f}, HELLENIC REPUBLIC
‘. National and Kapodistrian "ALEXANDER FLEMING"

e T . . Blomedical Sciences Research Center
.2, University of Athens o ' '
EST. 1837

NATIONAL AND KAPODISTRIAN UNIVERSITY OF ATHENS,
MEDICAL SCHOOL

“Studying the pro-tumorigenic role of IGF1 in
muscle-invasive urinary bladder cancer”

Christina Paraskeva

Supervisor: Vasiliki Koliaraki, Researcher B’, BSCR “Alexander Fleming”

MOLECULAR BIOMEDICINE: Mechanisms of Disease,
Molecular And Cellular Therapies And Bioinnovation

June 2022



Table of contents

1. INTRODUCTION 6
SECTION 1: BLADDER CANCER 6
1.1. BLADDER ANATOMY AND HISTOLOGY/PHYSIOLOGY 6
1.2. BLADDER CANCER EPIDEMIOLOGY AND RISK FACTORS 7
1.3. CLASSIFICATION AND STAGING OF BLADDER CANCER — HISTOLOGIC VARIANTS 9
SECTION 2: CANCER ASSOCIATED FIBROBLASTS 10
2.1. THE TUMOR MICROENVIRONMENT 10
2.2. CANCER ASSOCIATED FIBROBLASTS (CAFS) — ACTIVATION AND ORIGINS 11
2.3. CAF FUNCTIONS IN TUMOR INITIATION, PROGRESSION, AND METASTASIS 13
2.4. CAFSIN BLADDER CANCER 17
SECTION 3: IGF1 SIGNALING AND FUNCTION 18
3.1. IGF1 AND DOWNSTREAM SIGNALING PATHWAYS 18
3.2. IGF1IN HOMEOSTASIS-PHYSIOLOGY 20
3.3. IGF1IN CANCER 22
2. RESEARCH HYPOTHESIS AND EXPERIMENTAL AIM 25
3. MATERIALS AND METHODS 26
3.1. MATERIALS 26
3.1.1. CHEMICALS AND REAGENTS 26
3.1.2. RECIPES 27
3.1.3. MiIce 28
3.2. METHODS 29
3.2.1. GENOTYPING 29
3.2.2. MODEL OF MUSCLE INVASIVE BLADDER CANCER (MIBC) 30
3.2.3. ULTRASOUND IMAGING 30
3.2.4. HISTOLOGY 31
3.2.5. IMMUNOHISTOCHEMISTRY (IHC) - STAININGS 31
3.2.6. RNA EXTRACTION 32
3.2.7. RNA SEQUENCING AND ANALYSIS 33
3.2.8. REVERSE TRANSCRIPTION 33
3.2.9. QUANTITATIVE / REAL-TIME POLYMERASE CHAIN REACTION (QRT-PCR) 34

2 | Page



3.2.10. CELL CULTURE 35

3.2.11. ISOLATION OF PRIMARY BLADDER FIBROBLASTS 35
3.2.12. FLow CYTOMETRY 36
3.2.13. IN VITRO PROLIFERATION ASSAY 36
3.2.14. IN VITRO MIGRATION ASSAY — WOUND HEALING 36
4. RESULTS 37
4.1. SPECIFICITY AND EFFICIENCY OF /GF1 DELETION IN MOUSE URINARY BLADDER MESENCHYMAL CELLS

37

4.2. DELETION OF IGF1 IN MESENCHYMAL CELLS EXACERBATES MOUSE BLADDER TUMORIGENESIS 39
4.3. IMMUNOHISTOCHEMICAL CHARACTERIZATION OF CANCER-RELATED PROPERTIES IN /GF1M*° MICE42
4.4. EXPRESSION PROFILE OF TUMORS WITH MESENCHYMAL-SPECIFIC /GF1 DELETION 43
4.5. IN VITRO EFFECT OF /GF1 ON BLADDER CANCER EPITHELIAL CELLS 46
DISCUSSION 48

3| Page



Abbreviations

Abbreviation Definition

ARG Arginase

ALS Acid Labile Subunit

a-SMA alpha-Smooth Muscle Actin

BAD Bcl2 Associated agonist of cell Death
BCL2 B-Cell Lymphoma-2

CAF Cancer Associated Fibroblast

CAV1 Caveolin-1

CIS Carcinoma in situ

CNS Central Nervous System

DAMPs Damage Associated Molecular Patterns
DNMT3B DNA Methyltransferase 3B

ECM Extracellular Matrix

EGFR Epidermal Growth Factor Receptor
EMT Epithelial to Mesenchymal Transition
EndoMT Endothelial to Mesenchymal Transition
Erp Estrogen Receptor

FAF Fibrosis Associated Fibroblast

FAP Fibroblast Activation Protein

FSP1 Fibroblast Specific Protein-1

GAS6 Growth Arrest Specific protein-6
GDF15 Growth Differentiation Factor-5

GH Growth Hormone

GHrH Growth Hormone releasing Hormone
GSK3pB Glycogen Synthase Kinase-3 beta
HSF-1 Heat Shock Factor 1

IDO1 Indoleamine 2,3 dioxygenase-1

IGF Insulin-like Growth Factor

IGFBP Insulin-like Growth Factor Binding Protein
InsR Insulin Receptor

IR Insulin Receptor

IRS Insulin Receptor Substrate

LIF Leukemia Inhibitor Factor

4 | Page



MAPK Mitogen Activated Protein Kinase

MIBC Muscle Invasive Bladder Cancer

MMP Matrix Metalloprotease

NAF Normally Activate Fibroblast

NMIBC Non-Muscle Invasive Bladder Cancer
PDGFR Platelet Derived Growth Factor Receptor
PDK1 Phosphoinositide dependent Kinase-1
PI3K Phosphoinositide 3-Kinase

POSTN Periostin

ROS Reactive Oxygen Species

RTK Receptor Tyrosine Kinase

TGF-b Tumor Growth Factor-b

TIMP Tissue Inhibitor of Metalloprotease
TME Tumor Microenvironment

VEGF Vascular Endothelial Growth Factor
VIM Vimentin

TAM Tumor Associated Macrophage

5| Page



1. Introduction

Section 1: Bladder Cancer

1.1. Bladder Anatomy and Histology/Physiology

The urinary bladder serves the role of urine storage and exertion from the body. Urine
is produced in the kidneys, transported to the bladder through the ureters, and later
exerted from the organism through the urethra. Anatomically, the bladder is
compartmentalized into four main parts: the apex part, the fundus or base part, the
body, and the neck. The body is located centrally with the apex in the anterior front
and the fundus in the posterior end. The ureters are directed towards and entering
the base of the bladder. The urethra protrudes from the surrounding neck area and is
located at the lower part of the organ.! Three openings that include the two ureteric
and the internal urethral orifices delineate a triangular shape, termed the trigone of
the urinary bladder. The detrusor muscle lines the wall of the bladder and contracts
to prevent reflux of the content fluids backwards, while physically forming the internal
urethra sphincter. (Figure 1)?
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Figure 1: Schematic representation of the female urinary bladder anatomy. https://
www.kenhub.com/en/library/anatomy/urinary-bladder-and-urethra

The wall of the bladder comprises four layers, which from the innermost to the
outermost are: the mucosa, the submucosa, the detrusor smooth muscle and the
serosa or adventitia (Figure 2).

® Mucosa: The innermost layer of the bladder, termed the urothelium, is
composed of transitional specialized epithelial cells. An epithelial sheet that is
in direct contact with the lumen and urine consists of umbrella cells and acts
as a barrier between the circulation and urine. Similar to other barriers at
epithelial sites, umbrella urothelial cells are located adjacent to a mucus-
glycosaminoglycan environment and are connected through tight junctions.
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Directed towards the outer part of the bladder, umbrella cells are followed by
the intermediate urothelial and basal cell layers that separate them from the
submucosa.?

e Submucosa: The connective tissue layer of the urinary bladder (also known as
lamina propria) contains ECM components, including Collagen type | and llI,
and elastin, as well as fibroblasts responsible for ECM production and
remodeling. A vascular and nervous plexus runs the submucosa layer, while
residentimmune cells elicit immune responses during infections, inflammation
and damage. Smooth muscle cells can also be found near innervated areas,
surrounding blood capillaries to control vessel contraction. -3

e Detrusor smooth muscle: This part occupies the majority of the tissue, since
around 60-70% of the bladder is covered by smooth muscle fibers. Smooth
muscle cells in the detrusor are organized in bundles that are maintained
conjugated and supported by connective tissue collagens.'* The detrusor
muscle is composed of three consecutive smooth muscle layers, serving the
contraction and relaxation functions. The inner and external layer are
composed of longitudinal smooth muscle cells, while the middle layer contains
circularly localized cells.%>*

e Adventitia/Serosa: The outermost layer of the bladder. The serosa consists
mainly of connective tissue intermingled with adipocytes, known as adventitia,
and is lined by squamous epithelium towards the peritoneal part in the upper
part of the bladder. 2
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Figure 2: Schematic illustration of bladder wall compartmentalization.
https://www.nature.com/articles/nrurol.2018.5

1.2. Bladder Cancer epidemiology and risk factors

Urinary bladder cancer is classified as the 10" most commonly diagnosed cancer and
the 13™ in prevalence of cancer-induced mortality, worldwide. It accounts for
approximately half million incidences and around 3% of all cancer types annually. It
occurs with higher frequency in men, and usually in people over 65 years old.
Epidemiologic assessment of bladder cancer geographic distribution reveals that the
highest incidence rates are found in Northern America, Southern and Western Europe
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(Figure 3). United States are the nation with the most dominant occurrence of bladder
cancer, hence categorized as the 6™ most frequently found neoplasm and the 9t
deadliest in the USA.>®
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Figure 3: Globocan obtained maps depicting estimated age-standardized incidence rates
(ASR) of bladder cancer in 2018, for men and women of all ages. https://doi.org/10.1016/
j.eururo.2020.09.006

Hereditary traits are responsible for the familial form of bladder cancer, and
environmental factors play a crucial role in predisposition to the disease.” Among risk
factors for bladder cancer development, tobacco smoking is the most prominent one.
89 Smoking, along with hormonal factors and occupational exposure to environmental
risk factors also explain the higher prevalence of the disease in men. In addition,
tobacco smoking complicates chemotherapy results, worsens survival rates and
causes higher relapse incidences in patients undergoing manipulative surgery, such as
cystectomy. Chronic urinary tract infection, cancer therapies (cyclophosphamide),
radiotherapy, obesity, diet, alcohol consumption and Schistosomiasis also contribute
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to the formation of bladder malignancy. Schistosomiasis, which refers to Schistosoma
haematobium protozoan infection, accounts for the majority of cases in Africa.1%!!

