvironment. Due to the current knowledge, the ULA
application was chosen because of few advantages. The use of ULA microplates is less
complex in handling, less time consuming, and exhibits moderate costs compared to other 3D
in vitro systems. Moreover, the ULA platform is highly reproducible in terms of high-throughput
production and the uniformly growth of single spheroids. In addition, spheroids would be not
incorporated into solid phases, which could be challenging to remove for further analysis. The

ULA method was proved to represent gene expression and biology of BC more realistic
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compared to 2D in vitro system(71), and was previously applied only rarely in translational BC

research.



Objectives

2 OBJECTIVES

Since the onset of BC and malignant progression, as invasion and metastasis, to MIBC is
highly dependent on ECM remodeling. Treatment options for patients are restricted, why poor
prognosis is a significant problem, and BC molecular classification is incomplete so far
Furthermore, the use and development of translational 3D in vitro models is rare in BC
research, hence valid models are needed to study the mechanistically background underlying
BC tumor cells and ECM interaction. Equally, the identification of novel therapeutic targets and
biomarker needs to be further investigated.

Considering these facts, in this study a series of different BC cell lines (UROtsa, RT4, T24/83,
SCaBER) was cultured by the 3D in vitro ULA method, and needed to be established by ECM-
related medium compositions. To keep pace with the times, valid spheroids were analyzed by
a microarray transcriptomic and proteomic approach, compared to the 2D model. Based on
the protein level, Gene Set Enrichment Analysis (GSEA) was performed and pathways related
to the ECM were identified. As result, 10 ECM-based and —interacting targets were significantly
differential expressed on protein level, mRNA level, and correlated with worse survival and
advanced features in MIBC patients. Mechanistically, these targets act in EMT, embryonic
stem cell signature (ESC), neurological activity, cancer pathways, and posttranslational
modifications (PTM).
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3 MATERIAL AND METHODS
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Experimental and analytical scheme

3.1 Material
3.1.1 BCcell lines

UROtsa was established from the urothelium lining ureter of a 12-year old girl and immortalized
by temperature-sensitive SV40 large T-antigen gene construct. This cell line provides an in
vitro model of normal urothelium, because in vitro they show no malignant transformation, like
growth in soft agar or tumorigenicity in nude mice. Additionally, chromosomal appearance and
number was observed to be normal in metaphase(72). UROtsa cell line was provided by Prof.
Dr. med. Ruth Knuchel-Clarke (University medical center Regensburg, now in RTWH Aachen).
The transitional cell papilloma cell line RT4, derived from a 62-years old male patient with a
recurring papillary tumor of the bladder, in 1970(73). The cell line is characterized by
aneuploidy with a modal chromosome number of 49 with four marker chromosomes identified.
RT4 has been shown tumorigenic potential in cheek pouch of steroid-treated hamsters. The
cell line was purchased from ATCC.

T24/83 is a derivate of the in vitro established T24 cell line. T24 originates from an 82-years
old Swedish male patient diagnosed with a G3 urothelial carcinoma, in 1970(74). The
generation time constitutes of about 19 h and exhibit a disordered multilayer growth with
chromosomal hypodiploid to hypopentaploid characteristics. Tumorigenic potential was
confirmed in hamster cheek pouches but not in nude mice. T24/83 cells were purchased from
European Collection of Authenticated Cell Cultures (ECACC).
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In 1976, SCaBER was established from a squamous cell carcinoma of the urinary bladder.
The cell line derived from a 58-years old patient and retained morphological properties of the
tumor for 40 passages in vitro(75). The chromosome number is hypotetraploid with thirteen
marker chromosomes and a male karyotype. SCaBER is tumorigenic and forms epidermoid
carcinoma in nude mice. The cell line was purchased from ATCC.

In 1982, UMUC-3 cells derived from a human male urothelial bladder carcinoma(76) and are
known to be tumorigenic in nude mice when 107 cells administrated subcutaneously. These
cells exhibit a hypertriploid karyotype with a modal chromosome number of 78-80 and 30 or
more marker chromosomes.
Authenticated Cell Cultures (ECACC).

RT112/84 is a derivate of the in vitro RT112 cell line, which was established from female patient

UMUC-3 was purchased from European Collection of

diagnosed with G1-2 urothelial bladder carcinoma, in 1973(77). Cells show no density-
dependent growth inhibition and are able to form tumors in nude mice, but did not grow in soft

agar(78). RT112/84 cells were purchased from European Collection of Authenticated Cell

Cultures (ECACC).

Cell lines

Supplier

UROtsa passage 60-66

RWTH Aachen University, Germany

RT4 passage 19-23

ECACC, Salisbury, England (91091914)

T24/83 passage 13-17

ECACC, Salisbury, England (85061107)

SCaBER passage 27-33

ATCC, Wesel, Germany (HTB-3)

RT112/84 passage 19-25

ECACC, Salisbury, England (85061106)

UMUC-3 passage 14-20

ECACC, Salisbury, England (96020936)

Primary normal bladder fibroblasts

ATCC, Wesel, Germany (PCS-420-013)

Media and supplements

Supplier

RPMI, 2 mM glutamine

GIBCO, Waltham, MA, USA

DMEM, 2 mM glutamine

GIBCO, Waltham, MA, USA

Mc Coy’s, 2 mM glutamine

GIBCO, Waltham, MA, USA

Fetal bovine serum (FBS)

Sigma-Aldrich, Steinheim, Germany

Fibroblast Basal Medium

ATCC, Wesel, Germany

Fibroblast Growth Kit-Low serum

ATCC, Wesel, Germany

Chemicals and reagents

Supplier

Trypsin neutralizing solution

Promocell,, Heidelberg, Germany

1x PBS (-Ca2*, -Mg2*) pH 7.0-7.3

GIBCO, Waltham, MA, USA

1x PBS (+Ca?*[0.90mM], +Mg?*[0.49mM]) pH 7.0-7.2

GIBCO, Waltham, MA, USA

RNAse free water

BRAUN, Melsungen, Germany

96-100 % Ethanol

Carl Roth, Karlsruhe, Germany

0.4% Trypan blue

Logos Biosystems, Villeneuve d’Ascq, France

Paraformaldehyde (PFA)

Carl Roth, Karlsruhe, Germany

4',6-diamidino-2-phenylindole (DAPI)

Sigma-Aldrich, Steinheim, Germany

Triton X-100 Carl Roth, Karlsruhe, Germany
Glycine Carl Roth, Karlsruhe, Germany
Glycerol Carl Roth, Karlsruhe, Germany

10



Material and Methods

Bovine serum albumin (BSA)

Carl Roth, Karlsruhe, Germany

Tween20

Sigma-Aldrich, Steinheim, Germany

Heparin

Sigma-Aldrich, Steinheim, Germany

Dimethyl sulfoxide (DMSQO)

Carl Roth, Karlsruhe, Germany

Protease inhibitor cocktail

Sigma-Aldrich, Steinheim, Germany (5056489001)

Ammonium Bicarbonate (ABC)

Fluka Analytical, Munich, Germany (40867; Lot: 11620)

Sodium-dodecylsulfate (SDS)

Applichem, Darmstadt, Germany (A0675)

Tris(2-carboxyethyl)phosphine (TCEP)

Sigma-Aldrich, Steinheim, Germany (C4706)

Chloroacetamide (CAA)

Sigma-Aldrich, Steinheim, Germany (22790; Lot:
BCBN8771V)

Acetonitrile (ACN)

Biosolve Chemicals, Dieuze, France (0001204101BS; Lot:
1274241)

Ethanol (EtOH)

Merck, Darmstadt, Germany (34852)

Trifluoroacetic acid (TFA)

Biosolve Chemicals, Dieuze, France (0020234131BS; Lot:
1273961)

Formic acid (FA)

Biosolve Chemicals, Dieuze, France (0006914143BS; Lot:

1297891)
Beads (Magnetic Carboxylate Modified): Thermo Fisher Scientific, Waltham, MA, USA
Sera-Mag Speed Beads A, slurry at 50 ug/ul (24152105050250)
Sera-Mag Spead Beads B, slurry at 50 ug/ul (44152105050250)
Enzymes & antibodies Supplier

0.25 % Trypsin-EDTA (1x)

GIBCO, Waltham, MA, USA

0.04% Trypsin-0.03% EDTA

Promocell, Heidelberg, Germany

Sequencing Grade Modified Trypsin

Promega, Walldorf, Germany (V5111)

DNase | Ambion™

Thermo Fisher Scientific, Waltham, MA, USA

Anti-KI67 rabbit, polyclonal antibody

Merck, Darmstadt, Germany (SAB4501880)

Anti-Cas3 rabbit, polyclonal antibody

Cell Signaling Technology, Danvers, MA, USA (9661)

Goat anti-rabbit polyclonal Alexa Fluor 647

Thermo Fisher Scientific, Waltham, MA, USA (A21246)

Kits

Supplier

Bicinchoninic acid assay (BCA)

Thermo Fisher Scientific, Waltham, MA, USA (23225; Lot:
SL258365)

RNeasy mini kit

Qiagen, Hilden, Germany

GeneChip® WT Plus Reagent Kit

Thermo Fisher Scientific, Waltham, MA, USA

GeneChip® Hybridization, Wash and Stain Kit

Thermo Fisher Scientific, Waltham, MA, USA

Instruments

Supplier

Incubator

Thermo Fisher Scientific, Waltham, MA, USA

Water bath

GFL, Burgwedel, Germany

Centrifuge (50 ml, 15 ml tubes)

Eppendorf, Hamburg, Germany

Table centrifuge (0.2 miI-2 ml tubes)

Eppendorf, Hamburg, Germany

Thermomixer

HTA-BioTec, Bovenden, Germany

Nanodrop 1000

VWR, Darmstadt, Germany

Vortex (MS1 Minishaker)

IKA-Werke, Staufen, Germany

Centrifuge (96 well plates)

Hettich Lab Technology, Tuttlingen, Germany

LUNA-FL dual fluorescence cell counter

Logos Biosystems, Villeneuve d’Ascq, France

Axio Vert. A1 microscope

Zeiss, Oberkochen, Germany

SDR SensorDish® reader

PreSens Precision Sensing, Regensburg, Germany

SP8 confocal microscope

Leica Geosystems, Munich, Germany

S-250D Model Sonifier

Branson Ultrasonic Corporation, Danbury, CT, USA

In-house built magnet for PCR tubes

DKFZ, Heidelberg, Germany
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Easy NanoLC 1200

Thermo Fisher Scientific, Waltham, MA, USA

Acclaim PepMap C18, 5 ym, 100 A, 100 ym x 2cm

Thermo Fisher Scientific, Waltham, MA, USA

nanoEase MZ Peptide BEH C18 130 A, 1.7 ym, 75 ym
x 250 mm

Thermo Fisher Scientific, Waltham, MA, USA

Q-Exactive HF Orbitrap mass spectrometer

Thermo Fisher Scientific, Waltham, MA, USA

Pico-Tip Emitter 360 yum OD x 20 um ID; 10 um tip

New Objective, Littleton, MA, USA

Agilent 2100 bioanalyzer

Agilent, Santa Clara, CA, USA

GeneChip Hybridization oven 640

Affymetrix, High Wycombe, UK

GeneChip Fluidics Station 450

Affymetrix, High Wycombe, UK

GeneChip Scanner 3000

Affymetrix, High Wycombe, UK

Web source and Software

Web presence

MATLAB vR2020b

https://www.mathworks.com/products/matlab.html

Python v3.8.1

www.python.org

RStudio v1.1.456

https://rstudio.com/

Rv3.4.0

https://cran.r-project.org/

Custom CDF Version 22

http://brainarray.mbni.med.umich.edu/Brainarray/Database

Leica Application Suite X

https://leica-geosystems.com

ImageJ https://imagej.nih.gov/ij/
cBioPortal www.cbioportal.org
SAS JMP v13 Www.jmp.com

SAS JMP10 Genomics v15

www.jmp.com

Kaplan-Meier Plotter

https://kmplot.com/analysis/

MaxQuant v1.5.1.2

https://www.maxquant.org/

Uniprot

www.uniprot.com

MSigDB

https://www.gsea-msigdb.org/gsea/msigdb/

GraphPad Prism v5

www.graphpad.com

Microsoft Excel 2013

www.Microsoft.com

Consumables

Supplier

Sterile 0.2ml, 0.5ml, 1.5ml, 2ml| RNase free tubes

Biozym Hessisch, Oldendorf, Germany

Sterile conical centrifuge tubes (15ml, 50ml)

Greiner Bio-One, Frickenhausen, Germany

Microliter-pipettes

Gilson, Middelton, W1, USA

Sterile filter tips (1ul-1000ul)

Starlab, Hamburg, Germany

Sterile one-way plastic pipettes (2ml, 5ml, 10ml, 25ml)

Greiner Bio-One, Frickenhausen, Germany

Cell culture flasks (25cm3, 75cm3, 175cm3)

Greiner Bio-One, Frickenhausen, Germany

syringe (1ml, 20ml)

Braun, Melsungen, Germany

20 G needle

Braun, Melsungen, Germany

6-well OHD6 SDR plates

PreSens Precision Sensing, Regensburg, Germany

96-well ULA plates

Greiner Bio-One, Frickenhausen, Germany

18-well y-slides

IBIDI, Planegg, Germany

Affymetrix HuGene-2_0-st-type

Thermo Fisher Scientific, Waltham, MA, USA
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3.2 Methods
3.2.1 2D cell culture of BC cell lines

The BC cell lines UROtsa, RT4, T24/83, UMUC-3, RT112/84 and SCaBER were thawed and
cultured in their respective medium until they recovered from freezing procedure (Table 1), at
5% CO, and 37°C. The medium was changed every second day and cells were passaged at
80 % to 90 % confluence. Since different medium conditions were used, each cell line was
adapted to new conditions by at least three passages until experiments were carried out. All
cell lines were positively authenticated and negatively tested on mycoplasma by Multiplexion

(Heidelberg, Germany).
3.2.2 pH and oxygen monitoring of BC cell lines in 2D in vitro model

BC cell lines (UROtsa, RT4, UMUC-3, RT112/84, T24/83) were adapted to different media
conditions (RPMI + 5 % FBS, Mc Coy’'s + 10 % FBS, DMEM + 10 % FBS), and 3 ml of
1.5x10% cells/ml were seeded in 2 replicates onto 6 well OxoHydroDish (OHD)6 plates
(PreSens). Cells were placed onto the Sensor Dish Reader (PreSens) within the incubator, at
5% CO2 and 37°C, and pH was monitored online every five minutes for four days. Medium
was changed once, two days after seeding.

Raw data were transferred to the data analysis excel sheet, provided by the manufacture, and
for every time point Oz concentrations were calculated from the simultaneously monitored pH
and temperature values. The pH and oxygen variation was statistically evaluated by two-way
ANOVA (Bonferroni posttests) compared to medium controls. Graphs were designed and

statistics were calculated using GrapPad Prism version 5.
3.2.3 Primary normal bladder fibroblast-derived conditioned medium

Primary normal bladder fibroblasts (pnBF) were thawed and cultured in unconditioned
fibroblast basal medium (UCM) from passage 9-11, supplemented with Fibroblast Growth Kit-
Low Serum, at 5 % CO, and 37°C. Medium was exchanged every two days until 80 % to 90 %
confluence. pnBF were expanded to T175 cm? cell culture flasks at a ratio of 1:6 and provided
with 20 ml of growth medium per flask. After 48 h of growth, conditioned culture medium was
removed, collected into 50 ml conical centrifuge tubes and centrifuged at 300 g for 5 min.
Supernatant was tipped off into fresh 50 ml conical centrifuge tubes and was used in a timely
manner. Conditioned medium from pnBF (CM) was consumed within one week, and stored at

4°C in the meantime.
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3.3 Establishment of BC cell lines in 3D in vitro model

The cell lines UROtsa, RT4, T24 an SCaBER were adapted to different standard media (Mc
Coy’s + 10 % FBS, DMEM + 10 % FBS) or further compositions (Table 1) in 2D culture, and
100 pl cell suspension per well were seeded onto 96-well ULA plates. Each well was filled up
by 100 ul medium, dependent on used condition. The applied cell counts for each cell line are
depicted in Table 8.and ranged from 103-4 x 10° cells/ml. 3D cultures were maintained for 4-
16 days at 5 %CO, and 37°C. 100 yl medium was changed every second day. Spheroids were
imaged microscopically every day to observe spheroid integrity. Spheroid growth rates were
analyzed by daily taken images using the MATLAB extension Spheroid Sizer(79). Graphs were

prepared with GraphPad Prism version 5.
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Table 1: Supplier recommended and additionally used medium conditions for BC cell lines.

BC cell line Standard medium Further conditions used

SCaBER MEM + 10 % FBS 50 % CM + 50 % (Mc Coy’s + 10 % FBS)
50 % UCM + 50 % (Mc Coy’s + 10 % FBS)

’ o
R4 Me Coy's +10% FBS 54 9, oM + 50 % (DMEM + 10 % FBS)
o) o (0]
To4/83 Mo Coy's + 10 % s 50 % UCM + 50 % (DMEM + 10 % FBS
50 % CM + 50 % (Mc Coy's + 10 % FBS)
UROtsa RPMI + 5 % FBS + DNase treatment*
UMUC-3

DMEM + 10 % FBS No further conditons

RT112/84

*In 2D culture, cells were adapted to 50 % CM + 50 % (Mc Coy’s + 10 % FBS) growth condition, treated with 0.1 mg/ml

DNase, and incubated 30 min at RT prior to seeding into 3D culture.

3.4 Immunofluorescence imaging of BC spheroids by confocal microscopy

BC spheroids were stained, cleared and imaged according to Niirnberg et al. (2020)(80). The
optical clearing procedure of the BC spheroids was carried out according to the Glycerol
method. Immunofluorescence was performed using primary anti-KI67 (Merck, Darmstadt,
Germany) and anti-Cas3 (Cell Signaling Technology, Danvers, MA, USA) antibodies, diluted
1:300 and 1:400, respectively. Fluorescence staining was performed using polyclonal goat
anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific, Waltham, MA, USA) secondary antibody,
1:800 diluted, and nuclear staining was conducted with DAPI (Sigma Aldrich) 1:500 diluted.
Antibodies were prepared in antibody solution (1 % BSA, 0.2 % Tween20 10 ug/mL Heparin,
5 % DMSO in PBS) for spheroid staining.

In brief, about 20-24 spheroids were collected in 1.5 ml reaction tubes and washed 3 x with
PBS and fixed in 4 % paraformaldehyde (PFA) for 1 h at 37°C. Afterwards, spheroids were
washed 3 x with PBS, transferred into 200 pl PCR tubes, and stored at 4°C in PBS until
preparation for immunofluorescence was performed. After fixation, spheroids were incubated
in PBS with 2 % Triton X-100 for 5 min at RT, and afterwards incubated for 30 min at 37°C in
penetration buffer (0.2 % Triton X-100, 0.3 M Glycine, 20 % DMSO in PBS). Spheroids were
blocked for 2 h at 37°C in blocking buffer (0.2 % Tween20, 10 uyg/mL Heparin in PBS), and
primary antibodies were incubated at 37°C ON. Spheroids were washed 5 x 15 min (0.2 %
Tween20, 10 yg/mL Heparin in PBS), and secondary antibody was incubated ON at 37°C.
Furthermore, spheroids were cleared in 88 % Glycerol ON at 37°C and mounted on 18-well y-

slides (IBIDI, Planegg, Germany). Five spheroids of each condition were imaged and analyzed
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followed by sum projection of the z-stacks of 160 um size, and a z-step size of 1 um, while
fluorescence signals were normalized to mean spheroid size for multiple comparisons.
Differences were determined by two-way ANOVA and graphs were generated by GraphPad

Prism version 5.
3.5 Multi-omics analysis of BC 2D and 3D in vitro model
3.5.1 Protein mass spectrometry

BC cells from 2D culture (T75 cm? flasks) were detached with 3 ml 0.25 % Trypsin (Gibco) and
reaction was stopped by the addition of 3 ml Mc Coys + 10 % FBS. Cell suspension were
transferred into a 15 ml conical centrifuge tube and centrifuged for 5 min at 300 x g. Pellets
were washed 3 x with PBS and split 50:50 into 1.5 ml reaction tubes. About 50-70 spheroids
were collected into one 1.5 ml reaction tube, washed 3 x with PBS, and dry spheroids and
pellets were stored at — 80°C until further procedure.

Samples were reconstituted in 100 uL lysis buffer (4 % SDS, 100 mM ABC pH 8.5, and 1 x
protease inhibitor cocktail (PIC)) and stored on ice during the subsequent homogenization
steps. Each sample was probe-sonicated 2 x 15 s at 10 % frequency and 2 x 15s at 10 %
frequency with cooling on-ice between cycles. Samples were centrifuged at 15.000 x g, at 4°C
for 30 min to pellet remaining cell- and tissue debris, followed by protein quantification using a
Bicinchoninic acid assay (BCA) (Thermo Fisher Scientific). For each sample, 10 ug of protein
were processed in a total volume of 13.3 uL of 1 % SDS, 100 mM ABC, 10 mM TCEP, and
40 mM Chloroacetamide. Samples were heated for 5 min at 95°C to denature proteins, and to
reduce and alkylate cysteine residues. Cooled to room temperature, samples were further
processed by Single-Pot Solid-Phase-enhanced Sample Preparation (SP3) sample clean-up
procedure(81). In brief, 2 uL of pre-washed beads (100 ug/uL of Sera-Mag Speed Beads A
and B, washed 1 x with 160 uL and 2x with 200 uL ddH.0O) and 15.2 yL 100 % ACN were
added to each sample to reach a final concentration of 50 % organic. Protein binding to the
beads was allowed for 18 min off a magnetic rack, followed by 2 min incubation on a magnetic
rack to immobilize beads. The supernatant was removed and beads were washed 2 x with
200 pL of 100 % EtOH and 1 x with 180 pL of 100 % ACN. Beads were re-suspended in 12 yL
100 mM ABC and sonicated for 5 min in a waterbath. Finally, sequencing-grade trypsin was
added at an enzyme/protein ratio of 1:40 and beads were pushed from the tube walls into the
solution to ensure efficient digestion. Upon overnight incubation at 37°C and 1000 rpm in a
table-top thermomixer, samples were acidified to a final concentration of 0.5 % TFA and quickly
vortexed. Peptides were recovered by immobilizing the beads on a magnetic rack and
transferring the supernatant to new PCR tubes. MS injection-ready samples were stored at
- 20°C.
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Samples were diluted with Buffer A (0.1 % FA in ddH-O) to enable the injection of 1 ug peptide.
Peptides were separated using the Easy NanoLC 1200 (Thermo Fisher Scientific) fitted with a
trapping (Acclaim PepMap C18, 5um, 100 A, 100 ym x 2 cm) and an analytical column
(nanoEase MZ Peptide BEH C18 130 A, 1.7 um, 75 um x 250 mm). The outlet of the analytical
column was coupled directly to a Q-Exactive HF Orbitrap (Thermo Fisher Scientific) mass
spectrometer. Solvent A was ddH20, 0.1 % (v/v) FA and solvent B was 80 % ACN in ddH-0,
0.1 % (v/v) FA. The samples were loaded with a constant flow of solvent A at a maximum
pressure of 800 bar, onto the trapping column. Peptides were eluted via the analytical column
at a constant flow of 0.3 pl/min, at 55°C. During the elution, the percentage of solvent B was
increased in a linear fashion from 3 to 8 % in 4 min, then from 8 % to 10 % in 2 min, then from
10 % to 32 % in a further 68 min, and then to 50 % B in 12 min. Finally, the gradient was
finished with 8 min at 100 % solvent B, followed by 11 min 97 % solvent A. Peptides were
introduced into the mass spectrometer via a Pico-Tip Emitter 360 um OD x 20 ym ID; 10 um
tip (New Objective, Littleton, MA, USA) and a spray voltage of 2 kV. The capillary temperature
was set at 275°C. Full scan MS spectra with mass range m/z 350 to 1500 were acquired in the
Orbitrap with a resolution of 60.000 FWHM. The filling time was set to a maximum of 32 ms
with an automatic gain control target of 3 x 106 ions. The top 20 most abundant ions per full
scan were selected for an MS2 acquisition. The dynamic exclusion list was with a maximum
retention period of 40 s. Isotopes, unassigned charges, and charges of 1, 5 to 8, and >8 were
excluded. For MS2 scans the resolution was set to 15.000 FWHM with an automatic gain
control of 1 x 10%ions and maximum fill time of 50 ms.

Raw files were processed using MaxQuant version 1.5.1.2(82). The search was performed
against the human Uniprot database (20170801_Uniprot_homo-sapiens_canonical_reviewed;
20214 entries) using the Andromeda search engine with the following search criteria: enzyme
was set to trypsin with up to 2 missed cleavages. Carbamidomethylation (C) was selected as
a fixed modification; oxidation (M) and acetylation (protein N-term) were set as variable
modification(82,83). First and second search peptide tolerance were set to 20 and 4.5 ppm,
respectively. Matching of identifications between runs was performed with a match time
window set to 0.3 min and a default alignment window of 20 min. Unidentified features were
not matched. The protein quantification was performed using the label-free quantification
(LFQ) algorithm of MaxQuant. LFQ intensities were calculated using a minimum ratio count of
2, and minimum and average number of neighbors of 3 and 6, respectively. No MS/MS were
required for the LFQ comparison. Peptide and protein hits were filtered at a false discovery
rate of 1 %, with a minimal peptide length of 7 amino acids. The reversed sequences of the
target database were used as a decoy database. LFQ values were extracted from the protein
Groups table and log. transformed for further analysis. All consecutive steps were performed

in Microsoft Excel 2013, Perseus, and the statistical software environment R(84,85).Differential
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expressed proteins (DEP) were relatively identified between each 3D condition compared to
2D standard condition, and determined by limma software package in R(86). P-values were
adjusted according to Benjamini and Hochberg(87).

GSEA was used to analyze whether defined sets of genes exhibit a statistically significant bias
in their distribution within a ranked gene list using the fgsea package(88). Reactome, KEGG,
and MSigDB, as hallmark and oncogenic signatures, databases were used to annotate gene
sets to pathways belonging to various cell functions. All statistical procedures were conducted
with the R programming language running under the open-source computer software R
v3.4.0(84) and RStudio v1.1.456(89). Results were visualized using GraphPad prism version
5, and Microsoft Excel 2013.

3.5.2 RNA microarray

2D cell culture (T75 cm? flasks) were washed once with 10 ml PBS, and cell lysis was
performed with 700 pl lysis buffer (RNeasy Mini Kit, Qiagen) per flask directly. Lysate was split
50:50 into 1.5 ml reaction tubes. About 50-70 spheroids were collected into 1.5 ml reaction
tubes, washed 3 x with PBS, and 350 pl lysis buffer was added. Lysates were stored at — 80°C
until further procedure.

Total RNA of BC spheroids from 3D, and 2D culture was prepared using RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manufactures protocol. Afterwards, isolated RNA
was treated with 1yl DNase | (Thermo Fisher Scientific) per 10ug RNA, and incubated for
30min at 37°C. RNA integrity was determined by capillary electrophoresis on an Agilent 2100
bioanalyzer (Agilent, Santa Clara, CA, USA) and high quality was confirmed.

Gene expression profiling was performed using arrays of human HuGene-2_0-st-type from
Affymetrix (Thermo Fisher Scientific). Biotinylated antisense cDNA was then prepared
according to the standard labelling protocol with the GeneChip® WT Plus Reagent Kit and the
GeneChip® Hybridization, Wash and Stain Kit (both from Thermo Fisher Scientific).
Afterwards, the hybridization on the chip was performed on a GeneChip Hybridization oven
640, then dyed in the GeneChip Fluidics Station 450 and thereafter scanned with a GeneChip
Scanner 3000. All of the equipment used was from the Affymetrix-Company (Affymetrix, High
Wycombe, UK).

A Custom CDF Version 22 with ENTREZ based gene definitions was used to annotate the
arrays(90). The raw fluorescence intensity values were normalized applying quantile
normalization and RMA background correction. One-way ANOVA was performed to identify
differential expressed genes (DEG) of each 3D condition in relation to 2D standard condition
using a commercial software package SAS JMP10 Genomics, version 15, from SAS (SAS
Institute, Cary, NC, USA). A false positive rate of a=0.05 with FDR correction was taken as the
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level of significance. Results were visualized using GraphPad prism version 5, and Microsoft
Excel 2013.

3.5.3 Python-based evaluation and in silico validation of multi-omics data

Significant results from the GSEA were filtered for ECM-related gene sets (n=6), and detected
ECM-related proteins were extracted from the MS data (n=35), and matched against all
significant GSEA-identified gene sets. The resulting gene sets (n=84) indicated the
involvement of ECM-related proteins in their respective pathways relevant for ECM-related
cancer characteristics. In addition, log» fold change and adjusted p-value from DEP and DEG
data were supplemented to show correlations between MS and MA data.