1.3. Classification and staging of bladder cancer — Histologic variants

Bladder cancer displays heterogeneous manifestations based on histopathologic
features. The vast majority is attributed to urothelial bladder cancer, accounting for
90% of cases.!? As its name implies, the urothelial subtype emerges from the mucosal
urothelium alongside the bladder’s lumen. Pure urothelial cancer accounts for the
majority of cases, but variable differentiation patterns, including squamous, glandular,
nested, microcystic, micropapillary, lymphoepithelioma-like, plasmacytoid and
sarcomatoid can also be found, a phenotype known as divergent differentiation. 3
Pure urothelial cancer is associated with better prognosis, lower progression rate and
lower invasiveness risk than those with divergent differentiation. * The squamous
differentiation pattern is the second most frequent and is characterized by the
existence of keratin conjugates in neighboring epithelial cells. > It is commonly
reported to occur in combination with the glandular form, which is rarely presented
individually. The nested motif appears as nests or cysts in the bladder and is rare,
highly aggressive and associated with poor prognostic outcome.® The micropapillary
type is associated with escalated cancer progression and bad prognosis.!” Other
differentiation patterns represent rare subtypes with little amount of information in
the literature. The rest 10% of bladder cancer patient cases corresponds to non-
urothelial types, encompassing squamous cell carcinoma, small cell carcinoma,
adenocarcinoma, and sarcoma (Figure 4).

Non-urothelial
Muscle-invasive (stages 2, 3 and 4)
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P |n¥aswe0 o G Low grade
(stages (least aggressive)

and 1)

Figure 4: Percentage representation of bladder cancer subtypes, stages, and grades.
https://www.nature.com/articles/551534a

The most commonly diagnosed urothelial cancer type can be sub-classified as muscle
and non-muscle invasive, based on the capacity of tumors to spread and invade the
detrusor muscle. NMIBC includes malignant transformations belonging to stage 0 or
stage 1. Tumors in stage 0 can be either papillary carcinomas (stage Ta) or CIS (stage
Tis). CIS is more aggressive and likely to expand in the connective tissue layer beside
the urothelium and hence reach stage 1 (T1).2® MIBC encompasses highly aggressive
tumors with metastatic dynamics that have already spread to the muscle layer and
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belong to stages 2-4 (T2a, T2b, T3, T4), based on whether they have invaded the lymph
nodes and beyond. (Figure 5) Newly diagnosed cases of non-muscle invasive bladder
cancer range from 70 to 80 %, and from the rest 20 to 30% of muscle-invasive urinary
bladder cancer approximately half are metastasizing. 1° (Figure 4)
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Figure 5: Staging and grading of urothelial bladder cancer based on invasiveness and
aggressive behavior. https://www.nature.com/articles/nrc3817

Despite the availability of treatment options in early stages of the disease, recurrence
rates reach 60-70% post-operatively for non-muscle invasive bladder cancer. 2° In
addition, patients suffering from the muscle-invasive form have worse prognosis, the
5-year survival rate dampens dramatically and therapeutic interventions are more
complicated and less effective.?! Therefore, more sensitive predictive markers are
required, along with deeper insight in the molecular mechanisms driving disease
pathogenesis, which could enable the design of novel and more effective treatment
strategies. Interestingly, immune checkpoint inhibitors have recently provided a
promising therapeutic alternative mainly for invasive bladder tumors, highlighting the
vital role of cancer cell interactions with surrounding stromal cells in the
establishment and progression of the disease.??

SECTION 2: CANCER ASSOCIATED FIBROBLASTS

2.1. The Tumor Microenvironment

Tumor development and progression does not depend exclusively on cancer cells.
Transformed cancer cells are hosted in a local tissue environment, and are surrounded
by heterogeneous cell types and mediators that build a permissive niche for tumor
growth, invasion, and metastasis. This dynamic network is termed tumor
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microenvironment (TME), and consists of stromal cells and acellular components that
form the extracellular matrix (ECM).23 The stromal cellular component of the TME
includes local and infiltrating immune cells, quiescent and activated fibroblasts,
pericytes, endothelial cells of capillaries and glial cells. (Figure 6) Stromal and cancer
cells interact with each other both through physical contact and paracrine signaling.
Expression of receptor-ligand pairs, cytokines, chemokines, mitogens, vesicles, and a
variety of other signaling molecules allow the establishment of complex
communication patterns supporting altered cell phenotype and function.?*
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Figure 6: Heterogeneous cell populations of the TME surrounding tumor cells. https:
//www.nature.com/articles/nrc.2016.73

2.2. Cancer associated Fibroblasts (CAFs) — Activation and origins

Fibroblasts are non-hematopoietic, non-endothelial, non-epithelial cells found as part
of the connective tissue within organs.?> Primarily, they display a supportive role
through the production and remodeling of ECM. Through the production of cytokines,
chemokines and trophic factors, fibroblasts also perform vital homeostatic functions,
including regulation of vascularate functions, immune responses, stem cell
maintenance and differentiation.?® Normal fibroblasts residing within tissues are
considered non-proliferative quiescent cells with negligible secretory capacity.?’
Nevertheless, they play an integral role in tissue preservation and normal function
under physiological conditions. Activation of fibroblasts has been linked to elevated
and robust secretory and metabolic activity, more intense ECM remodeling and
increased proliferation.?® Activated fibroblasts can either return to their previous state
or become permanently activated.?® Reversible activation has been described as a
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crucial mechanism during wound healing procedures and resolution of acute
inflammatory responses.3° In contrast, permanent activation, accompanied by genetic
and epigenetic alterations of fibroblasts is present in pathologic conditions, including
non-resolving inflammation, fibrosis, and cancer (Figure 7).3! In cancer, activated
fibroblasts are referred to as cancer-associated fibroblasts (CAFs). Although their role
in early stages of tumorigenesis could be considered hindering, current advances in
literature mainly support the tumor-promoting role of CAFs.3?
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Figure 7: Reversible fate of NAFs and irreversible pathogenic activation of CAFs and FAFs.
https://www.nature.com/articles/nrc.2016.73

Due to lack of selective molecular markers, specific identification of CAFs has been
challenging. As such, CAFs are defined by a combination of features, including
increased deposition of collagen, fibrin and ECM molecules, lack of endothelial,
immune, and epithelial cell marker expression and positive labelling for markers
associated with fibroblast activation, such as a-SMA and FAP.33 Apart from CAF
identification, the absence of specific biomarkers complicates lineage-tracing and
fate-mapping experiments and as such the tracing of CAFs origins. Nevertheless,
resident tissue fibroblasts represent the main source of CAFs.3* CAFs have also been
reported to originate from bone marrow-derived mesenchymal stem cells through a
TGF-b1/JAK/STAT3 signaling axis3>, endothelial cells through EndoMT 3¢, and epithelial
cells via EMT. Additional potential cellular sources include stellate cells present in the
liver and pancreas, pericytes, smooth muscle cells, adipocytes, hematopoietic- and
cancer- stem cells (Figure 8).%7
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Figure 8: The origins of CAFs. https://molecular-cancer.biomedcentral.com/articles/10.1186/
$12943-021-01428-1

The vast majority of activating signals derive from transformed tumor cells through
cell-to-cell contact (e.g. Notch signaling) and secreted soluble mediators. Growth
factors (PDGF, HGF, FGF, TGFB), HSF-1, ROS, hypoxia, stress, pro-inflammatory
cytokines (IL1, IL6), chemokines (CXCL12, CXCL16, CCL21, CCL25), double strand
breaks and DAMPs, as well as metabolites like lysophosphatidic acid induce the
activation of fibroblasts to CAFs.?3138 Downstream pathways include activated NFkB,
JAK-STAT and SMAD pathways. 3%-4'Specifically in bladder cancer, tumor cells have
been found to release exosomes transferring TGF-b in order to trigger SMAD signaling
pathways and mediate activation of tissue-resident fibroblasts into CAFs.*? In addition,
increased stiffness and mechanical forces applied by the ECM represent another
important regulator of CAF activation.*® Finally, therapeutic interventions, such as
radiotherapy, chemotherapy and targeted compounds are known to affect fibroblast
fate and function. 444

2.3. CAF functions in tumor initiation, progression, and metastasis

CAFs exert pleiotropic functions, including both pro- and anti-tumorigenic ones, and
affect all the pathogenic properties of malignant cells. For the purpose of the current
thesis, the role of tumor-promoting CAFs will be further described, since it is the most
well-established. Owing to the elevated secretory capacity of CAFs, a repertoire of
growth factors, cytokines, chemokines, metabolites, enzymes, ECM constituents and
remodeling factors establish the development of cancer hallmarks.*® Therefore, CAF
secretome enhances tumor cell proliferation, self-renewal and survival, angiogenesis,
immune suppression, metabolic alterations and ECM remodeling that mediate cancer
progression, invasion and metastasis (Figure 9).4’

13 | Page


https://molecular-cancer.biomedcentral.com/articles/10.1186/s12943-021-01428-1
https://molecular-cancer.biomedcentral.com/articles/10.1186/s12943-021-01428-1

Cellular source

Resident fibroblasts Pericytes

Growth factars (TGF-, PDGF, FGF2), cytokines (IL-1a, IL-1, IL-6, IL-11), chemakines (CXCL12, CXCL16),

Activating signal TLR ligands, DAMPs, stress (ROS), metabolites, hypoxia, ECM components, cell-to-cell interactions, mechanical forces

- el G Il I—1
P < P ¢ { :
CAFs Ty Py P L~ ™
CAF heterogeneity depends on cellular source, intratumor localization, tumor site, stage and inter-patient variability
Growth factors (HGF, TGF-8, VEGF), cytokines (IL-6, IL-11, IL-1), chemokines (CXCL1, CXCL12, CCL2, Chi3lL1),
Effectors ECM components (collagens, hyaluronic acid), enzymes (MMPs, LOX)
metabolites (lactate, pyruvate), prostaglandins, cell-to-cell contact (PD-L1, PD-LZ)
= \: ./.-
\ o~ I SRV, {
Functions ) 2 &) Il s @iy %
Antitumor ECM Immune Cancer cell Metastasis Angiogenesis  Cancer cell Drug
functions regulation regulation proliferation energetics resistance

Figure 9: Origins and functions of CAFs in cancer. https://www.nature.com/articles/
s41590-020-0741-2