Public available MIBC mRNA sequencing data from the Cancer Genome Atlas (TCGA, Cell
2017)(91) were used to validate the multi-omics in vitro data. All detected DEP, related to ECM,
PTM, EMT, ESC, neuronal, and cancer-related pathways (n=1053) from GSEA were
correlated to the in silico cohort (Table 2) in terms of age, gender, lymph node metastases
(PNO-3), tumor- node- metastasis system (TNM staging), survival status (alive, deceased), and
recurrence status (recurred, not recurred). Since only MIBC were analyzed, patients with a
TNM stage <T2, TX or not examined were excluded. P-values were adjusted according to
multiplicity adjusted p-values, derived from Benjamini and Hochberg(92). Significant
correlating genes were re-matched to significant GSEA gene sets to display validated
pathways related to ECM, PTM and cancer progression. Validated targets were further
analyzed for prognostic overall (OS), and disease-free survival (DFS) identified by log rank
statistics and Kaplan-Meier plots. In sum, only significant targets according to DEP, DEG,
prognostic OS or DFS, and belonging to either EMT, ESC, PTM or neuronal pathways were
further considered to perform uni- and multivariable Cox regression analysis. The underlying
statistic was performed using SAS JMP version 13, KMplotter and graphs were designed by

GraphPad Prism version 5.
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Table 2: Clinical and pathological characteristics of MIBC TCGA cohort

Median age
n=346 69 years
High grade tumors
Gender m f
254 92
T-stace T2alb T3alb T4alb
pi-stag 105 186 55
NO N1-3
pN-stage I;21 I01 25
Disease-free status No Yes N/A Median disease-free month
156 115 75 15.9
. Alive* Deceased* Median overall survival month
Overall survival status 176 141 17 .61

(n) number of subjects; (m) male; (f) female; (T2a/b) tumor invades (a) inner half or (b) outer half of muscularis propria bladder wall;
(T3a/b) tumor invades perivesical tissue, (a) microscopically or (b) macroscopically; (T4a/b) tumor invades (a) prostate, uterus, vagina or
(b) pelvic or abdominal wall; (pNX) regional lymph nodes cannot be evaluated histologically; (pNO) no regional lymph node metastasis;
(pN1) metastases in a single lymph node, 2cm or less in greatest dimension; (pN2) Metastases in a single lymph node, more than 2 cm but
not more than 5 cm in greatest dimension, or multiple lymph nodes, none more than 5 cm in greatest dimension; (pN3) Metastasis in a lymph
node more than 5 cm in greatest dimension; (N/A) data not available.

*Considering only patients with a follow-up of at least 3 month.
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4 RESULTS

4.1 Identification of a uniform medium condition by pH and oxygen monitoring for BC cell

lines

Based on in vitro systems, the choice of a suitable medium seems to be the most significant
decision for proper cell growth. Besides nutrition’s and growth factors, cell culture media needs
to establish a continuous physiological pH environment, and environmental oxygen saturation
for traditional in vitro systems. Therefore, three different cell culture media (RPMI + 5% FBS;
Mc Coy’s + 10% FBS; DMEM + 10% FBS) were uniformly investigated exemplified on five BC
cell lines (UROtsa; RT4; UMUC-3; RT112/84; T24/83) in 2D culture. The consistency of
physiological pH (7.4) and environmental oxygen (20%) were monitored over 4 days of
culturing, and used as quality criteria to estimate a common medium for culturing BC cell lines
under same conditions.

Initially, all media without cells show a different but consistent buffer capacity over 4 days as
expected (RPMI + 5% FBS: pH=7.2; Mc Coy’s + 10% FBS: pH=7.3, DMEM + 10% FBS:
pH=7.6) (Figure 1; Figure 2). Overall, the pH is dropping over time considering the different
cell lines under each condition (Figure 1; Figure 2). However, by comparing the pH consistency
between the cell lines, variations under RPMI + 5% FBS condition are visibly the highest,
ranging from pH=7.2-7.6 on day 0. Ranges from pH=7.2-7.4 and pH=7.4-7.6 are lower for Mc
Coy’s +10% FBS and DMEM + 10% FBS, respectively. Because of the higher pH
inconsistency, the RPMI + 5% FBS condition was not further considered as uniform medium.
The selection between the other two conditions was inconclusive. In case of Mc Coy’s + 10%
FBS, the pH range is closer to physiological conditions but the pH capacity is less stable over
time. In contrast, DMEM + 10% FBS showed a more stable pH capacity over time but the pH
is farer basic from the physiological condition. In terms of pH capacity, it can’t be clearly
distinguished between both remaining media. Also by considering the oxygen saturation, Mc
Coy’s + 10% FBS and DMEM + 10% FBS showed a stable concentration about 19-20% over
time for every cell line, except for T24/83 (Figure 3). In case of T24/83, the oxygen level
dropped after 2.5-3 days of growth. This effect was observed for all three conditions and
seemed to be rather caused by a high cell count because T24/83 has the highest proliferation
rate compared to the others (Fig1 (A, D, G)). Therefore, Mc Coy’s + 10% FBS and DMEN +
10% FBS were selected to generate uniformly and comparable cell culture conditions for 3D

establishment of BC cell lines.
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Figure 1: pH online monitoring of 2D cultured BC cell lines

The cell lines (UROtsa, RT4, T24/83, SCaBER) were cultured in 6-well OHD plates under RPMI, Mc Coy’s or
DMEM, and 10% FBS. The cultures were maintained for 4 days and medium was changed at 2" day.
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Figure 2: Bar chart of pH online monitoring of BC cell lines under consideration of pH optimum

The cell lines (UROtsa, RT4, T24/83, SCaBER) were cultured in 6-well OHD plates under RPMI, Mc Coy’s or
DMEM, and 10% FBS. The cultures were maintained for 4 days and medium was changed at 2" day. The pH-
change over time was evaluated taken into account physiological pH conditions that should be achieved.
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Figure 3: Oxygen concentration of 2D cultured BC cell lines

The cell lines (UROtsa, RT4, T24/83, SCaBER) were cultured in 6-well OHD plates under RPMI, Mc Coy’s or
DMEM, and 10% FBS. The cultures were maintained for 4 days and medium was changed at 2" day. The oxygen

concentration was calculated based on the pH online monitoring.

4.2 BC cell line establishment of an 3D in vitro ultra-low-attachment system

Multiple different 3D orientated in vitro systems are applicable, but in terms of BC cell lines
there is less use and establishment so far. By these reasons, it was aimed to develop intact
growing spheroids by the ULA method with the BC cell lines UROtsa, RT4, T24/83 and
SCaBER. For this approach, different cell counts were seeded, growth progress was daily
observed by light microscopy and growth rates were calculated under different medium
conditions. Finally, selected conditions and 3D-system validated cell lines integrity was

examined by confocal microscopy.
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4.2.1 Evaluation of different medium conditions by spheroid growth rate

(Figure 4) For first, BC cell lines were cultured in 96-well ULA plates with the previous selected
basal media DMEM + 10% FBS and Mc Coy’s + 10% FBS. Under those conditions spheroids
were not formed properly and degraded by time, except for RT4 (67). Hence, UROtsa, T24/83
and SCaBER showed a distinct negative growth rate.

To support the spheroidal cell arrangement, 50% of each basal media was substituted by CM
derived from pnBF. In case of T24/83, supplementation with pnBF CM supported intact
spheroid formation (Figure 18) and caused remarkable growth with 32.19 ym/day and
25.79 ym/day for Mc Coy’s + 10% FBS and DMEM + 10% FBS, respectively. The CM addition
to RT4 spheroids (Figure 17) resulted into growth rates of 18.00 ym/day and 21.15 um/day for
Mc Coy’s + 10% FBS and DMEM + 10% FBS, respectively. For UROtsa and SCaBER the
addition of CM displayed more stable spheroids over time (Figure 16; Figure 19), however
without notable growth for supplemented DMEM + 10% FBS (UROtsa: 4.79 ym/day; SCaBER:
10.8 um/day). For UROtsa, SCaBER and T24/83 the growth rates under supplemented Mc
Coy’s + 10% FBS were always higher compared to supplemented DMEM + 10% FBS, but for
RT4 nearly the same. Finally, Mc Coy’s + 10% FBS supplemented with CM was chosen for
further experiments.

Spheroids were additionally cultured with Mc Coy’s + 10% FBS supplemented with UCM in the
same ratio as with CM. This condition was created to identify potential effects of the pnBF CM
for further gene expression analysis. For T24/83 the UCM supplemented medium showed not
remarkable difference in contrast to CM supplemented culture (A=3.68 um/day). In case of
RT4 the growth rate is noticeable increased for UCM supplemented medium (27.83 um/day)
compared to CM (18.00 um/day). UROtsa (-0.51 pm/day) and ScaBER (5.51 pm/day) resulted
into clearly reduced growth rates under UCM condition (Figure 4).In case of SCaBER cell line,
it was observed that the spheroids were not floating within the well but were able to attach to
the well bottom (Figure 19). By this effect, the spheroids could be hindered within their growth.
Therefore, it was investigated whether free DNA fragments could be responsible for sticking
the spheroids to the well bottom. For this experiment, the spheroids were cultured with CM
supplemented medium and treated with DNase to counteract the potential effect of sticky DNA
fragments. The results didn’t show any detachment for SCaBER spheroids. In addition, the
growth rate was also not increased compared to spheroids without DNase treatment. Even for
UROtsa, RT4 and T24/83, DNase treatment didn’t show higher growth rates (Figure 4).

Due to the low growth rates of UROtsa and SCaBER, cell lines were cultured in a hypoxic (3%)
environment to examine whether the growth rates are changing to a higher direction when
oxygen concentration is closer to physiological conditions. The data showed rather an opposite
effect. Overall the growth rates were highly reduced under hypoxic conditions and even

reached negative values in case of UROtsa and SCaBER for the UCM supplemented medium
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(Figure 4). It is noticeable that SCaBER couldn’t be analyzed under CM supplemented and

hypoxic conditions thus the spheroids were losing their integrity and cells were able to attach

to the bottom (Figure 19).

Concerning UROtsa and SCaBER, the growth rates were inconsistent and not remarkable over

time. Even SCaBER is able to attach to the ULA wells. For these reasons, further experiments

were conducted with RT4 and T24/83 only.
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Figure 4: Analysis of 3D cultured BC cell lines growth under different medium conditions
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The BC cell lines (UROtsa, RT4, T24/83, SCaBER) were seeded onto 96-well ULA plates under different medium

conditions. Half of the medium was changed every 2" day and light microscopic images were taken daily. From

daily images, the spheroid diameter was analyzed by SpheroidSizer, a MATLAB plugin, and the mean diameter for

each day was calculated from replicates. Growth rates were determined by ym growth per day.

26



Results

4.2.2 Identification of spheroid integrity by confocal imaging

RT4 and T24/83 under UCM and CM condition were further prepared by tissue clearing(80)
and analyzed by confocal imaging to investigate spheroid integrity. Since light microscopy
observation doesn’t show cell arrangements insight of the spheroids, DAPI staining was
performed. In addition, the distribution of proliferating and apoptotic cells were examined by
Immunofluorescence using KI67 and Cas3, respectively.

For both cell lines and conditions, DAPI staining represented the inner lying cells of the
spheroids, while under CM conditions both cell lines appeared in a more compact
arrangement, compared to UCM. Additionally, T24/83 under CM condition showed a round
and smooth shape, while in UCM a grape-like structure was observed. Due to the looser
arrangement of RT4 cells within UCM, the spheroids were represented a larger spheroid
volume. The signals for Ki67 and Cas3 were normalized to the DAPI staining for each cell line

and condition (Figure 5).

27



Results

RT4 UCM T24/83 CM T24/83 UCM

RT4 CM

B #

fotal sipnal/area

RTACM RT4UCM T24CM T24UCM

Figure 5: Spheroid integrity of T24/83 and RT4 spheroids by confocal fluorescence imaging

The ULA cultured T24/83 and RT4 spheroids were maintained in culture for 4 days under UCM (50% fibroblast
basal medium+50% (Mc Coy’'s+10% FBS)) and CM (50% primary normal bladder fibroblast conditioned
medium+50% (Mc Coy’s+10% FBS)) condition. Further, they were treated by the Glycerol method for tissue
clearing, and immune-stained with anti-Ki67 (A), anti-Cas3 (B), as well as with DAPI. Imaging was performed by
SP8 confocal microscopy of 5 replicates to evaluate spheroid integrity by proliferation and apoptosis marker, as
well as morphologically. Images were analyzed by sum projection of z-stacks of 160um size, and a z-step size of
1um. Fluorescence signals were normalized to the mean spheroid size of replicates and two-way ANOVA statistic
was performed. Scale bar = 100pm.
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T24/83 UCM showed a higher proliferation signal compared to the CM condition, which also
holds for the apoptotic signal. This distribution was vice versa for RT4 UCM compared to CM
condition, so that RT4 UCM proliferation and apoptotic signals were lower compared with the
CM condition. In contrast to RT4 UCM, T24/83 UCM proliferation was significantly higher, while
T24/83 CM is significantly lower compared to RT4 CM. Considering the general signal
intensities, Cas3 demonstrated increased signals compared to KI67. Comparing both cell lines,
T24/83 UCM and CM conditions presented a higher amount of Cas3 presence in contrast to
RT4 UCM and CM. The general amount of Ki67 signals were not significantly different within
the different cell lines. This observation is seen by comparison of T24/83 CM with RT4 UCM,
and T24/83 UCM with RT4 CM (Figure 5 A, B).

4.2.3 Established 3D model and its final sample production

Out of four BC cell lines, T24/83 and RT4 have proven to be successful by culturing within the
ULA 3D model under UCM and CM conditions. This composition of cell lines, media conditions
and in vitro model was further used to generate samples for proteomics and transcriptomics
application. As depicted in Figure 6, the spheroids were cultured for eight days and
represented consistency in growth and shape as during establishment.

Further samples of 2D cultured T24/83 and RT4 cells were cultured under Mc Coy’s + 10%
FBS, UCM and CM condition (Figure 7). Under standard medium conditions the RT4 cells grow
in characteristic multi-layered colonies, while T24/83 cells showed a classic monolayer growth
pattern in 2D. The use of the UCM or CM medium conditions changed the morphology of RT4
noticeable. In comparison to Mc Coy’s + 10% FBS, the RT4 cells still grow in a tight
arrangement but not in colonies, thus they are more distributed over the growth area in a planar
manner. For T24/83, no morphological change was observed under the different medium

conditions in 2D culture.
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Figure 6: Growth and formation of T24/83 and RT4 cultured spheroids for omics analysis
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Each 500 cells of T24/83 and RT4 BC cell lines were seeded into 3D ULA format, and cultured for 8 days under
UCM (50% fibroblast basal medium+50% (Mc Coy’s+10% FBS)) and CM (50% primary normal bladder fibroblast
conditioned medium+50% (Mc Coy’'s+10% FBS)) condition for their use in further gene expression omics

applications. Half of the Medium was changed every 2" day, and the spheroid growth was analyzed by light

microscopy imaging and MATLAB (SpheroidSizer) analysis. Daily imaging of 46 different spheroids and for 3

different passages was conducted. Scale bar = 500um, magnification = 5x.
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Figure 7: Growth and formation of T24/83 and RT4 2D culture for omics analysis

T24/83 and RT4 BC cell lines were maintained in 2D culture for 3 days under standard (Mc Coy’s+10% FBS), UCM
(50% fibroblast basal medium+50% (Mc Coy’'s+10% FBS)) and CM (50% primary normal bladder fibroblast
conditioned medium+50% (Mc Coy’s+10% FBS)) condition for their use in further gene expression omics
applications. Medium was changed every 2" day, light microscopically images were taken daily for 3 different

passages totally. Magnification = 10x.
4.3 Multi-omics analysis of BC cell line spheroids
4.3.1 Global perspective of differential expressed proteins and genes

The molecular analysis of the established RT4 and T24/83 spheroids, and the respective 2D
samples, was primarily conducted by LC-MS application. The data evaluation was performed
based on the functional protein level, and validated by RNA microarray as well as by mRNA
expression of in silico clinical data of MIBC patients.