ECM remodeling

CAFs in the tumor stroma primarily serve the role of ECM deposition and remodeling
to create a permissive niche for enhanced cancer cell motility and invasion (Figure
10).*¢ This is accomplished mainly through the dynamic production of ECM
components and secretion of proteolytic enzymes, including MMPs and TIMPs.*® For
instance, MMP3 cleaves molecules involved in cell-to-cell contact, such as E-cadherin
leading to increased cancer cell motility.>° TIMPs as inhibitors of MMPs are negatively
associated with cancer cell migration. For example, TIMP deficiency in fibroblasts
induces the release of exosomes enriched in MMPs, ADAM10 and disintegrin leading
in altered ECM composition enabling invasion and cancer stemness.>! CAFs promote
metastasis through the maintenance of cancer stem cells in secondary sites and by
secreting enzymes that mediate ECM crosslinking creating a stiff microenvironment
with tense mechanical forces.> Increased mechanical conductivity is related to severe
manifestations of the disease, including stress induction, hypoxia, aggressiveness and
drug resistance.”® For example, formation of integrin-related adhesions in the ECM
and the cytoskeletal actin-myosin system are regulated by CAFs through RHO, RAB-
GTPase, and YAP activity.”*>> Tenascin-C and POSTN are two examples of molecules
produced by CAFs to provide WNT signals in appropriate stem cell niches, like the one
acting in colorectal cancer.>®>7

Cancer cell proliferation, invasion and metastasis

CAFs secrete a variety of paracrine signals to interact with neighboring cancer cells.
HSF-1 activated in CAFs creates a tumor-permissive stroma and reprograms malignant
cells for the initial establishment of tumor formation.>® Several growth factors,
including HGF, FGF5, GDF15, GAS-6, LIF and predominantly TGFB produced by CAFs
are vital drivers of tumor expansion, survival, invasive behavior and colonization in
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metastatic locations.3 TGFB is a master regulator of EMT and as such a major
contributor to cancer metastasis. For instance, TGFB1 upregulates HOTAIR to induce
EMT, resulting in breast cancer metastasis.>® In addition, CAFs themselves employ
TGFB signaling in an autocrine manner to preserve their activity status through a
TGFB1/miR-200s/miR-221/ DNMT3B dependent mechanism. ©°
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Figure 10: CAF functions in mediating tumor growth, invasion and metastasis.
https://www.nature.com/articles/s41568-019-0238-1

Some of the above factors have been also associated with resistance to treatments,
like HGF that confers resistance to BRAF-related therapies.®! Cytokines, including IL-6,
IL-1 and IL-11 also have tumor promoting functions. For example, IL-6 increases cancer
cell proliferation, motility and resistance to treatments through activation of the
JAK2/STAT3 pathway.®? CAF-derived 1L11 promotes viability of cancer stem cells in
colorectal cancer.®® Other signals, like STC1 favor metastasis through enabling tumor
cells to transport through the endothelium wall of capillaries.®* Tumor expansion is
also fueled by CAFs through the production of factor that support increased
angiogenesis, including SDF-1 (CXCL12) and VEGF.%°

Metabolic reprograming

CAFs exhibit shifts in their metabolic activity. Several metabolites and factors are
transmitted bi-directionally between cancer cells and CAFs serving the demanding
functions of both cell populations (Figure 11).56 Cancer cells stimulate aerobic
glycolysis in CAFs, through establishment of hypoxia, release of PDGF, TGFB, HIFla
and ROS-mediated downregulation of CAV1.57-%° |n turn, CAFs produce metabolites,
such as lactate, ketone bodies and fatty acids to nourish anabolic mitochondrial
respiration in cancer cells.”® As such, tumors have the capacity to growth, invade
neighboring spaces and resist damaging insults. This phenomenon is known as the
“Reverse Warburg effect”.”* This mutual exchange of factors also elevates catabolic
activities and autophagy in CAFs. Autophagy can drive the production of alanine from
activated fibroblasts, which is transferred to pancreatic cancer cells in order to fulfill
their metabolic demands.”> Apart from tumor cells, metabolites and amino acids
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derived from CAFs can also affect immune cellular properties and function.”® For
example, upregulation of IDO1 and ARG in CAFs leads to decreased tryptophan and
arginine, respectively, and negatively affects the activation, proliferation and normal
effector function of T cells, contributing thus to immunosuppression.’7>
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Figure 11: The metabolically reprogrammed landscape of tumors centered on CAF activity.
https://www.nature.com/articles/nrc.2016.73

Immune regulation

CAFs are engaged in a highly dynamic and complex communication network with
neighboring immune cells, and exert pleiotropic effects on tumor immunity. The
majority of studies support an immunosuppressive role of CAFs that is achieved
through the secretion of cytokine and chemokines (Figure 12). Induction of M2
macrophage polarization, differentiation and recruitment of immunosuppressive cells
and altered T helper cell differentiation towards Th2 type of responses, result in
cancer cells evading immune surveillance.”®’” IL-4, IL-6, IL-8 and TGF-B are the major
contributors in the creation of immunosuppressive environment facilitating cancer
escape.’®IL.-6 mediates its effects mostly through STAT3 signaling and downstream
activation of IFN-y and IL-17A. 7°8° TGF-B affects Tu17 cell differentiation and inhibits
the cytotoxic activity of effector T cells.®! Suppression of effector T cell activation and
cytotoxic function have also been attributed to CAFs expressing co-inhibitory signals
including PD-L1 and PD-L2.8283 CAFs alter immune cell trafficking and recruitment to
the affected tissue, through expanding the capillary network, providing adhesion
molecules, such as ICAM1, remodeling the ECM and expressing chemokines, including
CCL2/5/ 7/ 8 and CXCL1/ 2/ 5/ 9/ 10. 2°8
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Figure 12: Orchestration of CAF immunosuppressive function.
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01835/full

2.4. CAFsin bladder cancer

Although recent advances have enhanced our understanding of CAF-driven
mechanisms in carcinogenesis, little information exist regarding their role specifically
in urothelial bladder cancer. CAFs in urothelial bladder cancer have been reported to
express a-SMA, FAP, MFAP5, vimentin, PDGFR-a/b, CD90 and FSP1. 8> Among them, a-
SMA, CD90/Thy-1, FAP, PDGFRa and PDGFRb have been correlated with decreased
survival rates of patients suffering both from MIBC and NMIBC. FAP expression is
linked to the poorest 5-year survival probability, while CD90 is associated with
comparatively elevated CD8a T cell infiltration.®® CAF-specific MFAP5 has been shown
to promote the tumorigenic potential of bladder cancer cells through NOTCH2/HEY1
signaling, while being associated with poor clinical outcome.?” CALD1 expression in
urinary bladder cancer CAFs enhances tumor progression and is proposed as a
prognostic marker.8 TGFB signaling in CAFs is associated with impaired infiltration of
CD8+ T cells in urothelial cancer and resistance to anti-PD-L1 immunotherapy.'3? In
addition, urinary bladder cancer CAFs secrete TGFB1 and IL6, which promote EMT,
enabling thus tumor expansion and invasion.®>°! Finally, CAFs have been found to
promote cisplatin resistance in patients, by enhancing IGF-1/ERB/Bcl-2 anti-apoptotic
signaling in bladder tumor cells. %2
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Figure 13: Plot depicting single cell RNA sequencing-derived cell subpopulations present in
urinary bladder cancer patients. https://www.nature.com/articles/s41467-020-18916-5

Interestingly, a recent single-cell transcriptomic analysis identified two distinct
Collal* CAF populations in urothelial bladder cancer, termed inflammatory-CAFs
(PDGFRa* iCAFs) and myo-CAFs (RGS5* mCAFs), in line with similar studies in other
cancers (Figure 13).°2 Transcription analysis revealed activation of TCF21 and TWIST2
in iCAFs, affecting smooth muscle behavior and EMT in other pathologies, like breast
cancer and atherosclerosis respectively.’*°> iCAFs secrete high levels of CXCL12 to
drive recruitment of TAMs through signaling to its CXCR4 receptor.’® Angiogenesis
could be influenced accordingly through production of VEGFA and VEGFB. FGFR1,
FGF2 and FGF7 expressed by iCAFs could participate in autocrine signaling forming a
positive feedback mechanism of fibroblast activation.?” Among the growth factors
secreted by iCAFs, IGF-1 is of particular interest as it is specific for iCAFs and associated
with poor survival rates.?

SECTION 3: IGF1 SIGNALING AND FUNCTION

3.1. IGF1 and downstream signaling pathways

IGFs are known mitogens driving growth-promoting processes. The most studied
members are IGF-1 and IGF-2 that mediate biological effects through signaling to
Insulin-like growth factor receptors IGF-1R and IGF-2R, respectively.?® IGFRs belong to
the family of RTKs. Normally, signal transduction to IGF-1R is essential to regulate
cellular events, while IGF-2R lacks functional kinase activity and targets IGF2 towards
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lysosomal degradation.®® IGF receptors exist as dimers consisting of two extracellular
a chains that bind to the ligand and two transmembrane B chains that exhibit tyrosine
kinase activity. 1% IGF-1 bears higher binding affinity for IGF-1R/1R homodimers. Due
to its high homology with Insulin, IGf-1 also has the capacity to bind to IR homodimers
and IGF-1R/IR heterodimers, although with lower affinity.’! IGFs mainly exist in
conjugates with IGFBPs that control ligand availability to the receptors. There are six
members of IGFBPs with differential expression in blood circulation and peripheral
tissues and binding affinity for IGF1.1°2 The majority of IGF1 molecules, around 75%
are bound to IGFBP3 and ALS.!%® IGFBPs remain bound to the growth factors to
increase the half-time of their life and hinder signaling to the receptors when not
demanded. Once IGF-1 is released from the IGFBP and binds to its receptor, it triggers
conformational alterations that lead to the expansion of the activation loop and
enable stimulation of the kinase activity.'%* As a result, transphosphorylation events
take place in the tyrosine residues Y1135, Y1131, and Y1136 of the intracellular
terminal domains.’® Following the conformational changes and tyrosine
phosphorylation, specific substrate proteins are recruited to the phosphorylated
tyrosine residues through SH2-domain mediated interactions. Shc and IRS-1/IRS-2 are
the best-known substrates that lead to coupling of the initial axis stimulation with
second messenger systems and downstream signaling cascades.'% Phosphorylation of
IRS-1 and IRS-2 by the kinase activity of the receptor trigger the PI3K-PDK1-Akt
signaling pathway, while phosphorylation of Shc leads to activation of the MAPK
signaling cascade (Figure 14). Phosphorylated IRS-1 / IRS-2 and Shc interact with the
adaptor proteins Grb2 and p85 regulatory subunit of PI3K through SH2 domain
recognition, respectively.'®” Downstream, Grb2 recruits a guanine nucleotide
exchange factor, termed SOS. SOS controls the exchange of GTP/GDP to RAS GTPase,
engaged either in RAS-GTP active form or RAS-GDP inactive state.'%8 RAS triggers the
RAF-MEK-ERK cascade of sequential activating phosphorylations. MAPK signaling
results in the initiation of transcriptional programs in the nucleus that promote cell
proliferation and survival.’®® The second pro-survival pathway is triggered by PI3K
recruitment to IGF1R. The catalytic subunit of PI3K, termed p110a controls conversion
of PIP2 to PIP3 that facilitates recruitment of PDK1.'1°® PDK1-mediated
phosphorylation at Threonine residue, T308 and mTORC2-mediated phosphorylation
at Serine residue, S473 of Akt enable the complete activation of the serine/threonine
kinase. 11! Akt phosphorylates a variety of molecular targets, including TSC1/2, GSK-
3B, p27, FOXOs, BAD and BCL-2 to regulate cell proliferation, survival, apoptosis and
glucose metabolism.1?
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Figure 14: Schematic representation of |IGF-1 signal transduction pathways.
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3.2. IGF1 in homeostasis-physiology