For RT4 and T24/83, the 2D model was cultured under standard condition (Mc Coy’s + 10%
FBS), UCM and CM, and the 3D model under UCM and CM. The average amount of proteins
per sample/replicate was in between 4000-5000 proteins, with 5483 different proteins detected
in the entire measured samples (Figure 8, A). Further proteomic characterization was achieved
by two-dimensional t-SNE (t-distributed stochastic neighbor embedding) plots. This
visualization outlines similarities and differences of expressed proteins between the samples,
depending on proximity. Each point represents one replicate of one cell line under one
condition. By consideration of the factors cell line, in vitro model and medium condition, a
distinct separation between RT4 and T24/83, as well as between the 2D and 3D model was

identified (Figure 8, B, C). However, the different medium conditions appeared in much closer
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proximity to each other, and were less distinguishable from each other within a certain cell line

and in vitro model (Figure 8, D).
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Figure 8: Proteomics outcome and annotation to, cell line, in vitro model and medium condition

2D and 3D cultured T24/83 and RT4 under different medium conditions were analyzed by LC-MS. In total, 5483
different proteins were detected along all samples after median normalization and filtered for a false discovery rate
of 1% (A). The proteins were further annotated and displayed by t-SNE plots to outline similarities and differences
of expressed proteins between the samples, depending on proximity. T24/83 and RT4 (B); 2D and 3D model (C);
medium conditions (D). C1 (UCM); C2 (CM); C3 (Mc Coy's+10% FBS).

In order to specify the observed discrepancies, DEP were analyzed for each kind of sample
and cell line, in comparison to the respective 2D standard condition (Figure 9).

In case of T24/83, it is clearly displayed that the count of significantly DEP was higher in the
3D UCM an CM condition compared to the standard ones, with 494 and 461, respectively. In
contrast, the count of significantly DEP within the different media conditions was clearly lower
with 20 DEP for 2D UCM and 8 DEP for 2D CM, compared to 2D standard condition (Figure
10, A). By highlighting the relation between up- and downregulated DEP, the 3D model showed
about 50% proportion of up- and downregulated significantly DEP (Figure 10, a). A similar
trend is represented by the RNA microarray data, indicated by significant DEG. Hence, the 3D
model presented under UCM and CM condition 2978 and 3219 significantly DEG, respectively.
As on protein level, the media comparisons showed a less count of significantly DEG with 980
for 2D UCM 825 for CM, compared to 2D standard condition (Figure 10, B). However, the

proportion of up- and downregulated DEG is not as distinct separable as on protein level. In

32



Results

this case the proportions were distributed over 50%-60% of significantly up- or downregulated
DEG (Figure 10, b).
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Figure 9: Volcano plot and related t-SNE annotation of DEP for T24/83

DEP for T24/83 were analyzed by limma statistics and displayed by volcano and t-SNE plot. The comparison of the
3D model (UCM and CM), and 2D model (UCM and CM), in contrast to the 2D standard condition (Mc Coy’s+10%
FBS) was conducted. A brown data point of the volcano plot represents one significantly DEP within the particular
comparison. C1 (2D UCM); C2 (2D CM); C3 (2D Mc Coy’s+10% FBS); 2D (2D Mc Coy’s+10% FBS).

With respect to RT4, significantly DEP can also be grouped into a higher count and lower count
category, as for T24/83 (Figure 20, Figure 21, A;). The conditions 3D UCM with 149 and 2D
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CM with 128 significantly DEP represented the higher count conditions. While, 3D CM and 2D
UCM with 26 and 72, respectively, the lower count conditions of significantly DEP. The
proportion of significantly downregulated DEP was similar for almost all conditions with around
60%. However, only about 25% of significantly DEP were downregulated for 2D UCM (Figure
21, a). On the contrary, the significantly DEG showed a completely different distribution, and
no similarities to the distribution of the significantly DEP (Figure 21, B). In this case, a higher
count for 3D UCM with 3262 and 3D CM with 3322 was observed. For the 2D UCM and 2D
CM condition, 2697 and 2625 were demonstrated, respectively. The proportion of significantly
up- or downregulated DEG is around 50% for each condition (Figure 21, b).

Independent of the conditions, the total count of significantly DEP was 983 for T24/83 and 375
for RT4. By this finding, the total count of the resulting significant GSEA gene sets was higher
for T24/83 with 180, and lower for RT4 with 98. In contrast, the total count for significantly DEG
was 8002 for T24/83 and 11906 for RT4, in comparison to the 2D standard conditions.
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Figure 10: Counts of significantly DEP and DEG in T24/83 in relation to the 2D standard condition

Significantly DEP (A) and DEG (B) for T24/83 were analyzed by limma statistics and one-way ANOVA, respectively.
The comparison of the 3D model (UCM and CM), and 2D model (UCM and CM), in contrast to the 2D standard
condition (Mc Coy’s+10% FBS) was conducted. Further, the proportion of up- and downregulated, significantly DEP
(a) and DEG (b) is shown. The GSEA analysis was performed by the use of Kegg, Reactome, Hallmark, and
oncogenic signatures gene sets, and the amount of significantly differential regulated pathways is given for each
gene set database, detected for T24/83 (C).

4.3.2 Evaluation of proteomic-based gene set enrichment analysis

Additionally, to point out biological features, a GSEA with the examined DEP was conducted
for each cell line of different in vitro models and media conditions. At first, typical characteristics
for 3D cell models, compared to 2D standard condition were determined, by considering
significantly altered expressed gene sets. Factors like, posttranslational protein modifications,
hypoxia, ECM, cell cycle and DNA replication, as well as apoptosis were previously described,
and can be remarkably altered in context of 3D in vitro models, compared to 2D models(63).
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For the T24/83 3D model, the percentage of posttranslational protein modifications, hypoxia
and ECM significantly altered gene sets were up-regulated compared to the standard 2D
condition, with around 80%-90%. In contrast, almost 100% of the gene sets related to cell cycle
and DNA replication were downregulated. In case of apoptotic gene sets, about 70% showed
an up-regulation for the 3D CM model, while 30% of these gene sets were up- and
downregulated in the 3D UCM model. With respect to the 2D CM condition, about 20% of the
ECM gene sets displayed up- and 10% of the cell cycle and DNA replication gene sets were
downregulated. The 2D UCM model showed that 20% of the significantly gene sets for
posttranslational protein modification and ECM were downregulated. No altered gene sets for
hypoxia or apoptosis were determined for 2D CM and UCM condition (Figure 11).

In case of RT4, the 3D UCM and CM conditions represented an upregulation for 100% of the
significant gene sets for hypoxia, and 60%-70% for cell cycle and DNA replication, compared
to the 2D standard condition. Additionally, 3D UCM presented about 40% upregulated
posttranslational protein modification- related gene sets, and 20% of ECM-related ones. On
consideration of the 2D CM condition, a downregulation of significantly differential expressed
gene sets was observed for about 20% of posttranslational protein modification, 100% of
hypoxia, 15% of cell cycle and DNA replication, and 30% of apoptosis-related gene sets. At
the same time, about 40% of the significantly differential expressed gene sets for cell cycle
and DNA replication were upregulated. Furthermore, the 2D UCM condition showed about
10% of significantly expressed gene sets for cell cycle and DNA replication, and 35% for
apoptosis were downregulated. No change of significantly differential expressed gene sets
was observed for 3D CM, concerning posttranslational protein modification, ECM and
apoptosis, as well as for 3D UCM with respect to apoptosis, 2D UCM with regard to
posttranslational protein modification, hypoxia and ECM, and finally for 2D CM in relation to
ECM (Figure 22).
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Figure 11: GSEA outcome of biological functions for T24/83 in relation to 2D standard condition

Significantly, differential expressed gene sets have been grouped according to their biological function. Typical 3D
characteristics (upper chart) and further dominant characteristics (lower chart) revealed for T24/83. Each biological
function plotted on the y-axis consists of functional related gene sets, which are shown as percentage depending if
the gene set is significantly over- or under-representation.

Based on the invasive cell line T24/83, conspicuous characteristics, resulted by the GSEA, are
showed in Figure 11. Gene sets from biological features as stem cell signature, neuronal
pathways, EMT, DNA repair and cancer pathways represented noticeable alterations for
T24/83, compared to 2D standard condition. The 3D UCM and CM condition pointed equally
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elevated expression of significant gene sets for stem cell signature and EMT with 80% and
100%, respectively. In terms of neuronal pathways, also upregulated were observed with more
gene sets being upregulated for 3D CM (70%) as for 3D UCM (40%). Furthermore, significant
altered gens sets for DNA repair were downregulated by 80% for 3D UCM and CM condition.
Most of the significant differential expressed cancer pathways were upregulated in the 3D
model, with around 40% for 3D CM, and 20% for 3D UCM, while about 10% for CM and 5%
for UCM were downregulated. Concerning the different media conditions within the 2D models,
significant altered gene sets, representing stem cell signatures, were upregulated about 20%
for 2D CM, and 50% downregulated for 2D UCM, compared to 2D standard condition. Further,
10% of neuronal pathway gene sets are up- and downregulated for 2D UCM, but no alteration
was observed for 2D CM. For 2D UCM, about 5% of cancer pathway gene sets were up- and
downregulated compared to 2D standard condition, while 2D CM showed around 5% up- and
2.5% downregulated significant differential expressed gene sets. In case of EMT and DNA
repair, no alterations were detected for the 2D CM or UCM model (Figure 11).

In contrast to the non-invasive cell line RT4, both 3D conditions demonstrated equally up-
regulated significantly differential expressed gene sets for EMT, like T24/83, as well as for
DNA repair with 100% downregulated gene sets for 3D UCM and 90% for 3D CM. Cancer
pathways represented an 10% up-regulation for 3D CM and 3D UCM of the significantly
expressed gene sets, while about 5% were downregulated in both conditions. In addition, about
10% of significantly differential expressed neuronal pathways were observed to be
downregulated for the 3D CM condition, compared to the 2D standard model. In terms of the
different media conditions, 2D CM and 2D UCM showed contrary regulations generally. In
relation to differential expressed gene sets from neuronal pathways, EMT and cancer
pathways, 2D CM demonstrated a downregulation with about 20%, 100% and 20%,
respectively, while 2D UCM showed an up-regulation with approximately 30%, 100% and 30%,
respectively. In case of differential expressed gene sets for DNA repair, 100% were up-
regulated for 2D CM, and for 2D UCM around 30% downregulated. Overall, no alteration of
aberrantly regulated significant gene sets were observed for stem cell signatures, and

additionally for 3D UCM regarding neuronal pathways (Figure 22).
4.3.3 ECM-based targets selection and in silico validation in clinical samples

The identification of ECM targets and related mechanisms was further conducted by the
selection of significantly differential expressed ECM-related gene sets, in contrast to 2D
standard condition, from proteomics-based GSEA. Overall measured samples, six different
ECM gene sets were detected as significant (Table 3). 5(6) ECM-related gene sets, as ECM-
receptor interaction, collagen formation, ECM organization, focal adhesion, and integrin cell

surface interactions, were determined as upregulated for T24/83 UCM and CM condition,
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according to the normalized enrichment score. In comparison, T24/83 2D UCM and CM only
showed a significant relation to ECM-receptor interaction, while upregulated for 2D CM, and
downregulated for 2D UCM.

For RT4 3D UCM, the ECM-related gene set, cell adhesion molecules-CAMs, represented a
significantly upregulated one, while for RT4 3D CM, 2D UCM, and 2D CM, no ECM-related
gene set was detected as significantly altered compared to the 2D standard condition (Table
3).

Table 3: ECM-related significantly differential expressed gene sets after GSEA

Condition ECM gene sets (n=6) NES

T24/83 2D UCM ECM-RECEPTOR-INTERACTION -1,874159108

T24/83 2D CM ECM-RECEPTOR-INTERACTION 1,872160204
COLLAGEN-FORMATION 2,568001931
ECM-RECEPTOR-INTERACTION 2,591280627

T24/83 3D UCM EXTRACELLULAR-MATRIX-ORGANIZATION 2,614846747

FOCAL-ADHESION 1,718918532

INTEGRIN-CELL-SURFACE-INTERACTIONS 2,237117686

COLLAGEN-FORMATION 2,504477256

ECM-RECEPTOR-INTERACTION 2,580873277
T24/83 3D CM EXTRACELLULAR-MATRIX-ORGANIZATION 2,56534045
FOCAL-ADHESION 1,909341182

INTEGRIN-CELL-SURFACE-INTERACTIONS 2,454926531

RT4 3D UCM CELL-ADHESION-MOLECULES-CAMS 1,848079099

NES = normalized enrichment score, if (+) = gene set is higher expressed, if (-) = gene set is lower expressed
compared to the 2D standard condition.

Further on, all detected ECM-related proteins (n=35) were extracted from the DEP data, and
matched against the significantly differential expressed gene sets, identified by GSEA. Besides
the six ECM-related gene sets, eighty-four (n=84) further gene sets appeared, and indicate the
involvement of the thirty-five detected ECM proteins. Under consideration of detected proteins,
derived from ECM, EMT, ESC, neuronal pathways, cancer pathways, and PTM gene sets, n=
1053 potential protein targets resulted, and were used for in silico validation in MIBC patients
MRNA expression derived from the TCGA cohort (Figure 12, A). Although the PTM significantly
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differential expressed gene sets did not appear within the 84 gene sets, glycosylations are
important and highly common structures of the ECM, so they were considered as well. In case
of the cancer pathways, all significant differential expressed gene sets were used, independent
weather they appeared after matching or not, and if applicable assigned to related cancer
pathways.

All selected targets were correlated to clinicopathological parameters, in terms of age, gender,
lymph node metastases (pN0-3), TNM staging (T2-T4), survival status (alive, deceased), and
recurrence status (recurred, not recurred). As a result, n=304 different targets showed
significant correlations to clinicopathological parameters, after adjustment of p-values. Out of
those 304 targets, 42 demonstrated a significant relation to OS, and 24 to DFS (Figure 12, B).

A

Genes for in sifico validation

Figure 12: Process of protein target selection by in silico validation of MIBC patient mRNA data

DEP detected within ECM-based and —related gene sets (1053 proteins) were in silico validated by correlation
analysis to clinicopathological parameters (age, gender, lymph node metastases (pNO-3), TNM staging (T2-T4),
survival status (alive, deceased), and recurrence status (recurred, not recurred)) in MIBC patients. Furthermore, p-
value adjustment resulted into 304 significantly correlating targets. These were further analyzed by KM-plotter online
tool for their prognostic significance with regard to OS and DFS. 42 and 24 targets showed a significant relation to

increased mRNA expression with OS and DFS, respectively.

As criteria for further target consideration, they needed to be significantly correlated to at least
one clinicopathological parameter after p-value adjustment, at least significantly related to OS
or DFS, and significantly differential expressed for the in vitro applications on protein and
mMRNA level. Finally, 12(1053) were determined by this approach (Table 4).
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Overall, the targets were either validated in the 3D CM or 3D UCM condition of T24/83, while
for RT4 no ECM-related target was valid. All of them showed increased levels for protein and
mRNA in vitro, compared to the 2D standard condition. Most of the targets were defined as
valid for the 3D CM condition, with 8(12) (CALU, CD109, EGFR, FBN1, HTRA1, ITGB3,
LAMC1, LRP1), while only 2(12) targets belonged to the 3D UCM condition (DPYSL3 and
SUMF2). Equally, 2(12) targets were valid for both conditions (P4HA2 and PLOD1). In addition,
levels of the TCGA mRNA expression data were always elevated in correlation with advanced
cancer features and poor prognosis for OS and/or DFS (Figure 13, Figure 14). For the targets
CALU, DPYSL3, FBN1, HTRA1, and LRP1, higher mRNA levels were significantly determined
for patients with MIBC, diagnosed with lymph node metastasis, higher T-stage (T3/T4), as well
as those who recurred from the disease or died. The other 7(12) targets (CD109, EGFR,
ITGB3, LAMC1, P4HA2, PLOD1, SUMF2) showed either increased levels in correlation to
higher T-stage (T3/T4), to patients recurred from the disease, died, or a combination of those

factors, however they did not correlate with the presence of lymph node metastasis.
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Table 4: Significantly DEP and DEG correlations to TCGA MIBC mRNA expression

Gene/protein  MS* MA¥* In vitro condition GSEA CI|n|cop.a|tholog|caI p-values os* DFS*
gene sets correlation
oN+ A 1.20E-03
2.14E-03
CALU 2.59E-02 6.35E-03 3DCM T24/83 A A EMT T‘?’/ IEABIEA ———— 1.30E-04 nv
Died A 5.63E-05
Recurred A 312E-03
T3/T4vs T2 A SR e
CD109 1.21E-03 6.09E-07 3DCM T24/83 A A N Died A 3.86E-03  2.60E-04 nv
Recurred A 9.14E-03
1.23E-02
pN+ A -
T3/T4vs T2 A Zeln
.97E- .86E- A _ .60E-
DPYSL3 5.97E-03 1.86E-03 3DUCMT24/83 A A EMT,N S TOPETE nv 3.60E-04
Recurred A 5 81E-03
s Died A 6.90E-03
EGFR 3.36E-02 2.99E-04 3DCM T24/83 N, C S| /A EEED 3.30E-05 2.20E-04
7.79E-03
pN+ A S
T3/T4vs T2 A ek
FBN1 1.14E-02 3.64E-10 3DCM T24/83 A A EMT S ool 3.10E-05 nv
Recurred A 8 47E-03
4.06E-02
pN+ A -
T3/T4vs T2 A 2.90E-03
HTRA1 2.07E-02 2.42E-13 3DCM T24/83 A A EMT, ESC S TR 8.80E-08 nv
Recurred A 4.79E-02
T3/T4vsT2 A SHUREDS
ITGB3 1.15E-03 1.20E-07 3DCM T24/83 A A EMT, N Died A 1.64E-02 nv 8.40E-05
Recurred A 1.92E-02
s Died A 1.41E-02
LAMC1 2.34E-03 5.48E-03 3DCM T24/83 EMT, N, C Recurred A SATEETy 1.90E-05 8.50E-07
1.78E-02
pN+ A -
T3/T4vs T2 A e
LRP1 1.24E- .52E- DCM T24/83 A A EMT ——————— 3.50E- 1.10E-04
03 5.52E-05 3DC /83 Site] /A SN 3.50E-05 OE-0
Recurred A 9.57E-03
9.63E-03 7.49E-05 3DCM T24/83 A A ESC, C Died A 3.66E-02
PAHA2 ————  nv 2.90E-04
2.34E-02 1.73E-03 3DUCM T24/83 A A ESC Recurred A 2.93E-02
2.78E-03 2.26E-04 3DCM T24/83 A A .
PLOD1 MT Died A 1.0E-02  3.70E-05 1.90E-04
8.49E-03 1.94E-03 3DUCM T24/83 A A
T3vsT2 A R
SUMF2 3.07E-02 1.62E-02 3DUCMT24/383 A A PTM ] A\ ey 2.10E-04 nv

MS = mass spectrometry; MA = microarray; N = neuronal pathways, C = cancer pathways,

A = increased protein expression in vitro; A = increased mRNA expression in vitro;

* = adjusted p-values; nv = not valid
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In consideration to the OS probability of the MIBC patients, 5(12) targets (CALU, CD109,
FBN1, HTRA1, SUMF2) were identified as increased expressed in patients with a decreased
5-year survival probability, ranged from about 20%-30%, in contrast to patients with lower gene
expression (~50%-60% 5- year survival rate). On the other hand, DPYSL3, ITGB3 and P4HA2
were significantly higher expressed in patients with MIBC and thereby showed a decreased 5-
year recurrence probability of about 30%, compared to those with a lower gene expression
(~55% 5-year recurrence rate). The targets EGFR, LAMC1, LRP1, and PLOD1 represented a
lower 5-year probability for OS (~20%-30%) and DFS (~20%-30) within patients with higher
gene expression detected, while patients with a lower gene expression presented 5-year
probability rates of about 50% -55% for both. In case of EGFR and ITGB3, they were not further
considered for uni- and multivariable analysis, because their bee swarm plots indicated a very
low gene expression within the in silico cohort, so they were defined as invalid for further

investigations (Figure 13, Figure 14).
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Figure 13: Significant OS prediction in relation to target expression in MIBC patients

MRNA gene expression of the 12 selected targets was correlated to OS in the MIBC TCGA cohort, thus
indicate an overall shortened survival for patients with high target expression. Cutoff values were
generated by the KMplotter online tool through the ‘automatic best select cutoff’ function, and log-rank
statistic was applied. Only significant results with a false discovery rate lower or equal to 0.05, and a p-
value<0.05 were considered. OS prediction is presented as Kaplan-Meier plot and group distribution as

bee swarm plot.
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Figure 14: Significant DFS prediction in relation to target expression in MIBC patients

MRNA gene expression of the 12 selected targets was correlated to DFS in the MIBC TCGA cohort,
thus indicate an increased probability of disease recurrence for patients with high target expression.
Cutoff values were generated by the KMplotter online tool through the ‘automatic best select cutoff’
function, and log-rank statistic was applied. Only significant results with a false discovery rate lower or
equal to 0.05, and a p-value<0.05 were considered. OS prediction is presented as Kaplan-Meier plot

and group distribution as beeswarm plot.

Finally, the remaining 10 targets, and the clinicopathological parameter, such as age, gender,
T-stage, and pN-stage, where further analyzed by uni- and multivariable stepwise Cox
regression, according to OS and DFS. As expected, higher pT-stage (T3/4) and positive pN-
stage (pN+) turned out as significant risk factors for patients with MIBC, regarding OS and DFS
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probability. In detail, patients with a T-stage T3 or T4 have a 1.9- or 2.6-fold higher risk to die,
and a 2.6- or 3.8-fold higher risk for disease recurrence, respectively, compared to those with
T2. Patients diagnosed with lymph node metastasis own a 2.2- and 2.5-fold higher risk to die
or recurred from disease, respectively. Other factors as age or gender did not showed
significantly increased risks for dying or recurrence from disease. In case of the validated 10
targets, an increased gene expression is associated significantly with a higher risk for patients
to die or recurred from disease. For OS, the Hazard ratios range from 1.6 to 2.3, and for DFS
from 1.8-2.4 (Table 5).

Table 5: Univariable proportional Hazard analysis of validated targets in MIBC patients

oS DFS
variables HR p-value HR p-value
target CALU + CALU - 1.8116 0.0005 1.8657 0.0019
CD109 + CD109 - 1.7906 0.0008 1.8336 0.0030
DPYSL3 + DPYSL3 - 1.6912 0.0019 1.8932 0.0007
FBN1 + FBN1 - 1.9418  <0.0001 1.7553 0.0029
HTRA1+ HTRA1- 2.3060 <0.0001 1.8442 0.0013
LAMC1+ LAMC1 - 2.2176  <0.0001 23999 <0.0001
LRP1 + LRP1 - 1.9372 0.0001 2.0201 0.0004
P4HAZ2 + P4HA2 - 1.5880 0.0066 1.8949 0.0007
PLOD1+  PLOD1 - 1.8260 0.0004 1.9054 0.0007
SUMF2 + SUMF2 - 1.7968 0.0013 2.0244 0.0022
age continuous range 0.1262 0.9193
gender female male 1.1619 0.4205 1.1342 0.5467
pT-stage* T3a/b T2a/b 1.9467 0.0025 2.5510 0.0002
T4alb T2a/b 2.6038 0.0005 3.8172  <0.0001
T4alb T3a/b 1.3375 0.1880 1.4964 0.0950
pN-stage pN + pN - 2.1978  <0.0001 2.5000 <0.0001

OS = overall survival; DFS = disease-free survival; HR = Hazard ratio; p-value in bold <0.05; italic = not significant
but considered for step wise multivariable Cox regression; not highlighted p-values = not significant.

For the stepwise Cox regression, variables with a p-value<0.2 from the univariable analysis
were considered for the multivariable model, which was performed for each target in
dependency on OS and DFS. Thus, T4 vs T3 for OS and DFS, as well as age for OS was
further included. It turned out that T-stage (T4 vs T3) and age failed the model dependent on
OS and DFS, being not significant.

Except for DPYSL3, all other targets are significantly independent predictors for OS, while
patients with increased expression levels own an about 2-fold higher risk to die, within a Hazard
ratio range of 1.6-2.2. Equally, T3 or T4 vs T2, as well as positive lymph node metastasis
showed up as independent factors for OS, together with each target tested. For both
characteristics, patients with a T-stage T3, T4 or lymph node metastasis have an about 2-fold

higher risk to die, in contrast to those with T2 or no lymph node metastasis, respectively. For
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higher-staged tumors, Hazard ratios ranged from 1.7-2.4, and 1.9-2.2 for patients which are
positive for lymph node metastasis (Table 6).

In consideration to DFS, all 10 investigated targets turned out as significantly independent
predictors for DFS, while patients with increased gene expression showed an about 2-fold
higher risk for disease recurrence. The Hazard ratios ranged from 1.5-2.6. Similar to OS,
higher-staged tumors and lymph node metastasis represented significantly independent
prognostic factors together with each gene target tested. Patients with a higher-staged tumor
(T3 or T4) own an approximately 2.5-fold higher risk for disease recurrence, compared to T2-
staged ones, with Hazard ratios ranged from 2-3. Indeed, T4 vs T2 showed up a higher risk
compared to T3 vs T2. Patients diagnosed with lymph node metastasis demonstrated an

average 2-fold higher risk for disease recurrence. (Table 7).
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Table 6: Step wise multivariable Cox regression in relation to OS

os CALU** CD109** DPYSL3** FBN1** HTRA1** LAMC1** LRP1** P4HA2** PLOD1** SUMF2**
variables HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value
target CALU + CALU - 1.6465 0.0096
CD109 + CD109 - 2.1916  0.0001
DPYSL3 + DPYSL3 - 1.3930 0.0952
FBN1 + FBN1 - 1.5656 0.0228
HTRA1 + HTRA1 - 2.0590 0.0006
LAMC1+  LAMC1- 2.2452  <0.0001
LRP1 + LRP1 - 1.7376 0.0066
P4HA2 + P4HA2 - 1.5764 0.0196
PLOD1 + PLOD1 - 1.8088 0.0022
SUMF2+  SUMF2 - 1.7411 0.0071
age continuous range 0.3724 0.2845 0.3894 0.5099 0.4583 0.3543 0.4411 0.3712 0.4285 0.5427
pT-stage T3a/b T2a/b 1.8482 0.0155 1.9189  0.0103 1.9530  0.0074  1.8455 0.0156 1.8096 0.0195 1.7727  0.0239 1.7310 0.0321 1.9415 0.0082 2.0211 0.0050 1.9500 0.0074
T4a/b T2a/b 2.3683 0.0094 2.0823  0.0307 23523  0.0090 2.2114 0.0157 2.2626 0.0140 2.2064  0.0173  2.1567 0.0196 2.2638 0.0142 2.4458 0.0065 2.4124 0.0076
T4a/b T3a/b 1.2814 0.3714 1.0852 0.7698 1.2044 0.4946 1.1982 0.5059 1.2503 0.4135 1.2446 0.4232 1.2460 0.4201 1.1660 0.5769 1.2101 0.4841 1.2371 0.4350
pN-stage pN + pN - 1.9918 0.0007 2.2020 <0.0001 1.9424 0.0011  2.0199 0.0004 2.0575 0.0004 1.9199 0.0010  2.0085 0.0005 2.0788 0.0002 2.0736 0.0003 2.0373 0.0004

* p<0.05 for univariable proportional Hazard analysis; **p<0.05 for multivariable Cox regression; high gene expression is indicated by (+) and low gene expression by (-); pT = tumor

stage; pN+ = lymph node metastasis present; pN- = lymph node metastasis absents.
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Table 7: Step wise multivariable Cox regression in relation to DFS

DFS CALU** CD109** DPYSL3** FBN1** HTRAL** LAMC1** LRP1** PAHA2** PLOD1** SUMF2**

variables HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value HR p-value
target CALU + CALU - 1.6183 0.0165

CD109 + CD109 - 1.6254 0.0142

DPYSL3 +  DPYSL3 - 1.7074 0.0058

FBN1 + FBN1 - 1.4864 0.0398

HTRAL + HTRA1 - 1.6177 0.0152

LAMC1 + LAMC1 - 2.5700 <0.0001

LRP1 + LRP1 - 1.7482 0.0047

PAHA2 +  P4HA2 - 17041  0.0050

PLOD1 + PLOD1 - 1.5727 0.0229

SUMF2 + SUMF2 - 1.9782 0.0061
age continuous range
pT-stage T3a/b T2a/b 2.1497 0.0029 2.1616 0.0027 2.1277 0.0033 2.0159 0.0074 2.0786 0.0046 2.1797 0.0022 1.9919 0.0081 2.0962 0.0040 2.1499 0.0029 2.1346 0.0030

T4a/b T2a/b 2.9284 0.0008 2.6630 0.0024 3.0256 0.0006 2.6405 0.0024 2.7709 0.0015 2.9629 0.0007 2.7140 0.0019 2.6894 0.0022 29511 0.0008 2.8013 0.0013

T4a/b T3a/b 1.3623 0.2196 1.2319 0.4022 1.4220 0.1624 1.3099 0.2765 1.3331 0.2498 1.3593 0.2196 1.3625 0.2185 1.2830 0.3199 1.3727 0.2089 1.3123 0.2744
pN-stage  pN + pN - 1.9227 0.0010 2.0256 0.0003 1.9039 0.0011 2.0476 0.0002 1.9739 0.0006 2.2344 <0.0001 2.0157 0.0004 2.0136 0.0004 1.8410 0.0026 2.1015 0.0001

* p<0.05 for univariable proportional Hazard analysis; **p<0.05 for multivariable Cox regression; high gene expression is indicated by (+) and low gene expression by (-); pT = tumor

stage; pN+ = lymph node metastasis present; pN- = lymph node metastasis absents.
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4.3.4 ECM-based biological mechanisms of in silico validated targets

Besides the significant determination and validation of the 10 identified targets, their biological
background was further characterized to investigate their origin and participation within
biological processes (Figure 15). Directly related to the ECM are LAMC1, FBN1, and PLOD1.
All the ECM-based targets are significant for increased EMT, while LAMC1 additionally occurs
also for increased neuronal activity, and can be related to upregulated RAF1/MAP2K1/ERK
pathway.