The pleiotropic physiological actions of IGF1 in human organism have been initially
attributed to the ‘somatomedin hypothesis’.'’* Based on this hypothesis, IGF1
mediates the growth-promoting effects of growth hormone (GH) upon biological
systems. GH is released in systemic blood circulation from the pituitary in response to
GHrH from the hypothalamus (Figure 15).1** GH induces the synthesis of
‘somatomedins’, meaning IGFs in the liver. IGF1 is predominantly produced by the
liver and secreted in the circulation to function as an endocrine factor through
signaling in peripheral organs.!'’> The GH — IGF1 axis is regulated by a negative
feedback loop, where IGF1 reaches the hypothalamus through blood circulation and
promotes the release of somatostatin, a negative regulator of GH and GHrH secretion
(Figure 15).11% Ghrelin represents an intestinal-derived factor that along with pancreas
- derived insulin and adipocyte - derived leptin are also implicated in somatotropic axis
control, as a positive regulator of GH release from the brain.'!” The somatomedin
hypothesis has been revised, since in vivo studies revealed that liver-specific ablation
of IGF1 expression resulted in 75% decrease of IGF1 serum levels, meaning that the
rest 25% originates from alternative sources.''® In addition, Igf1 knockout mice exhibit
growth -developmental retardation and severe loss of body weight in comparison to
control, while mice with liver-specific deletion of Igf1 present normal growth and
slight developmental alterations. Recent findings indicate that local production of
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IGF1 plays an important role in skeletal growth.!*® In addition, local synthesis of IGF1
has been reported for several other peripheral tissues, including the brain, heart, bone
marrow, lung, proximal and distal gastrointestinal tract, urinary bladder, adipose and
gender tissues.'?? As such, apart from systemically released IGF1 acting as endocrine
factor, IGF1 is also locally produced to function in an autocrine and paracrine manner.
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Figure 15: IGF1 production and physiological role in peripheral organs https://link.
springer.com/chapter/10.1007/112 2017 8

During prenatal and embryonic stages, IGF1 released under GH control is important
for placenta formation and growth, as well as for normal development and
differentiation of fetal tissues.'?! In adult life, IGF1 mediates a variety of functions
during embryonic and post-natal development, including the stimulation of cellular
proliferation, growth, differentiation and survival, exertion of anti-oxidant and
mitochondrial protective effects, regulation of lipid, carbohydrate metabolism and
insulin resistance (Figure 15).*2%12> For instance, IGF1 is responsible for regulating
bone length, healthy formation and remodeling through signaling to chondrocytes in
the growth plate of appendicular bones and osteocytes, osteoclasts, osteoblasts in
radial skeleton.'?® Also, to facilitate skeletal muscle growth and development, IGF1
mediates fusion of myoblasts with myotubes. It has been found to regulate calcineurin
levels to control skeletal muscle mass through promoting hypertrophy or attenuating
atrophy.'?” Regarding the cardiovascular system, IGF1 exerts protective and growth
promotive actions through regulating autophagy, proliferation and commitment of
cardiac progenitor cells and promoting vasodilation.?® Next, IGF1 possesses immune-
modulatory roles through stimulating thymus development and hematopoiesis, while
coordinating the normal growth and function of immune cells.??® As growth factor it
is also important for the accurate formation and development of kidneys and the
reproductive organs in both sexes.’3%%3! Furthermore, IGF1 promotes tissue-
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protective, reparative and regenerative processes following injury, which has been
extensively reported in the liver, central nervous system and heart damage. 13%133For
example, in the central nervous system, IGF1 promotes the proliferation of progenitor
cells, neurogenesis, oligodendrogenesis and angiogenesis, while exerting
neuroprotective and anti-inflammatory effects following CNS injury.*3* Nevertheless,
there are not extensive information regarding the role of IGF1 in bladder homeostasis
and physiology besides the well characterized growth promoting effects similar to
other organs.

3.3. IGF1lin cancer

Aberrantly elevated levels of the IGF ligands, or overexpression and constitutive
activation of IGF-Rs drive pathologic conditions, including cancer. IGF1 contributes to
the acquisition of infinite proliferation capacity in cancer through signaling to the
aforementioned receptors.'3> IGF-Rs mediate the oncogenic effects of growth factors,
driving malignant cell transformation.!3®
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Figure 16: |IGF-1 mediated signaling pathways in cancer. https://ihoonline.
biomedcentral.com/articles/10.1186/s13045-020-00904-3

Hence, IG1/IGF-1R axis hyperactivation in cancer contributes to the maintenance and
migration of cancer and stromal cells, hence promoting tumor development and
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metastasis.’3” The major tumor-promoting pathways are MAPK, PI3K and STAT3,
positively affecting cellular proliferation and survival, while inhibiting cell death.3®
Also, IGF1 signaling to IGF1R promotes the acquisition of cancer cell stemness and
EMT, a known mechanism implicated in carcinogenesis.*® For instance, activated Akt
stabilizes Slug transcription factor that suppresses E-cadherin expression leading to
EMT.X0 |n addition, IGF1R overexpressed in colorectal cancer stem cells leads to
STAT3 activation and expression of transcription factors, such as Nanog that promote
both EMT and stemness.'*! Furthermore, IGF1R-induced Akt activation can lead to LIP
expression, a factor that suppresses anoikis, a type of cancer cell death (Figure 16).1%

Several studies have explored the prognostic and therapeutic potential of circulating
IGF1 levels. Elevated IGF1 in the bloodstream is positively associated with increased
risk in many types of cancer, including breast, prostate and advanced colon cancer. 43
In bladder cancer, IGF1 has been reported to possess poor prognostic value as a
marker.1** A major challenge is that IGF1-IGF1R signaling induces resistance to general
therapeutic strategies against cancer, including chemotherapy, radiotherapy,
endocrine therapy and molecular targeted therapies. 14>
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Figure 17: Mechanisms of resistance to therapies targeting IGF1R. https://jhoonline.
biomedcentral.com/articles/10.1186/s13045-020-00904-3

Nevertheless, a variety of therapeutic strategies have been designed to target the IGF-
1/IGF-1R axis. A second challenge that needs overcoming is the acquired resistance in
specific drugs, such as monoclonal antibodies and small molecule inhibitors aimed to
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inhibit the oncogenic IGF1 signaling, mainly through targeting IGF1R.14¢ Several
mechanisms leading to ineffective management of IGF1/IGF1R signaling have been
described (Figure 17):

e Compensatory release of Growth hormone, Insulin and IGFs: Since IGF1/IGF1R
signaling axis is implicated in feedback inhibition of growth hormone release, blockage
of IGF1R may result in increased secretion of GH and GH-mediated release of IGFs and
Insulin.*” In this case, IR replaces IGF1R in signal transduction from IGFs and Insulin
and sustains the tumorigenic potential. This mechanism has been described to apply
in breast and pancreatic neuroendocrine cancer, while it has been reported to provide
resistance to cixutumumab in preclinical evaluation. 148

e Binding to integrin receptors: IGFs have the capacity to bind and signal to integrin
receptors when IGF1R is occupied. Integrin stimulation facilitates cancer cell survival
and stemness to cope with therapy-related environmental stress.'*? IGF1 binding to
integrin avP3 activates PI3K and induces resistance to cixutumumab. *°

e Signaling to alternative receptor tyrosine kinases: Once IGF1R is blocked by
targeting inhibitors, other RTK members may get activated to compensate for the
signaling loss. Alternative RTKs are also coupled with IRS1, PI3K, MAPK, STAT3 and
result in relevant signaling pathways and cellular alterations, as the ones triggered
when IGF1R is activated.!*® For instance, EGFR and PDFGRa/p activation is implicated
in acquiring resistance to anti-IGF1/IGF1R therapies.’>*'>2 This mechanism has been
described to confer resistance in cases of childhood sarcoma and for specific inhibitory
molecules, including dalotuzumab and linsitinib.*>3

e Contribution of tumor stroma: Stromal cell populations residing in the
microenvironment surround cancer cells can act as a source of IGFs. For example,
fibroblasts secrete IGF signaling to IGF1R on malignantly transformed cells, leading in
acquired resistance to chemotherapy and radiotherapy.**#*>* Given that IGFs exploit
additional receptors and pathways to exert the tumorigenic role, IGFs derived from
CAFs can confer resistance to IGF1R inhibitors as well.}>> This mechanism has been
reviewed for numerous malignancies, including pancreatic and bladder cancer. °%1>¢
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2. Research Hypothesis and Experimental Aim

Accumulating evidence suggest that IGF1 is locally produced in several tissues, and
that mesenchymal cells are a potential major source. In addition, IGF1 plays an
important pro-tumorigenic role in several cancers, including bladder cancer. However,
the mesenchymal-specific expression of IGF1 and its role in bladder cancer are
unknown. Here, we aim to study how tissue resident mesenchymal —derived IGF1 may
contribute to bladder cancer development and identify the underlying molecular
pathways driving its functions. To achieve this, we will use mice with mesenchymal-
specific deletion of IGF1 and an in vivo model of bladder tumorigenesis. RNA
sequencing, ex vivo and in vitro experiments will be performed to delineate the
molecular and cellular mechanisms that underlie the potential autocrine and
paracrine functions of IGF1 in promoting bladder cancer progression.
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals and Reagents

1M Tris, pH 8.0

5M NacCl

5 N HCI

0.5M EDTA, pH 8.0

10% SDS

Proteinase K (Blirt, 230 U/mg)

Phenol (299%, Fisher Scientific)

Propanol-2-ol (>99.8%, Fisher Scientific)

Absolute Ethanol (Acros Organics)

N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) (TCI Chemicals or Sigma Aldrich)
Phosphate buffered saline (Bioline)

Dulbecco's Phosphate Buffered Saline (Gibco)

Formaldehyde (PanReac AppliChem)

Hematoxylin and Eosin

OCT (VWR Chemicals)

Tri-Sodium Citrate Dihydrate (Lach:ner)

Tween 20 (Fisher Scientific)

TRITON X-100 (PanReac AppliChem)

Hydrogen Peroxide (Carlo Erba Reagents)

Albumin (Bovine Serum Albumin —BSA) Fraction V, ph 7.0 (PanReac AppliChem)
Fetal Bovine Serum (BioSera)

Penicillin, 10.000 U/mL — Streptomycin, 10.000pg/mL (Gibco)

Penicillin, 10.000 U/mL — Streptomycin, 10.000ug/mL — Antimycotic, 25ug/ml (Gibco)

Gentamycin 50ng/mL (PanReac AppliChem)
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MEM Non-essential amino acids (NEAA), 100x (Gibco)
Dulbecco's Modified Eagle Medium (DMEM), 1X (Gibco)
Fibroblast Growth Supplement (Sigma Aldrich)
Recombinant mouse IGF1 protein (Abcam, ab9861)
TRItidy G (PanReac AppliChem)

Chloroform (Fisher Scientific)

oligodTs (New England Biolabs)

Moloney Murine Leukemia Virus (MMLV) Reverse Transcriptase (GeneON)
5X Reaction Buffer for MMLV (GeneON)

Taq polymerase (homemade)

dNTPs 2.5mM and 10mM (homemade)

10X Taq Buffer (homemade)

SYBR Green PCR Master Mix (Bio-rad)

Trypsin — EDTA 0.05% (1X) (Gibco)

Dimethyl sulfoxide (DMSO) (PanReac AppliChem)
Collagenase Xl (Sigma Aldrich)

Dispase Il (Sigma Aldrich/ROCHE)

Collagenase IV (Sigma Aldrich)

PBS with Ca*?/Mg*?