The remaining 7 targets are ECM-interacting ones, because they are not a direct component
of the ECM. As also identified for the ECM-based targets, higher neuronal activity (CD109,
DPYSL3) and EMT process (CALU, DPYSL3, HTRA1, LRP1) was significantly detected.
Further, increased ESC (HTRA1, P4HA2) and PTM (SUMF2) was observed, and a raised

P4HA2 expression linked to erb-b2 receptor tyrosine kinase 2 pathway upregulation.
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Figure 15: Scheme of target origin and pathway involvement

Graphical summary of validated targets dependent on their affiliation to the ECM compartment and their
participation within significantly expressed gene sets, as well as cancer pathways.
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5 DISCUSSION

5.1 3D BC cell line in vitro model
5.1.1 Environmental setting for 3D in vitro system

Successful culturing of cell lines is dependent on multiple factors. Usually, for each cell line
there is a certain medium available recommended by the supplier, and selected due to proper
cell growth and morphology. From the physiological point of view, culturing different cell lines
from the same entity in different media each, no consistent environment is given although the
cell lines originate from the same organ. By this reason, uniform medium conditions were
investigated for the in vitro cultivation of BC cell lines. The conditions under Mc Coy’s + 10%
FBS and DMEM + 10% FBS in 2D culture turned out to be more stable in terms of pH and
oxygen over culturing time, according to common achievable pH (~7.4) and oxygen (~21 %)
values for 2D in vitro systems.

Indeed, depending on different medium ingredients and compositions, media conditions can
change the phenotype of several cell lines. For instance, culturing melanoma cell lines in stem
cell medium lead to an expression of neuronal profile(93). In breast cancer cell lines, different
compositions of DMEM and RPMI medium had an impact on subtype characteristics(94), and
for pancreatic and gastric cancer cell lines, DMEM and RPMI cultures showed different
metabolic profiling (95,96). But not only the use of different basal media is responsible for
phenotype change, also the addition of antibiotics can influence important cellular features.
The use of gentamicin for culturing epithelial and breast cancer cells is associated to increased
HIF 1a, aerobic glycolysis and oxidative DNA damage(97). Since the choice of culture medium
is in fact a point with highly variable effects for in vitro studies, it is becoming more questionable
how to interpret and compare existing results. Under consideration that the use of different
basal media can change the phenotype, or the addition of antibiotics can cause DNA damage,
previous comprehensive studies of cancer cell lines may become inaccurate as translational
clinical finding. Hence it can be assumed that widely used public genomic, transcriptomic and
proteomic cell line databases(98,99) are influenced by the use of different media conditions.
So far, there are no studies describing the impact of culture conditions on BC cell lines
phenotype or genotype. However according to the previous findings in other entities, similar
effects cannot be excluded or ignored for BC cell lines.

Translational in vitro models are highly important tools for biomedical cancer research. Since
the early 1900, the 2D in vitro system was developed, and was considered to be the gold
standard so far. However, the 2D system surely lacks cellular arrangement for in vivo condition,
so that animal-based models are extensively used to fill this gap. But even the translation from

in vivo models demonstrated very often inaccurate prediction in relation to the human body.
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Apart from that, in vivo models underline strict law regulations, are expensive, and the handling
is very elaborate. Meanwhile, several studies showed that 3D in vifro systems can overcome
the problem of oversimplified 2D and unrepresentative in vivo models. Previous findings
showed that 3D in vitro models present a more natural morphology thus cells are arranged as
spheroids or aggregates. Due to the spheroidal structure, the exposure to nutrients and oxygen
is similar to in vivo conditions, and more pronounced cell junctions are formed. As often
described for solid tumors, the spheroid core lacks exposure of nutrients and oxygen leading
to a hypoxic environment and inactive cells, while the outer layer represents metabolic active
cells. This distinct imbalance and generation of a unique environment also leads to a more
natural cell proliferation within the spheroids, while in contrast 2D cells exhibit an unnatural
rapid proliferation. Altogether, these structural and environmental factors also have an impact
on the gene and protein expression, while the 3D system demonstrated a more realistic pattern
compared to the 2D system(100).

The field of 3D in vitro culture demonstrated noticeable advantages but is not established for
BC so far. By this reason, BC cell lines UROtsa, RT4, T24/83, and SCaBER were transferred
from the 2D condition into a 3D application by the use of ULA plates. Culturing the cells only
in basal medium was not successful for UROtsa, T24/83 and SCaBER, since the spheroids
were degrading by time. Probably these cell lines were not able to produce their own matrix in
basal medium to form stable and growing spheroids. This is not the case for RT4, those cells
are known to form stable spheroids also in basal medium only, without any ECM
enrichment(67). Under consideration of RT4 morphology in 2D, compared to the others,
intensive colonized and multi-layered growth can be observed, as well as strong cohesion
among the cells. This indicates that RT4 is could be a high producing ECM cell line. To support
the ECM, the addition of 50% UCM or CM fibroblast basal medium turned out to stabilize at
least T24/83, and represented stable, growing and full integrities of the spheroids. Finally, RT4
as a non-invasive and T24/83 as an invasive BC cell line were successfully cultured under
same media conditions in the 3D in vitro system. In contrast, UROtsa and SCaBER were not
reproducible within the ULA application, and the used medium conditions. Maybe another 3D
application is more suitable, as it was demonstrated previously for UROtsa and SCaBER, by
the addition of type | collagen and Matrigel, respectively(101,102). Former studies on T24/83
cell line showed contrary results. First, T24/83 cells were cultured on agarose coated
microplates, following the ULA principle. The Authors mentioned stable and growing T24/83
cells up to 11 days after seeding, however cultured under different medium conditions (RPMI
+10% FBS), and unfortunately they did not represent any data to underpin this statement(103).
In contrast, T24/83 did not form spheroids by the addition of type | collagen within Minimum
Essential Medium(101). To overcome the high impact of culture conditions to generate intact

spheroids, it is commonly used to introduce Matrigel into the 3D system. Matrigel is a ECM
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protein mixture derived from murine sarcoma cells, and brings the advantage to support
especially cancer spheroids in shape and growth. Matrigel was former used to enrich cancer
stem cells to study radiosensitivity in BC cell lines(104), and small molecules were screened
on 17 different BC cell lines(102). The supporting function of Matrigel was clearly demonstrated
for T24/83. The Authors cultured T24/83 as spheroids in RPMI + 10% FBS, and used them for
viability analysis after 3 days of culture. They further performed invasion assays by the use of
Matrigel, and observed a better developed spheroidal structure of the T24/83 spheroids(105).
Altogether, these findings show the supportive function of Matrigel for spheroid culture, which
seems to work well for various cell lines. However, this ECM is derived from non-human
species, promotes malignant phenotype, and would be therefore not suitable for culturing
benign cell lines. Despite this fact, Matrigel can vary from batch to batch which influences

reproducibility. That's why Matrigel was deliberately omitted from this study(106).
5.2 Impact of UCM and CM on T24/83 spheroid formation and growth

Intact and proper growing spheroids of T24/83 were generated by the addition of 50% UCM or
CM medium. Since the spheroids also represented stable properties without the fibroblasts
conditioned variant, the fibroblast basal low-serum medium composition seems to serve as
sufficient for spheroid formation and growth. The ingredients listed by the supplier are 7.5mM
L-glutamine, 2% FBS, 50ug/ml ascorbic acid, 1ug/ml hydrocortisone, 5ug/ml recombinant
human (rh) insulin, and 5ng/ml rh fibroblast growth factor (FGF) basic, while by mixing 50%
UCM with 50% Mc Coy’'s + 10% FBS, results in half concentration of ascorbic acid,
hydrocortisone, insulin and FGF basic in this 3D culture model. With respect to ascorbic acid,
Peng et al. (2018) demonstrated an epigenetically change in T24 upon treatment with ascorbic
acid. The exposure to 0.25mM (~44ug/ml) ascorbic acid caused a reduced cell viability in
monolayer culture significantly, by increasing apoptosis, and in addition, decreasing malignant
phenotype of T24 in in vivo xenografts(107). As it is mostly a matter of dosage, ascorbic acid
also promotes collagen synthesis and stability by cancer cells and in in vitro culture of
fibroblasts (108). In this study, the applied ascorbic acid concentration of 25ug/ml is almost
half of the previous defined threshold inducing apoptosis. Thus, it can be assumed that the
malignant phenotype was unchanged, collagen synthesis was induced in T24/83 cells, and
therefore a stable spheroid formation was supported.

Moreover, 0.5ug/ml hydrocortisone is part of the UCM condition, and known to effect
transitional cell hyperplasia negatively in a dosage dependent manner. This was former
investigated in urinary bladders from Fischer rats in an organ culture. The authors determined
a concentration of 0.76ug/ml (2.1uM) hydrocortisone inhibited hyperplasia by 75%(109). In
addition, 1pg/ml hydrocortisone was successfully used to maintain normal adult human bladder

in a long-term culture(110). In contrast to the here presented study, S. F. Stinson et al. (1977)
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identified a much lower threshold of hydrocortisone-dependent inhibition of hyperplasia in
urinary bladders from Fischer rats’ organ culture. They introduced a threshold of 0.036ug/ml
(10-"M) hydrocortisone, while concentrations above induced progressive decrease(111). With
respect to S. F. Stinson et al. (1977), the hydrocortisone concentration used in this present
study was more than 10-fold higher, thus an impairment of malignant phenotype cannot be
excluded. However, those former studies were applied on rodent species and consider only
morphological features. It is clearly proven that hydrocortisone inhibits malignant appearance
in a dosage-dependent manner, however the inducing dosage is not identified for T24/83 in
vitro, so far.

Interestingly, previous studies cultured T24 cells in 3D models using ULA plates or a microwell
chip platform in basal medium without Matrigel successfully(112,113). They added several
supplements into the growth medium, including insulin, and/or FGF basic. As insulin and FGF
basic are also part of the UCM condition, and by its addition to the basal medium stable
spheroids were produced in this study, it can be assumed that those factors have a promoting
impact on proper T24/83 spheroid formation and growth. Previously, scientists published the
effect of high dose human insulin on T24 cell proliferation, and demonstrated an association
to PI3K-independent activation of Akt signaling pathway. They treated T24 cells with
0.35ug/ml-3.48ug/ml (101U/L-1001U/L)(114) human insulin in order to represent the link to Akt
signaling(115). According to this finding, the human insulin concentration of 2.5ug/ml applied
in this study can be assigned to the higher dose range, thus a cell proliferation promoting effect
can be assumed within the 3D model of T24/83.

Furthermore, 2.5ng/ml FGF basic was also content of the UCM condition in this study. It is well
known that FGF basic regulates growth, metastasis, invasiveness and angiogenesis in BC in
vitro and in vivo(116—119). Also in vitro culturing of human bladder urothelial cells from patients
with neurogenic bladder showed enhanced proliferation, migration and wound healing by FGF
basic treatment, ranging from 5ng/ml-40ng/ml, in a dose-dependent manner(120). In the above
mentioned in vitro 3D applications, T24 cells were treated with FGF basic concentrations of
20ng/ml(112,113). As in literature the effects of FGF basic on urothelial bladder cells was
mainly observed upon concentrations almost 10-fold higher than used in this study, a
significant effect by FGF basic treatment in this approach remains questionable.

Besides the UCM condition, a stable formation and proper growth of T24 spheroids was also
observed under CM conditions. Compared to UCM, there was no significant difference in
growth rate, but the spheroid morphology appeared in a rounder, more compact and smoother
shape. This morphological difference must be an effect triggered by the primary normal bladder
fibroblasts secretome, used as CM condition. But how can be estimated of what the 2D in vitro
secretome of primary normal bladder fibroblasts is made of? According to R. Kalluri(121),

quiescent fibroblasts can be activated by growth factors in vitro, e.g. FGF basic. Upon
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activation they exhibit properties as proliferation, migration, and production of growth factors
and ECM molecules. In total, they reflect properties crucial for wound healing and formation of
connective tissue. Kashpur et al. (2013), published a transcriptomic analysis of FGF basic
treated induced regeneration-competent fibroblasts in comparison to normal adult dermal
fibroblasts, and identified a unique gene expression profile. Gene expression of ECM
components, adhesion molecules, matrix remodeling, cytoskeleton, and cytokines were
reorganized due to FGF basic treatment(122). These findings demonstrate a high impact
secretome of in vitro cultured fibroblasts, which is also implemented in bladder tissue
regeneration, using FGF basic as promotor to regenerate tissue and improve function of
neobladders(123,124). Furthermore, ingredients as ascorbic acid and insulin are known to
induce collagen synthesis(108), and proliferation(125,126) in vitro, respectively. Moreover, the
effect of hydrocortisone depends on fibroblast origin, and can support or impair cellular growth,
and remodels ECM expression with respect to different types of collagens and matrix
metalloproteinases(127,128).

Taking together, the rounder, smoother and more compact shape of the T24/83 spheroids,
cultured under CM conditions, compared to UCM, can be explained by the secretome of 2D in
vitro cultured primary normal bladder fibroblasts. It was previously demonstrated that the in
vitro secretome is highly remodeled and its synthesis is pushed by FGF basic, ascorbic acid,
insulin, and hydrocortisone exposure, thus the CM enriched exogenous ECM properties in the
3D in vitro model of T24/83. The effect of exogenous ECM enrichment by CM was observed
to lead to tighter cellular, and better organized arrangements within the T24/83 spheroids.