Acetic Acid

Crystal Violet

Methanol (Fisher Scientific)

Mounting Medium with DAPI

3.1.2. Recipes

e DMEM complete: 10% FBS, 1% NEAA, 100 U/ml penicillin, 100 pg/ml streptomycin,
1 ug/ml amphotericin B, 50 ug/mL gentamycin

e Serum Free Medium: 0.5% FBS, 1% NEAA, 100 U/ml penicillin, 100 pg/ml
streptomycin, 1 ug/ml and amphotericin B

e TAIL lysis buffer: 1 M Tris, pH 8.0, 0.5 M EDTA, 5M NaCl, 10% SDS, 20 mg/mL
Proteinase K
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® Permeabilization Buffer: 0.2% TRITON X-100, 1X PBS
® Blocking Buffer: 1% Bovine Serum Albumin (BSA), 0,1%TRITON X, 1X PBS

e Sodium Citrate Buffer: 10mM Tri-Sodium Citrate dihydrate, 0.05% Tween 20, pH 6.0

3.1.3. Mice

Twist2-Cre mice were utilized for targeted expression of the “knocked-in” Cre
recombinase in mesenchymal cells, under the control of the endogenous Twist2
promoter.’>” Twist2-Cre mice were crossed with Igf1t%/!* mice that bear two LoxP
sequences flanking exon 4 of the Igf1 gene.'®® (Figure 18) The generated Twist2cre*/
Igf1to¥lox mice (Igf1Mesk?) were used to achieve mesenchymal-specific deletion of Igf1.
Rosa™™E reporter mice were also crossed with the above mice for cell isolation and
tracing, since upon Cre induction the membrane-targeted Tomato cassette is excised,
resulting in the expression of green fluorescent protein (GFP) in Cre* cells (Jackson,
Stock No 007676).1>° All mice were on a C57/BL6 background. All animals were
maintained and bred under specific and standardized pathogen-free conditions in the
“Alexander Fleming” Biomedical Sciences Research Center (BSRC) Animal Facility.
Both male and female mice were included in experiments and grouped based on their
sex. Co-housed littermate experimental and control mice were used in all
experiments. All procedures were performed in compliance to the National Legislation
and the European Legal Framework under the approval of Veterinary Service
Management of the Hellenic Republic Prefecture of Attika and the guidance of the
Institutional Animal Care and Use Committee of “Alexander Fleming” BSRC (License
No: 49659).
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Figure 18: lllustration of mesenchymal targeted deletion of Igfl. Figure modified based on
references 215, 216.
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3.2. Methods

3.2.1. Genotyping

DNA was isolated from tail samples to verify the genotype of animals derived from
crossing the Twist2-Cre strains with /gf1°/o and Rosa™™C mice. Tails were incubated
in TAIL lysis Buffer (see Recipes) at 55°C overnight. DNA was then extracted using the
phenol-based method. In brief, phenol was added to the lysate in a 1:2 ratio, followed
by vortex and centrifugation at 13.000rpm for 10 minutes in room temperature. The
upper phase was transferred to an equal volume of isopropanol (1:1 ratio). After
gentle mixing, DNA was “fished out” with a glass pipette, washed with 70% and 100%
Ethanol and resuspended in 100 pl H20. Polymerase Chain Reaction (PCR) for mouse
genotyping was performed using 2 ul DNA, 2 pl Taqg Buffer, 1.2 ul MgCI2
(concentration), 0,2 pl Taq polymerase and the following sets of primers (10uM each):

Table 1: PCR primer sequences for mouse genotyping.

Target Primer Sequence (5’ 2 3’)
Forward ATTACCGGTCGATGCAACGAGT
Cre Reverse CAGGTATCTCTGACCAGAGTCA
Common CTCTGCTGCCTCCTGGCTTCT
mTmG Wild type Reverse CGAGGCGGATCACAAGCAATA
Mutant Reverse TCAATGGGCGGGGGTCGTT
Common CACTAAGGAGTCTGTATTTGGACC
Igfl Mutant Forward AAACCACACTGCTCGACATTG
Wild type Forward GGCAAATGGAAATCCTATGTCT

PCRs were performed on a C-1000 Touch Thermo Cycler (Bio-Rad). The cycling
conditions for each PCR were:

Table 2: Genotyping PCR programs.

Igfl cre mTmG
94 for 2’ 94 for 4’ 94 for 3’
94 for 20” 94 for 1’ 94 for 30”
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65 for 15" 10 cycles 57 for 1’ 5 cycles 61 for 1’

35 cycles
68 for 10” 72 for1’ 72 for 1’
94 for 15” 94 for 30” 72 for 5’
28 cycles 25 cycles

60 for 15” 55 for 40” 12 for 1’

72 for 10” 72 for 70”
72 for 2 min 72 for 10’

20 for 1’

3.2.2. Model of Muscle Invasive Bladder Cancer (MIBC)
N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) was added to the drinking water of six-
week-old co-housed and littermate mice of both sexes, at a concentration of 0,05 %
for 18 weeks, followed by a concentration of 0,01% for up to six additional weeks. BBN
is a carcinogenic nitrosamine compound administered in vivo to model urothelial
bladder cancer.'®® High grade, invasive tumors arise in the urinary bladder, resembling
the histology and genetic/ alterations of human muscle invasive bladder cancer
(MIBC). (Figure 19)

&Oj 0.05% BBN 0.01% BBN
012 4 12 14 20 24 weeks
ftrrrr o rrrrr |
AM A A
Normal | Dysplasia CIS Invasion
Reactive Early invasion
atypia

Figure 19: Timeline and stages of carcinogen-induced MIBC with the addition of differential
BBN concentrations (aqua - 0.05% for 18 weeks and grey —0.01% for up to six more weeks) in
the drinking water of mice. Figure adapted based on https://translational-medicine.
biomedcentral.com/articles/10.1186/s12967-019-02146-5 .

3.2.3. Ultrasound imaging
The progression of BBN-induced carcinogenesis was monitored through ultrasound
imaging. This took place in the PhenoClinic of the BSRC “Alexander Fleming” Animal
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House with the help of the facility’s veterinarian. The equipment used was a Vevo
3100 Imaging System from FUJIFILM VisualSonics.

3.2.4. Histology

Whole urinary bladders isolated from control and knockout mice were preserved both
as formalin-fixed/paraffin-embedded (FFPE) tissue blocks and as OCT-embedded
frozen samples (TBS88 PARAFFIN EMBEDDING SYSTEM), according to the following
procedures:

FFPE

Tissues were rinsed in 1X PBS, and fixed in 10% formalin at 4°C, overnight. The
following day, the tissue was washed three times in 1X PBS and treated in the Spin
Tissue Processor (Leica TP1020) that enables finer sectioning of the tissue. Tissues
were then coated in paraffin for long-term preservation at room temperature. Serial
sections of 5 micron each were acquired with the use of a microtome (SLEE MEDICAL).
Sections underwent hematoxylin and eosin (H & E) staining for histopathological
evaluation. H & E stainings were observed under a Nikon E800 upright microscope.

OoCT

Bladders were fixed in 4% paraformaldehyde at 4°C, overnight. The next day, the
organs were placed in 15% sucrose at 4°C for 4 hours, followed by overnight
incubation in 30% sucrose at 4°C. After this fixation procedure, tissues were
embedded in scaffolds filled with O.C.T. compound and snap frozen in liquid nitrogen.
Samples were maintained in -80°C. Tissue sectioning was performed with a Cryotome
(Leica CM1950) to acquire 5-micron sections.

3.2.5. Immunohistochemistry (IHC) - Stainings
On paraffin sections

Immunostaining on paraffin sections requires wax removal (deparaffinization) and
rehydration of the tissue sample. For that purpose, slides were placed in 55°C for 30
minutes and immersed in xylene 3 times per 10 minutes, 100% Ethanol twice for 2
minutes, 95% Ethanol for 2 minutes, 70% Ethanol and 50% Ethanol for 1 minute each
and finally in dH;0 for 1 minute. Then, slides were washed twice for 10 minutes with
1X PBS at room temperature and immersed in Sodium Citrate buffer at 60°C
(Microwave) for 20 minutes to achieve antigen retrieval. Afterwards, slides were
rinsed with tap water and washed with 1X PBS twice for 10 minutes. Blocking of
endogenous peroxidases was achieved with incubation in 0.5% Hydrogen Peroxide at
room temperature for 10 minutes. After Hydrogen Peroxide was discarded,
Permeabilization buffer was added for 10 minutes at room temperature. Next,
blocking of non-specific staining was achieved through incubation of slides in Blocking
Buffer (see Recipes) for 30 minutes at room temperature. Then, tissues were
incubated with the primary antibodies (diluted in blocking buffer, as shown in Table
3) in humidified chambers at 4°C, overnight. The following day, primary antibodies
were washed away with 1X PBS and incubation with secondary antibodies (diluted in
blocking buffer, as shown in “Recipes”) took place at room temperature for 45
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minutes, as listed in Table 3. Finally, slides were washed with 1X PBS and ddH.0, and
mounted with aqueous Mounting Medium containing DAPI for nucleus staining.
Images were acquired using a Leica DM2000 Fluorescent Microscope.