At first, the goal was to establish a stable formation and growth of spheroids, deriving form BC
cell lines. This was successfully achieved for the invasive cell line T24/83 under UCM and CM
condition. Besides the different morphological appearance of T24/83 spheroids, cultured in
UCM and CM, further expression analysis reveal more specific characteristics regarding 3D in

vitro model and malignant features.
5.3 Invasive T24 spheroids harbor particular characteristics of 3D in vitro models

In a further application, T24/83 spheroids were analyzed by LC-MS, and DEP were applied for
GSEA. Several 3D characteristics were identified to be up- or downregulated in comparison to
2D standard condition (Mc Coy’s + 10% FBS).

As previously described, upon a particular size (~500um), in vitro spheroids represent
characteristic features. The aggregation of cells leads to the formation of a gradient for pH and
nutrients. Cells in the inner core of the spheroid are less supplied with nutrients, and oxygen.
This fact leads to a necrotic core of cells, while the superficial cells are proper exposed to
nutrients, and show proliferating activity(63). As a logical consequence, apoptosis events are

more frequently in spheroids(129), and due to the oxygen gradient, inner core hypoxia can be
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reflected(130). Furthermore, the cells in a spheroid need to form or be provided with ECM
components to stable their cellular arrangement and interaction(63). According to these facts,
T24/83 spheroids where identified with less proliferative activity, higher apoptosis, greater
expression of ECM, and hypoxia in contrast to the 2D model. In addition, T24/83 spheroids
also demonstrated increased PTM, compared to the 2D model. Since posttranslational protein
modifications, as glycosylations, are essential structures of the ECM, thus an increase could
be assumed for 3D spheroid culture(131,132).

It is clearly demonstrated that 3D in vitro systems are more complex than 2D system, and
apply a successful 3D system is highly dependent on the cell line, the selected model, the
culture medium and its supplements. However, it is well known that cancer-based 3D in vitro
models are able to reflect in vivo conditions more realistic. Thus, it is urgent to develop at least
for a certain cancer entity a standardized procedure to guarantee comparability of 3D in vitro

applications, and a better translation to in vivo conditions.

5.4 Predomination of ECM-related malignant features and targets in the invasive T24/83 3D

in vitro model

Proteomics-based GSEA revealed further characteristics of T24/83 spheroids compared to the
2D standard condition. With respect to dominantly appearing features, properties as ECS,
EMT, DNA repair, cancer-related pathways, and neuronal pathways were highlighted. Since it
was aimed to identify ECM-related pathways, significantly differential expressed ECM gene
sets were matched against all significantly differential expressed gene sets. The results
showed an involvement of ECM proteins within ECS, EMT, neuronal-, and cancer-related
pathways. The significantly DEP from the resulting pathways, plus the proteins from
significantly expressed glycosylations, were further validated by their mRNA expression in
vitro, and by in silico mRNA expression data of MIBC patients. In addition, correlation to OS,
DFS, and clinicopathological parameters was determined. Only potential targets which were
significantly differential expressed on protein- and mRNA-level, as well as associated to
patients’ survival prediction, and progressive clinicopathological factors, were selected. By this
analysis, 10 different targets resulted. All of them were upregulated on protein- and mRNA-
level in T24/83 3D model, in contrast to the 2D condition. Equally, elevated mRNA expression
in MIBC patients had an impact on poor outcome, with respect to survival prediction and
progressive tumor properties.

Under consideration of significantly DEP, the data showed only an abundance of about 1/25
of DEP, and 1/3 of DEG for 2D UCM (3D UCM); 1/57 of DEP, and 1/4 of DEG for 2D CM (3D
CM), in contrast to 2D standard condition. Based on these findings, highly significant
differences between the UCM and CM condition were not expected. However, 6(10) of the final

selected targets were found to be significantly expressed in the 3D CM condition, compared
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to 2D standard condition. Furthermore, 2(10) targets were different in both conditions, and
2(10) only for 3D UCM. Since more than a half of the validated targets are differential
expressed in the 3D CM vs 2D standard condition, this indicates that a differential genotype
resulting from the 2D model under different medium conditions cannot be used as a translation
to the 3D model under different medium conditions. Apparently, an interplay of the used in vitro
model and a certain medium condition obtains a unique genotype. Thus, the genotypic effects
of the used medium condition in the 3D model cannot be predicted by the lower dimensional
2D model.

5.4.1 Validated ECM-based targets

The gene LAMC1 encodes for the glycoprotein laminin gamma 1 subunit, and is essential for
the linkage of the extracellular basement membrane with the plasma membrane through its c-
terminal integrin binding site(133). According to the conducted GSEA, LAMCH1 is participating
in EMT and neuronal pathways, and further in cancer-related RAF1/MAP2K1/ERK pathway,
promoting cell proliferation. Interestingly, the RAF1/MAP2K1/ERK pathway was previously
demonstrated as promising target to treat BC basal subtype, identified by 3D cell culture
screenings(102). Furthermore, LAMC1 overexpression was reported for several solid
malignancies, as glioblastoma(134-136), uterine(137,138), cervical(139), prostate(140),
hepatocellular(141,142), and colorectal(143), indicating an association to poor outcome for
patients, migration and metastatic features. According to these findings, similarities are
consistent with the data of this study, representing elevated EMT and neuronal pathway activity
for the 3D CM model of the invasive BC T24/83 cell line, and furthermore, the correlation
between high LAMC1 expression with worse prediction and progression in the in silico
validation.

The glycoprotein fibrillin-1, encoded by the gene FBN1, is the major component of microfibrils
fibers located in the connective tissue. Microfibrils have structural and functional properties,
and are components of the ECM. They participate in cell matrix interactions such as with
integrins, and transforming growth factor-p(144,145). A former study performed a weighted
gene co-expression, and protein-protein interaction network analysis of BC expression data.
They showed a link of increased FBN1 expression with poor OS, and identified an association
to BC progression due to FBN1 enrichment within the ECM-receptor interaction gene
set(146).Equally, elevated proteins levels of FBN1 were determined to be enriched within the
ECM-receptor interaction gene set, indicating invasive properties in glioblastoma(147). Also
higher FBN1 expressions were identified for gastric(148—150) and ovarian(151-153) cancer,
while FBN1 was correlated with poor prognosis, and progressive features. Interestingly, FBN1
was demonstrated to be upregulated under hypoxic conditions in renal carcinoma(154), and

can act as fluorescence probe for hypoxia detection in cancer cells(155). Mechanistically,
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FBN1 was determined to promote EMT, invasion and metastasis in osteosarcoma(156).
Compared to this study, an elevated FBN1 expression on protein-, and mRNA level for the
invasive T24/83 in vitro 3D CM model, and its enrichment in the GSEA can be confirmed, as
well as an association to poor prognosis and progression in clinical MIBC samples. This
indicates an involvement of FBN1 in tumor progression, and validated the elevated hypoxia
conditions of the 3D model, in contrast to the 2D standard condition.

The expressed protein of the PLOD1 gene is called procollagen-lysine,2-oxoglutarate 5-
dioxygenase 1, and catalyzes the hydroxylation of lysine residues in collagen alpha chains,
which is required for proper cross-linking and glycosylation of collagen fibrils(157). Previously,
PLOD1 mRNA expression was positively associated to poor survival, and turned out as
independent prognostic factor in BC clinical specimens. The inhibition of PLOD1 mRNA and
protein function in vitro reduced BC cell aggressiveness(158). These findings are consistent
to this study, thus a multi-omics overexpression in the invasive T24/83 3D UCM and CM model
was linked to EMT events through GSEA. In addition, progressive factors were also confirmed
by in silico validation of MIBC clinical samples, indicating PLOD1 as a significant player in
bladder tumor prognosis and invasive progression. Besides BC, a hypoxia-induced PLOD1
overexpression was linked to malignancy of glioblastoma(159), while its transcriptionally
activation is induced by the hypoxia-inducible factor 1 in breast cancer cells(160). Since in this
study PLOD1 is overexpressed in the 3D compared to the 2D model, this aspect supports the
data presented here of increased hypoxia in the 3D model of T24/83. Further connection to
high PLOD1 levels and poor clinical outcome was observed for renal(161),
hepatocellular(162), osteosarcoma(163,164), and colorectal and gastric carcinoma(165—167).
Taking together, the ECM-based determined targets are clearly involved into tumor
progression, and poor outcome of patients. They are all participating in EMT, indicating their
invasive and metastatic potential. Furthermore, the associations found here, as neuronal
activity pathways (LAMC1), cancer pathways (LAMC1), and hypoxia-dependency (FBN1,
POLD1) are novel insights for MIBC.

5.4.2 Validated ECM-interacting targets

Calumenin is a glycoprotein, encoded by the CALU gene, and its location was detected in the
endoplasmic reticulum, Golgi apparatus, and the extracellular space. It acts as part of secretory
mechanisms as a chaperone protein, in protein structure modeling, protein maturation,
activation of enzymes located in the endoplasmic reticulum, regulation of cellular stress, and
cell cycle modulation(168,169). There are no previous studies exist, describing its impact on
BC, however for certain other entities associations were identified. For instance, several
approaches linked an increased expression of CALU mRNA or protein to colon(170),

neuronal(171), melanoma(172), and lung(173) cancer. Upon mRNA silencing, an inhibition of
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cell growth, invasion, metastasis, and inducing apoptosis and cell cycle arrest was detected in
mucosal melanoma in vitro(172). In clinical lung cancer samples, calumenin expression was
elevated in metastasis positive tissue, while 80% of these patients were diagnosed with lymph
node metastasis. Its impact on lung cancer invasiveness was further confirmed by mRNA
silencing in vitro(173).According to these previous findings, the data from this study supporting
the relation of an increased CALU expression and its correlation with progressive features as
novel finding for MIBC. Based on the 3D CM in vitro model of T24/83, CALU expression was
determined to be upregulated on mRNA-, protein-level, and was enriched for the EMT gene
set, in contrast to the 2D standard condition. The same direction of mMRNA expression was
observed in the TCGA cohort of MIBC patients, and a linkage to progressive factors and worse
survival prediction, indicating the involvement of CALU within invasive, and metastatic
properties.

The CD109 gene encodes the CD109 antigen, a glycosylphosphatidylinositol-anchored cell-
surface glycoprotein. With respect to cancer, it was mainly reported to be expressed in
squamous cell carcinoma. CD109 antigen is described to mediate tumorigenicity and
aggressiveness via CD109/EGFR/STATS3 signaling(174—176). In human urothelial carcinoma
tissue, CD109 protein expression and phosphorylated Smad2 exhibited an inverse
relationship, indicating that CD109 antigen impairs TGF-B/Smad signaling in tumor tissues.
The Authors further identified a higher CD109 protein expression in the basal layer of non-
muscle-invasive species compared to muscle-invasive ones, however, no expression was
detected in normal bladder epithelia. Therefore, they suggest CD109 antigen as potential
target forimmunotherapy, and its role in bladder tumorigenesis(177). Concerning this previous
study, the data determined in this study considered the CD109 antigen and mRNA expression
in muscle-invasive urothelial bladder carcinoma in vitro and of MIBC clinical data. For the 3D
T24/83 in vitro model, an increased expression on protein and mRNA level was found in
contrast to the 2D condition. Within the muscle-invasive population, elevated levels were
validated in relation to worse prognosis and progression in patients, thus the data here
supporting the CD109 antigen involvement in tumorigenesis, and its potential use as target for
immunotherapy. Further the GSEA linked the CD109 antigen expression to neuronal
pathways. Interestingly, previous studies on malignant neuronal disease reported an
overexpression of CD109 protein in brain tumor stem cells. These studies showed that CD109
expression mediates radioresistance, and proliferation to adjacent cells(178-180). Another
example for therapy resistance was observed for ovarian cancer patients. They detected
CD109 protein and mRNA levels, and showed higher rates of CD109 antigen in patients with
poor response to chemotherapy, compared to those with good response(181). In lung cancer
studies, CD109 antigen was extensively investigated, and its overexpression was associated

to invasion through TGF-B signaling, metastasis, EMT, stem cell properties, and drug
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resistance(182-185). Taking together, CD109 antigen clearly drives malignant progression in
cancer, however its fully impact on BC is still poorly investigated.

The dihydropyrimidinase-related protein 3 is encoded by the DPYSL3 gene, and refers to the
collapsing response mediator proteins. DPYSL3 protein is intracellularly located and activated
by extracellular signals during neuronal migration, differentiation, remodeling of cytoskeleton,
and neuronal growth(186). In some cancerous entities, DPYSL3 was determined as a tumor
suppressor, as in prostate, hepatocellular carcinoma, and neuroblastoma(187—193). On the
other hand, DPYSL3 was reported to promote tumor progression within renal, colorectal,
gastric, and pancreas entity(194—198). It was described as independent predictive marker in
metastatic gastric cancer patients with an increased expression promoted tumor growth and
metastasis(196,197). In colorectal cancer, in vitro and in vivo applications also showed an
association to proliferation and tumor growth, respectively(195). The role of DPYSL3 protein
in pancreatic cancer revealed a relation to adhesion and migration in vitro, and metastasis in
vivo(198). With respect to BC, no one studied the impact of DPYSL3 expression so far. Here,
the results of the in vitro 3D model of T24/83 demonstrated an elevated level of DPYSL3
protein and mRNA, compared to the 2D standard model, and was validated in a MIBC TCGA
cohort, reflected an association of high DPYSL3 expression with poor prognosis and tumor
progression. In addition, the data linked DPYSL3 expression to neuronal and EMT process
through GSEA, as described for other cancerous diseases. According to previous findings in
other entities, the data identified in this study, indicate DPYSL3 as tumor promoter in MIBC,
reflected by the 3D model and the mRNA expression profile of MIBC patients.

The low-density lipoprotein receptor-related protein 1, also called CD91 antigen, is a
transmembrane receptor which mediates endocytosis and signaling pathways, encoded by the
LRP1 gene. With respect to cancer, it plays an important role in cellular growth and
differentiation, cytoskeleton modulation, angiogenesis, migration, and invasion(199). The
expression of the LRP1 protein seems to be dependent on oxygen conditions. It was
demonstrated that during hypoxic conditions, the LRP1 protein expression raised, compared
to when cultured under norm oxygen conditions, as it is performed for standard 2D cell
culture(200). Considering this fact, the data in this study also showed an increased LRP1
protein and mRNA expression in the 3D in vitro model of T24/83, compared to the 2D model,
and was linked to EMT by GSEA. Furthermore, its expression was confirmed in the MIBC
TCGA cohort, with regard to poor disease prognosis and progression. Previously, the same
outcome of prognosis was reported for LRP1 mRNA expression, also based on the TCGA
cohort of bladder urothelial carcinoma(201). Similarities were described for renal and
pancreatic cancer, while elevated LRP1 protein levels were associated with higher staged
tumors, lymphatic invasion, and poor prognosis(202,203). Further, LRP1 is referred as

gemcitabine resistance-related gene, and higher expressed in gemcitabine-resistant BC cell
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line T24(204). As demonstrated for colon cancer, targeting LRP1 protein enhanced the efficacy
of neo-adjuvant radiotherapy(205). In the same entity, in 3D collagen matrices, the LRP1
protein mediated endocytosis of epithelial discoidin domain-containing receptor 1 increased
cell proliferation, and decreasing apoptosis(206). Mechanistically, LRP1 triggered kinase
signaling, ECM remodeling, and metastatic spread in breast cancer tumor models(207). In
thyroid cancer 3D model, silenced LRP1 protein impaired cell migration(208), and restoration
leads to lung metastasis in rodent tumor models(209). Since LRP1 is directly linked to drug
resistance and metastasis it might serve as therapeutic biomarker for MIBC patients. On the
other hand, LRP1 protein elevation is also described in an opposite direction for prostate(210)
and hepatocellular carcinoma(211), indicating an entity-dependent expression pattern.
However, the data presented in this study clearly contribute to raised LRP1 protein, and mRNA
levels, which can be explained due to hypoxic conditions within the 3D invasive T24/83 model.
The enrichment of EMT features by GSEA support the LRP1 involvement to ECM remodeling,
metastatic spread, and was further confirmed through validation by TCGA MIBC patients.