On OCT sections

Once cryosections were obtained, they were left to air dry for 5 minutes at room
temperature, fixed with 4% PFA for 10 minutes, and washed three times with 1X PBS
for 3 minutes each. Next, sections were permeabilized by incubation in the relative
buffer (see Recipes) for 10 minutes in room temperature, washed once with 1X PBS
for 3 minutes and blocking buffer (see Recipes) was added for 30-40 minutes. They
were subsequently incubated with the primary antibodies at 4°C overnight, as listed
in Table 3. The following day, they were washed with 1x PBS and incubated with the
secondary antibodies for 45 minutes in room temperature, as shown in Table 3.
Finally, they were washed with 1X PBS and dH,O and mounted using mounting
medium containing DAPI. Images were acquired using a Leica DM2000 Fluorescent
Microscope.

Table 3: Antibodies used in immunohistochemistry experiments.

Primary Antibodies Dilutions Source Company
Anti — cytokeratin5 1/1000 rabbit Biolegend, 905501
Anti — cytokeratin8 1/300 rat TROMA-I

Anti - IGF1R 1/1000 rabbit Abcam, ab182408
Anti — vimentin, Alexa647 1/300 rabbit Abcam, ab194719
APC/Cy7, Anti - CD45 1/400 rat Biolegend, 103116
Anti - ki67 1/400 rabbit Abcam, ab15580
FITCH — anti-actin, 1/400 mouse Sigma, F3777

a — smooth muscle actin

Alexa488, Anti - GFP 1/500 rat Biolegend, 338007
Secondary Antibodies Dilutions Source Company
Anti-rabbit, 1gG, Alexa647 1/500 Goat Invitrogen, A21244
Anti-mouse, IgG, Alexa488 1/500 Goat Invitrogen, A11029
Anti-rat, 1gG, Alexa568 1/500 Goat Invitrogen, A11077

3.2.6. RNA extraction
Cultured cells
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T24 human bladder cancer cells were cultured in DMEM on a 6-well plate until 60-70%
confluency was reached. Then cells were serum-starved for 6h and 50ng/mL mouse
recombinant IGF1 (Company) was added for 24h. Primary fibroblasts isolated from
control and KO littermates were cultured in DMEM complete containing fibroblast
growth supplement (FGS) on 6-well plates until the second passage. Both cell types
were lysed with the addition of RLT buffer from QIAGEN RNeasy Micro Plus kit and
collected using a cell scraper. RNA extraction was performed based on the
manufacturer’s guidelines (https://www.qgiagen.com/us/products/discovery-and-
translational-research/dna-rna-purification/rna-purification/total-rna/rneasy-plus-

kits/ ).

Bladder tissue

RNA isolation from whole bladder tissues was performed using the guanidinium
thiocyanate (TRIzol)-phenol-chloroform extraction method. After removal of urinary
bladders, the tissues were homogenized in TRItidy G reagent that contains the
guanidinium thiocyanate and phenol components. After a 5-minute incubation on ice,
chloroform was added to the lysate, followed by an additional 5-minute incubation on
ice. Centrifugation for 5 minutes, at 4°C and 12000 rcf enabled the separation of the
organic and aqueous phases with the aqueous phase retaining the extracted RNA. To
precipitate the RNA, CH3COONa and 70% ice cold Ethanol were added to the upper
phase in a ratio of 1:2 and 1:10 of the aqueous volume, respectively. Centrifugation
for 5 minutes, at 4°C and 7500 rcf enabled the precipitation of RNA. The pellet was
left to air-dry and the RNA was resuspended in RNAse-free water. DNase treatment
and RNA clean up procedures were performed according to the QIAGEN RNeasy Mini
Plus kit guidelines (https://www.giagen.com/us/products/discovery-and-
translational-research/dna-rna-purification/rna-purification/total-rna/rneasy-plus-

kits/).
3.2.7. RNA sequencing and analysis

RNA samples extracted from control untreated and BBN-treated mice were subjected
to bulk 3’-mRNA sequencing. Libraries were prepared using the 3’ mRNA-Seq Library
Prep Kit for lon Torrent (QuantSeq-LEXOGEN), according to the manufacturer’s
guidelines. The lon Pl IC200 Chef Kit (ThermoFisher) was used for template
preparation on an lon Proton Chef Instrument, and the lon Pl Sequencing 200 V3 kit
and lon Proton Pl V2 Chips (ThermoFisher) were used for sequencing on an lon Proton
System, according to the manufacturer’s guidelines. Sequencing and initial
bioinformatic analysis was performed by the Genomic Facility of BSRC “Alexander
Fleming”. Downstream bioinformatic analysis was performed on lists of differentially
expressed genes, using InteractiVenn for Venn diagrams (http://www.interactivenn.

net/).

3.2.8. Reverse Transcription
RNA isolated from cultured cells and/or bladder tissues was subjected to reverse
transcription to produce cDNA for downstream quantitative polymerase chain
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reactions. 2ug RNA and 500ng/uL (80pmol/reaction) oligo-d(T)s were heated at 70 °C
for 10 minutes, followed by incubation on ice for 5 minutes, addition of 5X RT Buffer,
10mM dNTPs, 200 units M-MLV (GeneOn) and RNase-free water up to 20ul and
incubation at 37 °C for 1 hour and 20 minutes. cDNA samples were stored at -20 °C.

3.2.9. Quantitative / real-time polymerase chain reaction (QRT-PCR)

Gene expression in T24 human bladder cancer cell line, mouse bladder tissue, mouse
bladder tumors and primary bladder fibroblasts were analyzed by qRT-PCR. b2m was
used as house-keeping gene. cDNA (10ng/uL) was incubated with each primer set
10ng/uL (=0,2pmol/mL) and SYBR Green PCR Master Mix (Company), according to the
manufacturer’s instructions. Primers used for qRT-PCR, including annealing
temperatures, are shown in Table 4 and Table 5 below:

Table 4: Murine gPCR primer sequences and annealing temperature.

Target Primer Sequence (5’ 2 3’) Temperature
Igf1 Forward GCTGGTGGATGCTCTTCAGT
Reverse TCCGGAAGCAACACTCATCC
Kik8 Forward CCTCTTCCACCGAGTCCGA
Reverse AGAAAGAATGTGAGCCTGGGG
Krt10 Forward GGTGACCATGCAGAACCTGA
Reverse TGAGTTGCCATGCTTCTCGT
Krt15 Forward AGATCGGGACTACAGCCATTAC 58°C
Reverse AGCCTGAAGTCGTCCGC
Sipri Forward GCCTCTCCAGCCAAGGAAAA
Reverse GGAGCCTGGGGTGGTATTTC
B2m Forward TTCTGGTGCTTGTCTCACTGA
Reverse CAGTATGTTCGGCTTCCCATTC

Table 5: Human gPCR primer sequences and annealing temperature.

Target Primer Sequence (5’ = 3’) Temperature
KRT10 Forward TTGAAACAATCCCTGGAAGC
Reverse TATCTGGGCCTGAATCTGTG
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KRT15 Forward CCTGAAGAAGAACCACGAAGAG

Reverse TCCATCTCCACATTGACCTG

ADAMTS15 Forward TCTGTCATTGAGGACGATGG 55,7°C
Reverse ACACCTCCTCACAGACTTTCAC

B2M Forward AGATGAGTATGCCTGCCGTG
Reverse TCATCCAATCCAAATGCGGC

All qRT-PCR experiments were performed in 96-well plates, on a C-1000 Touch Thermo
Cycler (Bio-Rad). Data analysis was performed using the Bio-Rad CFX manager
software.

3.2.10. Cell culture

T24 human bladder cancer cells (Table 6) and primary bladder fibroblasts were
cultured under aseptic conditions in cell culture incubators at 370C, and under 5% CO2
ensuring the stability of pH levels. All procedures and handling were carried out in
biological safety cabinets, equipped with UV radiation lamps for sterilization. An
inverted light microscope was used to observe cell morphology and growth and assess
the need for passaging. Neubauer counting chambers were used to calculate cell
numbers. Cell passaging was achieved with the addition of 1X Trypsin that was
inactivated with the addition of DMEM complete.

Table 6: Properties of the T24 human bladder cancer cell line.

Cell line Organism Tissue Morphology Disease Source
Kindly
Homo oy Transitional provided byDr.
T24 Sapiens Bladder  Epithelial Cell Carcinoma Klinakis

(BRFAA)

3.2.11. Isolation of primary bladder fibroblasts

Mice were euthanized by exposure to CO2 in combination with cervical dislocation. 2-
3 urinary bladders were removed, washed in ice cold DMEM (complete) and cut
longitudinally in smaller pieces. The dissected bladders were incubated at 37°C for 40
minutes in a digest buffer, containing DMEM (complete), 300 U/mL Collagenase Xl and
0.1 mg/ml Dispase Il. The supernatants were transferred in 10mL DMEM (complete)
to dilute the enzymes and kept on ice. The remaining undigested tissue was incubated
at 37°C for 20 minutes in a second digest buffer, containing DMEM (complete), 300
U/mL Collagenase Xl, 0.1 mg/ml Dispase and 400 U/mL Collagenase IV. The new
supernatant was pooled with the previous diluted supernatant and centrifuged at
room temperature for 5 minutes in 300g. The cell pellet was resuspended in DMEM
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complete containing Fibroblast Growth Supplement (FGS) and cultured in one well of
a 6-well plate (passage 0). Cells were cultured until passage 2 before use.

3.2.12. Flow Cytometry

Primary mouse bladder fibroblasts were cultured as described until reaching passage
2-3. Then, cells were stained with an Alexa Fluor® 700 anti-mouse CD45 Antibody
(103128, Biolegend, 1:400 dilution in FACS Buffer) for 20 minutes on ice. Stained ells
were washed with FACS Buffer (1X PBS + 5% FBS) and analyzed using a BD FACS Canto
Il Flow Cytometer.

3.2.13. In vitro proliferation assay

T24 human epithelial bladder cancer cells were cultured in a 96-well plate at a
concentration of 5 x 10° cells per well in DMEM complete. Once reaching 50-60%
confluency, cells were cultured in serum free medium for 24 hours. Three different
concentrations of mouse recombinant IGF1 (Abcam, ab9861), including 20ng/mlL,
50ng/mL and 100ng/mL, was then added for 24 and 48 hours. T24 cells grown in the
absence of IGF1 were used as controls. All conditions and time points were evaluated
in four technical replicates. At the indicated timepoints, the supernatants were
removed and cells were washed twice with 1X PBS containing Ca*? and Mg*2. Cells
were then fixed with the addition of 100% ice cold Methanol for 10 minutes in room
temperature. Methanol was discarded and cells were left to air-dry in room
temperature. Crystal violet staining was added for 10 minutes, and the plate was
washed under tap water and left to dry. Acetic acid 10% was added for 10 minutes to
enable cell and staining resuspension. Absorbance was measured at 570nm in a Tecan
Sunrise microplate reader. Analysis and graphs were produced using the GraphPad
software.

3.2.14. In vitro migration assay — wound healing

T24 cells were cultured in a 48-well plate in a concentration of 0.9 x 10° cells per well
in DMEM (Complete). Upon reaching a confluency of >90%, they were serum-starved
(DMEM complete + 0.5% FBS) for 4-5 hours. The media was then discarded and a
wound was created in each well with the aid of a pipette tip. Cells were washed with
1X PBS and cultured in serum free medium containing 50ng/mL mouse recombinant
IGF1 for 18-24 hours. T24 cells grown in the absence of IGF1 were utilized controls.
Four technical replicates were assessed for all conditions and time points. Analysis of
wound healing was performed with Imagel.
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4. Results

4.1. Specificity and efficiency of /gf1 deletion in mouse urinary bladder
mesenchymal cells

The Twist2-cre and Igf1'®/'* mouse lines were utilized to achieve mesenchymal-
specific deletion of Igf1 in Twist2-expressing cells of the bladder. To define the bladder
cells that express Twist2 and Igf1 we used publicly available RNA sequencing data.%?
We found that Twist2 is highly expressed in all fibroblast populations and in
myofibroblasts. Igf1 is enriched in one of the fibroblast subpopulations, while it is also
expressed in the other two fibroblast clusters, as well as in myofibroblasts, monocytes
and neurons. Overlapping expression of Twist2 and Igfl1 suggests that deletion is
expected predominantly in bladder fibroblasts and myofibroblasts (Figure 20).
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Figure 20: Expression pattern of Twist2 and Igf1 in distinct bladder cell lineages. Graphic
representation of Igf1 and Twist2 expression levels in distinct urinary bladder cell types based
on recently published data®®.

We then validated the expression pattern of /gfl1 in mouse urinary bladder cells.
Urinary bladder samples were enzymatically digested and bladder epithelial
(urothelial) cells and fibroblasts were isolated through FACS after staining with
antibodies against Podoplanin (PDPN*) for fibroblasts and epithelial cellular adhesion
molecule (EpCAM*) for epithelial cells. qPCR in sorted cells, as well as undigested
urinary bladder, and liver as a positive control showed that /gf1 was indeed enriched
in sorted PDPN* fibroblasts, while minimally expressed in epithelial cells (Figure 21).
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Figure 21: Quantification of Igfl expression levels in the indicated cell types and tissues.
Expression in the liver is a positive control, as it is the main source of IGF1 production. The
housekeeping gene b2m was used for normalization during data analysis.

Next, we evaluated the specificity of the Twist2-cre mouse in targeting mesenchymal
cells of the urinary bladder. To this end, Twist2-cre mice were crossed with Rosa™™m
reporter mice, so that cre* cells express GFP and cre™ cells express TdTomato. We then
visualized bladder tissue from Twist2*mTmG™/™ using fluorescent microscopy,
which verified that Twist2-cre expressing cells were located in the smooth muscle and
subepithelial layer of the bladder. IGF1IR was detected in both epithelial and
mesenchymal cells (Figure 22).

Figure 22: Expression of GFP and IGF1R in Twist2°*mTmG"/™ mice. Microscopy images after
immunostaining with anti-GFP (green) and anti-IGF1R (red) antibody. White arrows indicate
Twist2-cre+ cells that also express IGF1R.

Finally, we examined the efficiency of Igfl deletion in Twist2-cre cells.
Twist2<egf1'o¥/'x mice (hereafter Igf1Vesk°) were bred with Rosa™™® reporter mice
and primary mouse urinary bladder fibroblasts were isolated and cultured. Cultured
fibroblasts were stained with an antibody against CD45 and analyzed by FACS for the
contamination of the culture with immune cells and the proportion of Twist2*
fibroblasts (Figure 23). After validating the purity (8.1% CD45* cells) and adequate
presence of Twist2* cells (79.8% of CD45" cells) in our cultures, we performed gPCR to
analyze the expression of Igf1 in isolated fibroblasts from control and Igf1Meske mice.

38 | Page



a) b) c)

I~ 4 — —
g% g g
= e &9
= - 8]
o < ) < o
oL o LF oy
@ @ : @
Do w \ o4
9 ]
& o -~ 8—:

lllle] ||||l|1|'| URALLLL P wrrn'rrrmrq—r'rmmrrrrmrq—r
50 100 150 200 250 10° 10° 10* 10° 0 10° 10* 108
FS Alexa Fluor® 700 anti-CD45 503 FITC-A

= 1.0001

Figure 23: Flow cytometry analysis of cultured bladder fibroblasts from Igf1Ves*>-mTmG
mice. a) FACS plot of side-scatter (SSC-A) and forward-scatter (FSC-A) detection. Cells depicted
as black dots represent dead cells and debris excluded from the analysis. b) FACS plot
depicting cells stained with Alexa-Fluorophore 700 anti-CD45 antibody. CD45* cells
correspond to 8.1% of cultured cells (P2). c) FACS plot depicting GFP* mesenchymal cells. GFP*
cells (P4) correspond to 79.8% of CD45 cells (P3).

We found that /gf1 was reduced by 50% in cultures from conditional knockout mice,
which accounts for approximately 70% deletion in Twist2* cells (Figure 24). In sum, we
verified the specificity of the Twist2-cre mouse for bladder mesenchymal cells and the
efficient deletion of Igf1 in these cells.
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Figure 24: Igf1 deletion in bladder mesenchymal cells. /gfl expression levels normalized
based on the expression of the b2m gene in cultured fibroblasts isolated from Igf1'®/'** and
lgf1Mesk° mice (n=3 per genotype). Statistical significance was calculated with the Wilcoxon’s

paired t-test.

4.2. Deletion of Igf1 in mesenchymal cells exacerbates mouse bladder
tumorigenesis

To examine the effect of mesenchymal-specific Igfl deletion in bladder
carcinogenesis, we utilized the BBN mouse model of carcinogen-induced bladder
cancer that mimics human muscle invasive urothelial cancer.?2° 6-week old /gf1Meske
mice and littermate Igf1'/'°* controls were treated with 0.05% BBN for 18 weeks to
reach the stage of carcinoma in situ and early invasion, as shown in Figure 25. Reduced
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concentration of 0.01% BBN was administered in the drinking water for up to six
additional weeks until muscle invasion was present.

0.05% BBN 0.01% BBN
| | | | | | | | | | | Weeks
012 435 10 12 14 15 18 24

Reactive atypia \ Carcinoma in Situ
Dysplasia Early and muscle invasion

Normal

Figure 25: Schematic representation of the BBN-induced muscle invasive urinary bladder
mouse model. Igf1M*=**mice and Igf1'>/°* littermate control animals were administered BBN
in the drinking water for a period of 25 weeks. For the first 18 weeks mice received 0.05%
BBN, followed by reduced 0.01% BBN concentration for up to 6 weeks.

Bladder tumor progression was monitored through ultrasound imaging at the 19* and
215 week of the protocol (Figure 26a). The size of both bladders and tumors were
measured and Igf1Mesk° mice showed lower tumor to bladder ratio in comparison to
control mice, although it did not reach statistical significance, possibly due to high
variability between mice (Figure 26b). However, macroscopic and histopathological
evaluation of urinary bladders at 21-24 weeks revealed a significant decrease in tumor
volume in Igf1™Meske (Figure 27a, c). In addition, histopathological evaluation of urinary
bladders showed significantly reduced histological score and invasion incidence in
IgfiMeske mice, where the tumors were restricted behind the muscle layer of the
detrusor (Figure 27b, d, e). Overall, our results suggest that mesenchymal-specific IGF1
have a tumor-promoting role in bladder cancer, and especially in cancer invasiveness.
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Figure 26: Ultrasound imaging and tumor measurements in BBN-treated control and
Igf1Ve*° mice. a) Ultrasound imaging of the BBN-treated Igf1'*'**and Igf1"¢*° mice. Images
were acquired as sagittal and transverse captures at 19- and 21-weeks post initiation of BBN
administration. b) Mean tumor/bladder ratio measured during ultrasound imaging at 21
weeks (n=7 mice per genotype).
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Figure 27: Macroscopic and histopathological evaluation of BBN-treated control and
Igf1Veske bladders. a) Macroscopic evaluation of urinary bladders and b) hematoxylin and
eosin (H&E) staining of tissue sections from BBN-treated /gf1'®/**and Igf1M**° mice. c) Tumor
to organ volume ratio, d) histological score and e) invasion incidence calculated in H&E stained
tissue sections from Igf1'®/°*and Igf1"es*° (n= 13-17 mice per genotype).
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4.3. Immunohistochemical characterization of cancer-related properties
in Igf1Mesko mice

To further characterize the properties of tumors with mesenchymal-specific deletion
of Igf1, we performed immunohistochemical staining on bladder tissue sections with
specific cellular markers. Cytokeratin 5 (CK5) and Cytokeratin 8 (CK8) were assessed
to define the basal/stem and luminal bladder epithelial cells, respectively. A-SMA and
Vimentin were evaluated as markers of cells with mesenchymal origin, including
activated fibroblast populations and smooth muscle cells.

CK5* stem cells were localized in the basal layer, while CK8* luminal cells in the apical
surface of the urothelium both in Igf1®/* control and Igf1"ek° mice. However, CK5*
migrating cells were only found intermingled within the muscularis layer in Igf1/o/lox
tumorous bladders, while invasion in the muscular layer was absent in Igf1"es<° mice.
This indicates that mesenchymal-specific abrogation of Igf1 expression is responsible
for reduced tumor cell migration in the muscle layer and thus less aggressive tumor
development and is in agreement with the histopathological analysis. (Figure 28a)

a) c)
BBN- treated Igf1'o/lx  BBN- treated /gf1Meske Igf1'ox/tox lqfiri=<

SMA

\’

b) d)

% of Ki67* cells over total cells (DAPI) % of CD45* cells over total cells (DAPI1)

35,00 27.86
30,00 1 21.04 20,00 14.78

10,00 ‘
500 g
gl 1 573 lgftlor Jgfteso ki Igf1tion Igf1Meso
K lox/lox b Mesko
BBN-treated /gf1 BBN- treated Igf1 Il BBN- treated /gf1'ex/e BBN-treated Igf1M=*®

Figure 28: Immunostaining of normal and tumor-bearing urinary bladders from Igf1'*/"** and
Igf1Me*° mice. a) Antibodies against a-smooth muscle actin (a-SMA) and Vimentin were
utilized to visualize mesenchymal cells, cytokeratin8 (CK8) for epithelial luminal cells and
cytokeratin5 (CK5) for epithelial basal/stem cells in urinary bladder tumors. b)
Immunohistochemical staining of the Ki67 proliferation marker in bladder tumor sections
from Igf1/°/'* and Igf1™e*°mice. c) Immunostaining of CD45* immune cells in untreated
healthy bladders and BBN-treated cancerous bladders from control Igf1®/°* and Igf1Vesk
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mice. d) Quantification of Ki67 positive proliferating cells (n=6 mice per group) and CD45*
immune cells (n=3 mice per group) in sections from Igf1/°/°* and Igf1M° mice.