The high-temperature requirement A serine peptidase 1, is expressed by the HTRA1 gene,
and is secreted in the extracellular space or located in the cytoplasm, attached to microtubules.
It has a digestive function in the extracellular space, while it was described as tumor
suppressor intracellularly(212). Hence, the Inhibition of HTRA1 protein in the tumor stroma
diminished tumor progression by deregulating angiogenesis(213). It was demonstrated that
HTRA1 protein can be expressed in its native form of ~50 kDa, and as its autocatalytic form of
~35 kDa, generated by the protease activity(214). The differential expression of these forms
was previously investigated in BC specimens. The study showed that the autocatalytic form
was highly reduced in BC, compared to normal-looking tissue, while the native form was not
differently expressed between the two cases. They further demonstrated the absence of
secreted and intracellular HTRA1 protein in T24 2D cultures cell lines(215). In contrast to the
study presented here, the results exhibited elevated intracellular levels of HTRA1 protein and
MRNA in the 3D culture model of T24/83, compared to the 2D model. These finding could
indicate a higher expression due to the use of the 3D model, and might contribute to spheroid
formation, thus HTRA1 protein is attached to microtubules. Since the validation in MIBC
patients was only conducted on mRNA level, increased expressions of HTRA1 mRNA can
predict outcome and tumor progression, however the protein level can be regulated differently.
Therefore, the results in this study do not make any statement about protein expression in
patients. But the levels of HTRA1 protein was identified as tissue specific and can change
during pathogenesis(216). Besides the mainly described tumor suppressive function of HTRA1
protein(217—223), an upregulation in gastric cancer is associated to worse prognosis, and

higher levels in cell lines were identified to induce the transformation of normal to cancer-
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associated fibroblasts(224), indicating a contrary impact of HTRA1, which seems to be
dependent on cancer entity.

The prolyl 4-hydroxylase subunit alpha-2 catalyzes the hydroxylation of 4-hydroxyproline
residues in collagens, and is important for the collagen triple helix stability. It is encoded by the
P4HA2 gene, part of the collagen prolyl 4-hydroxylase 2 complex, and is located in the
endoplasmic reticulum(225). Previously, an upregulated P4HA2 expression was extensively
described for several malignant diseases, however its expression and impact on BC is still
unexplored. In this study, an upregulation of P4HA2 protein and mRNA level was determined
in the in vitro 3D model of T24/83, compared to the 2D standard condition, and its enrichment
in ESC features and erb-b2 receptor tyrosine kinase 2 (also referred to HERZ2) signaling,
detected through GSEA. Its mRNA expression was correlated with poor prognosis and tumor
progression in the in silico validation of MIBC patients. As demonstrated in breast cancer,
P4HA2 mRNA was detected to be upregulated and correlated with poor outcome, and its
inhibition in 3D in vitro model showed reduced collagen deposition, and diminished tumor
growth and lung metastasis in xenograft models(226). In addition, its abnormal expression was
also detected for HER2-positive phenotypes(227). Interestingly, PAHA2 was also described to
act in a hypoxic-dependent manner, while promotion of invasion and metastasis was observed
in breast cancer(228). In cervical cancer, PAHA2 was suggested as oncogene by inducing
EMT, and its raised protein expression is linked to a poor survival prognosis for
patients(229,230). To make the list complete, similar findings were published for different
squamous cell carcinoma(231-233), hepatocellular carcinoma(234,235), and melanoma(236).
Covering the aspect of PAHA2 and its relation to stem-like features, the increased P4HA2
protein expression leads to high collagen deposition, and elevates ECM stiffness, which
caused stem-like programming and metastatic dissemination in in vivo lung cancer
models(237). By transferring the previous knowledge, it can be suggested that increased
P4HA2 expression associate with cancer cell stem cell features, and higher probability for
metastatic behavior in MIBC.

The glycosylated sulfatase-modifying factor 2 is encoded by the SUMF2 gene, and catalyzes
the oxidation of a specific cysteine to Ca-formylglycine. It was observed to be located in the
luminal space of the endoplasmic reticulum as soluble protein. Its function is rarely described,
but it is suggested that SUMF2 regulates the activity of sulfatases and therefore contributes to
posttranslational protein modifications(238-240). In general, very less is known about SUMF2
in cancer, and no publication exists concerning BC, so far. Its expression in cancer tissue
remains to be nearly unstudied. One study described the analysis of single nucleotide variation
in colorectal cancer tissue. Among others, they found SUMF2 as novel significantly mutated
gene, and suggest it might be a functional mutation in colorectal cancer(241). Since there is

no evidence for SUMF2 expression or function in cancer so far, the data detected in this study
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demonstrate an association of an elevated SUMF2 protein and mRNA expression in the in
vitro 3D model of the invasive T24/83 BC cell line, compared to the 2D model, and further the
correlation of an increased SUMF2 expression with tumor progression and worse prognosis
on mMRNA level in MIBC patients for the first time.

Altogether, the 10 identified ECM-related targets appeared with raised protein and mRNA
levels in the 3D in vitro model, compared to the 2D one, of the invasive T24/83 BC cell line.
Furthermore, an increased mRNA expression was linked to tumor progression and poor
prognosis in MIBC patients of the TCGA cohort. In addition, except for DPYSL3 with regard to
OS, they were identified as independent prognostic marker concerning OS and DFS, among
the most expressive progression factors for BC, as T-stage and pN-stage. Since no molecular
BC tissue marker is currently implemented to the clinic, T-stage and pN-stage are the most
significant clinicopathological units for disease evaluation. Interestingly, these targets are
promising biomolecules for either MIBC prognosis or future therapy concepts. Although, some
of the targets were not described for BC previously (LAMC1, CALU, DPYSL3, P4HA2, SUMF2)
but share remarkable features with respect to muscle-invasive behavior as described for other
entities, except for SUMF2. Based on this study and previous data, properties as migration,
invasion, metastasis, and EMT were associated with most of the identified targets here
(LAMC1, FBN1, CALU, CD109, DPYSL3, LRP1, P4HA2), indicating their potential role in MIBC
development and invasive progression. In addition, increased expression of the targets FBN1,
PLOD1, LRP1, and P4HA2 were determined as hypoxia-induced, indicating in vivo-like
properties of the 3D in vitro model. According to literature, the better expression of stem-like
properties of the 3D model was demonstrated through increased collagen expression and
deposition, leading to ECM stiffness, as indicated by the elevated expression of FBN1, P4AHA2,
and CD109. Furthermore, CD109 and LRP1 expression are linked to drug resistance in
malignant diseases. This study offers new muscle-invasive associated targets for BC, a better
expression of invasive and in vivo-like properties in vitro, stem-like properties and drug
resistance-related targets, indicating the use of the T24/83 3D model as useful tool in

translational MIBC research, as well as the identified targets as novel drugs and biomarker.
5.4.3 Advances and limitations of the study

The application of the 3D in vitro model of the invasive T24/83 BC cell line expressed malignant
characteristics, as EMT and stem-like properties, more abundant compared to the 2D model.
Also the CM condition turned out to express invasive characteristics more dominant in contrast
to the UCM condition, so that the malignancy of the T24/83 cell line is dependent on the cellular
3D arrangement and ECM enrichment. It was aimed and realized to develop a less complex,
easy to use and cost effective model. This might bring limitations in its translational nature,

thus it is based on a mono culture without other stroma cells, and the ECM is probably enough
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to form and grow of spheroids but less complex and dynamic compared to in vivo conditions,
while less invasive characteristics might be expressed in the 3D T24/83 in vitro model. To
characterize the findings of the invasive 3D in vitro model, gene expressions were validated
by mRNA expression, and clinical data of the TCGA MIBC cohort. These data are real world
data derived from patients which are already collected and analyzed, public available, and
ethically safe. In case of MIBC, this cohort also possesses a statistically valid number of
subjects. Nevertheless, due to its retrospective characteristics, there is a lack of subject control

and data generation, as well as a higher tendency for bias, which leads to more prone to errors.
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6 CONCLUSION & OUTLOOK

The treatment and prognosis of MIBC patients is still limited due to few therapeutic advance
and incomplete molecular tumor classification. The ECM has a distinct impact on MIBC onset,
and offers a promising platform for future investigations of valid biomarker and new treatment
strategies, however its particular function and characteristics during MIBC is not completely
understood.

3D in vitro models are able to mimic in vivo conditions better as oversimplified 2D conditions.
However, their use is still no standard procedure for translational BC research, and its
application is highly dependent on the cell line, 3D model, and medium conditions. Therefore,
it is indispensable to figure out the cell lines special needs. On the other hand, the development
of an easy applicable, cost effective, and flexible model is desired. The here established
Matrigel-free 3D in vitro model of the invasive T24/83 BC cell line, turned out to express ECM-
related invasive properties more abundant, in comparison to the culture in 2D. Its association
to EMT and ESC processes was significantly increased and revealed 10 ECM-related targets
(LAMC1, FBN1, PLOD1, CALU, CD109, DPYSL3, LRP1, HTRA1, P4HA2, SUMF2). Some of
them had also been proven to be highly influential in MIBC patients (FBN1, PLOD1, CD109,
LRP1, HTRA1), while others (LAMC1, CALU, DPYSL3, P4HA2, SUMF2) were associated to
MIBC for the first time. The 3D model of T24/83 offers new muscle-invasive associated targets
for BC, a better expression of invasive and in vivo-like properties in vitro, stem-like properties
and drug resistance-related targets to study invasive BC mechanisms and treatment options
for future projects. Furthermore, follow up the 10 identified ECM-related targets could lead to
promising molecular biomarker or future therapeutic targets, which is urgent to improve

personalized stratification, and therapy for MIBC patients.
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8 APPENDIX

Table 8: Cell concentrations for 3D culture seeding

Cell count per well

Cell concentration [cells/ml]

100

103

200 2x10%
500 5x 103
800 8 x 103
1000 104

2500 2.5x 104
3000 3x 10
5000 5x 104
10000 10°
15000 1.5 x10°
20000 2x10°
25000 2.5x10°
30000 3x10°
35000 3.5x10°
40000 4x10°
50000 5x10°
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DMEM Mc Coy’s DMEM Mc Coy's Mc Coy’s Mc Coy's Mc Coy’s Mc Coy’s
+10% FBS + 10% FBS CM DNase CM 3% 0, UCM 3% O,

BE

v

Figure 16: 3D spheroid formation of UROtsa cell line under different medium conditions

The cell line UROtsa was seeded onto 96-well ULA plates under different medium conditions. Half of the medium
was changed every 2" day and light microscopic images were taken daily. Scale bar = 500um; magnification = 5x.
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DMEM DMEM Mc Coy's Mc Coy's Mc Coy's Mc Coy's Mc Coy's
+10% FBS

ucm CM DNase CM3% 0, UCM3I%O,

D4

Figure 17: 3D spheroid formation of RT4 cell line under different medium conditions

The cell line RT4 was seeded onto 96-well ULA plates under different medium conditions. Half of the medium was

changed every 2" day and light microscopic images were taken daily. Scale bar = 500um; magpnification = 5x.
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Figure 18: 3D spheroid formation of T24/83 cell line under different medium conditions

The cell line T24/83 was seeded onto 96-well ULA plates under different medium conditions. Half of the medium
was changed every 2™ day and light microscopic images were taken daily. Scale bar = 500um; magnification = 5x.
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Figure 19: 3D spheroid formation of SCaBER cell line under different medium conditions

UCM 3% 0,

The cell line SCaBER was seeded onto 96-well ULA plates under different medium conditions. Half of the medium

was changed every 2™ day and light microscopic images were taken daily. Scale bar = 500um; magnification = 5x.
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RT4 vs 2D Mc Coy's
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Figure 20: Volcano plot and related t-SNE annotation of DEP for RT4

DEP for RT4 were analyzed by limma statistics and displayed by volcano and t-SNE plot. The comparison of the
3D model (UCM and CM), and 2D model (UCM and CM), in contrast to the 2D standard condition (Mc Coy’s+10%
FBS) was conducted. A brown data point of the volcano plot represents one significantly DEP within the particular
comparison. C1 (2D UCM); C2 (2D CM); C3 (2D Mc Coy’s+10% FBS); 2D (2D Mc Coy’'s+10% FBS).
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26
E3DUCM m3DCM m2DUCM

E3DUCM m3DCM m2DUCM

C

20cv I
2DUCM
3DcM I
3pucv I
0 20 40 60 80 100 120
M significantly downregulated {adj. p-value < 0,05) [%]
2D CM significantly upregulated{adj. p-value < 0,05) [%]
b

2DCM I
2pucv I
30CM I
3pucv I

0 20 40 60 80 100 120
m significantly downregulated {adj. p-value < 0,05) [%]
2DCM significantly upregulated (adj. p-value < 0,05) [%¢]

53

H Oncogenic signatures & Hallmarks

Kegg

Reactome

Figure 21: Counts of significantly DEP and DEG in RT4 in relation to the 2D standard condition

Significantly DEP (A) and DEG (B) for RT4 were analyzed by limma statistics and one-way ANOVA, respectively.
The comparison of the 3D model (UCM and CM), and 2D model (UCM and CM), in contrast to the 2D standard
condition (Mc Coy’s+10% FBS) was conducted. Further, the proportion of up- and downregulated, significantly DEP
(a) and DEG (b) is shown. The GSEA analysis was performed by the use of Kegg, Reactome, Hallmark, and
oncogenic signatures gene sets, and the amount of significantly differential regulated pathways is given for each

gene set database, detected for RT4 (C).
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3D characteristics
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Figure 22: GSEA outcome of biological functions for RT4 in relation to 2D standard condition

Significantly, differential expressed gene sets have been grouped according to their biological function. Typical 3D
characteristics (upper chart) and further dominant characteristics (lower chart) revealed for RT4. Each biological
function plotted on the y-axis consists of functional related gene sets, which are shown as percentage depending if

the gene set is significantly over- or under-representation.
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