Staining against Ki67 was performed to characterize the proliferative capacity of
bladder cell populations in homeostasis and cancer. Quantification of Ki67+ cells did
not show significant differences in cell proliferation between the two genotypes
(Figure 28b, d). To characterize immune cell infiltration, we also performed
immunostaining for CD45* immune cells, which also did not reveal significant
differences in the numbers of recruited immune cells (Figure 28c, d). In sum,
immunohistochemical analysis of bladder tumors from Igfi1Mesk° mice showed a
significant reduction in the invasion of CK5+ basal/stem cells in the muscularis layer,
while there was no significant difference in immune cell infiltration and proliferation.

4.4. Expression profile of tumors with mesenchymal-specific Igf1
deletion

To identify the molecular mechanisms underlying the reduced tumorigenesis of
Igf1Meske mice, we performed high-throughput bulk RNA sequencing. Healthy bladders
from untreated control (Igf1'9/'**/Igf1Mesk°) and cancerous bladders from the BBN-
treated control and Igf1Mes° mice were processed for RNA isolation and subsequent
3’ mRNA sequencing analysis.

Pairwise sample correlation was estimated based on the read counts acquired by RNA
sequencing through the metaseqR2 pipeline.'®? The correlation plot revealed two
distinct grouped clusters. All BBN-treated samples were clustered together, while all
untreated samples were grouped separately. Each cluster revealed a high within group
correlation index. The outcome is expected when comparing healthy normal bladders
with BBN-treated samples (Figure 29a). Similar results were also obtained by
performing multidimensional scaling (MDS). In the MDS plots, untreated control
samples (green squares) cluster together and are similar. Accordingly, BBN-treated
samples also cluster together. However, samples from Igf1Vesk° mice (red squares) are
closely correlated, while BBN-treated control (Igf1®/'°¢) samples appear to have high
variability (Figure 29b).
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Figure 29: Correlation and variability assessment in bulk RNA sequencing. a) Pairwise sample
correlation matrix of RNA-seq samples based on read counts. Blue color corresponds to higher
correlation (max value=1) and yellow color to lower correlation (min value=0,73). b)
Multidimensional scaling (MDS) plot revealing the correlation and reproducibility between
samples in RNA sequencing analysis.

After analysis of the statistically significant deregulated genes, we found 98 genes
downregulated and 121 genes upregulated in Igf1™Meske versus control tumors (Figure
30a). To further narrow down the list of deregulated genes we also compared genes
downregulated in Igf1Mesk° tumors versus genes overexpressed in control tumors in
comparison to normal samples (Figure 30b). Common genes (Figure 30b) have
significantly elevated expression in bladder cancer and are downregulated in the
absence of Igf1. Genes of interest are shown in Figure 30c.
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Figure 30: Characterization of genes significantly downregulated in Igf1V¢*° mice. a) Volcano
plot depicting genes with significantly altered expression in tumors of BBN-treated /gf1Meske
mice in comparison to tumors from BBN-treated /gf1°/** control mice. Red dots correspond
to genes with significantly elevated expression, while green dots represent genes with
significantly decreased expression. Blue dots depict genes with unaltered or not-significantly
altered expression. b) Venn Diagram depicting the number of downregulated genes in BBN-
treated Igf1Vesk° mice versus BBN-treated control Igf1®/* (blue) in comparison with genes
upregulated in control tumors (BBN-treated Igf1®/'*) versus healthy normal controls
(orange). c) Heatmap depicting expression levels of selected significantly downregulated
genes in BBN-treated /gf1Ve°. Differential gene expression is visualized as color gradient
among all murine sample types used in RNA sequencing. Dark blue corresponds to higher
expression and light blue to lower expression levels.

We focused on these genes, since they correspond to genes upregulated in invasive
urinary bladder cancer and could be involved in the ameliorated cancer phenotype of
Igf1Meske mice. We then used database search and literature mining to select
potentially important genes for downstream validating gPCRs and functional analysis.
The Human Protein Atlas (HPA) and cbioportal (https://www.proteinatlas.org/ ,
https://www.cbioportal.org/) were used to identify genes annotated as prognostic
markers in bladder urothelial carcinoma. S1PR1, KLK8, ADAMTS15 were identified as
unfavorable prognostic markers with higher expression indicating poorest survival
rates (Figure 31). KRT10 and KRT15 are markers of cellular migration and invasion of
urothelial cells. As such, the expression of these genes in 3 different Igf1Veske and
Igf1'°/°x tumors was further evaluated with qPCR, which showed a decrease only in
Krt10, Krtl5 and K/k8 expression levels, although it did not reach statistical
significance. This could be due to the small number of samples and increased
variability especially in the control tumors. (Figure 32). S1pr1, as well as Igf1 levels
were not altered. For Igf1, this suggests that other sources could compensate for the
mesenchymal-specific deletion and that the phenotypic differences that we observe
could be due to location-specific cell interactions.

S1PR1 I Low expression (n=159) ,,|" ‘ ADAMTS15 nh . KLK8
High expression (n=247) .| ™\ ] L)

T 1 3 & 8 & 1 &
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Figure 31: Prognostic markers in bladder urothelial carcinoma. Kaplan Maier survival plots
derived from Human Protein Atlas (HPA) consortium. Survival probability plots of urothelial
bladder cancer patients depict KLK8, SIPR1 and ADAMTS15 as unfavorable prognostic
markers in urothelial carcinoma. High expression (pink) of these genes has significant (p-
values<0.001) association with urinary bladder cancer patient survival.
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Figure 32: qPCR validation of selected gene expression levels in Igf1V¢° mice. gPCR analysis
of the expression levels of Igf1, Krt10, Krt15, KIk8, S1pr1 in bladders from BBN-treated control
Igf1'°/°* and Igf1Me*° mice (n=3 mice per genotype).

4.5. Invitro effect of Igf1 on bladder cancer epithelial cells

In vitro functional experiments were performed with T24 human bladder cancer cell
line to identify stromal-epithelial cancer cell interactions. First, the proliferative
capacity of T24 was assessed in control untreated conditions and following exogenous
treatment with different concentrations of mouse recombinant IGF1. The analysis
indicated the expected increase in proliferation of both control and IGF1-induced cells
24 and 48 hours after initiation. However, there was no significant alteration in T24
cellular proliferation under exogenous IGF1 induction, in comparison to normal
untreated cells. (Figure 33)
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Figure 33: In vitro assessment of proliferation in T24 human bladder cancer cells. Graph
showing T24 bladder cancer cell proliferation under control untreated conditions and
exogenous IGF1 induction. Cells were treated with 20ng/ml, 50ng/ml and 100ng/ml mouse
recombinant IGF1 in quadruplicates (representative of 3 experiments).
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Next, we evaluated the effect of exogenous IGF1 upon migration of T24 cells. In vitro
wound healing was assessed 24 hours after incubation with 20ng/ml and 50ng/ml
mouse recombinant IGF1 and the wound area was measured at both timepoints
(initiation-Oh and 24h). Microscopy images and quantifications did not show
significant differences in the migratory capacity of untreated and IGF1-treated T24
cells (Figure 34).
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Figure 34: In vitro wound healing assessment in T24 human bladder cancer cells.
a) Light-microscope images of T24 control untreated cells and T24 cells treated with 20ng/ml
and 50ng/ml mouse recombinant IGF1 at 0 and 24h. b) Graph depicting quantification of the
wound area at the initiation of the experiment (timepoint 0) and 24h following wound
creation (representative of 5 experiments).

We also measured the expression levels of previously identified genes of interest,
including KRT10, KRT15 and ADAMTS15 following exogenous IGF1 induction of T24
cells and found no significant difference (Figure 35). Overall, our in vitro results did
not reveal a direct effect on IGF1 on epithelial cell proliferation, migration and cancer-
related gene expression.
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Figure 35: Expression levels of selected genes in T24 human bladder cancer cells. gPCR
analysis of the expression levels of KRT10, KRT15, ADAMTS15 in T24 human bladder cancer
cells in control untreated conditions and following induction with 50 ng/ml mouse
recombinant IGF1 (n=3 biological replicates per condition).

Discussion

Given the pro-proliferative and tumor-promoting role of the IGF1/IGF1R axis in cancer,
better understanding of the cellular sources and molecular mechanisms underlying
the functions of IGF1 in particular cancer types could enable more effective and
targeted therapeutic approaches. 13In this study, we showed that IGF1 can also be
expressed by mesenchymal cells in the urinary bladder and bladder tumors, apart
from its predominant synthesis in the liver. Therefore, its potential localized function
in the crosstalk between mesenchymal stromal cells and cancer cells could be crucial
for the establishment and progression of malignant transformation. To address this
hypothesis, we utilized the BBN-induced bladder cancer mouse model to examine the
role of locally produced IGF1 in muscle-invasive bladder cancer pathology.
Mesenchymal specific deletion of Igfl resulted in a decrease of tumor volume and
significant reduction of cytokeratin 5* cancer cell migration and invasion in the muscle
layer, while cell proliferation and immune cell infiltration were not affected. This
comes in agreement with recent findings on stromal-derived IGF1 being implicated in
the promotion of metastatic mechanisms in other types of cancer, especially in
pancreatic ductal adenocarcinoma (PDAC). 1°¢

Analysis of the gene expression profile of bladder tumors lacking mesenchymal-
specific IGF1 revealed reduced expression of genes upregulated in bladder tumor
samples versus normal bladder tissue. These included genes with annotated
prognostic value in bladder cancer and markers of cell migration, such as Krt10, Krt15,
S1prl, Adamts15 and KIk8. However, Igfl total levels were not altered in Igf1Mesko,
suggesting that there are additional cellular sources for IGF1, which could compensate
for the mesenchymal-specific deletion and could thus mask an ever more pronounced
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amelioration. This result also indicated that the phenotypic difference that we show
is most possibly due to location-specific cell interactions driving cell migration.

To examine whether IGF1 can directly induce such effects on cancer cells, we
performed in vitro experiments using the T24 bladder cancer cell line. However, we
did not find any difference in cancer cell proliferation and migration, or the expression
of previously selected genes in response to IGF1 stimulation. This might be to the
potential unsuitability of the cell line, and further repetition of these experiments in
other bladder cancer cell lines or primary mouse bladder cell cultures should be
performed to verify the lack of an effect. If true, these results could suggest that either
IGF1 has other unidentified effects on cancer cells or that its role on cancer
progression is indirect through its functions in other cell types. To address this, it
would be interesting in the future to examine the cell-specific role of its receptor
(IGF1R) in bladder tumorigenesis and identify the downstream molecular mechanisms
that regulate cancer cell functions in this setting.
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