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MNeplAndn

H petdaotaon eival pa flohoyika moAUmAokn dtadikaoia, n omoia euBUveTal yla avw to 90%
Twv Bavatwv mou oxetilovtal Pe Tov Kopkivo. H KOAUTEPN KATOVONON TWV UTIOKELLEVWV
UNXAVIOUWV TNG €lvol {WTKAC onupaciag ywo TNV ovamtuén TIo QTOTEAECHATIKWY
BepameuTIKWY oTPATNYIKWVY Kol TN BeAtiwon Twv amoteAecpdtwy Twv acBevwy. Eva amo ta
XOPAKTNPLOTIKA TNG HETAOTOONG €lval n omoktnon ¢awoTuMwy amapaitnTwy yla Thv
Slelobuon toug oto umokeipevo otpwua. MoOAAEG in vitro Soklpaoieg €xouv xpnoLpomnolnOet
oTo TaPeABOV yla v e€€Tacn AUTAG TN LKAVOTNTOG TWV KUTTAPWY Tou Kapkivou. Qotoao,
€XOUV TIOAAOUG TIEPLOPLOOUG, KABWGE EMIKEVTPWVOVTOL KUPLWG 0TN LETAVACTEVUCN TOUG, EVW
N XPNON KUTTAPLKWY OElpWV OV ETUTPEMEL TNV QVOMOPAOCTACN TOU TOAUTTAOKOU
tpLodiaotartou (3D) meptBaiAovTog Tou oykou. Emopévwg, ival avaykaio n petaBoon os 3D
in vitro Sokiwuooieg, oL omoieg Ba Sdwoouv MO OXETKEG amd ¢UGCLOAOYLKAG Amodng
nmAnpodopiec. M’ autov Tov AOYO, N OUYKEKPLUEVN SlaTPLBr] EMKEVIPWVETAL OTNV
eykaBidpuon pag véag 3D in vitro Sokipaoiag ylwa tnv afloAoynon tng OLELGOUTIKAG
LKAVOTNTAG OPYaVOELSWV amd GUCLOAOYLKO LOTO, OYKOUG KOl LETAOTACELG TIPOEPXOUEVA ATTO
acBeveig (PDOs). H €peuva EeKva e JLOL EKTEVH QVAOKOTINGN TG TpEXoVoaC BLBALoypadiag
OXETLKA UE TOV KOPKIVO Kal, €L6IKOTEPQ, TN METAOTAON, Kol £EeTAlEL TIC OUVONKEG TOU
QUTALTOUVTAL YLl VA QVIUTPOOWTTEUTOUV KOAUTEPA OL TIOAUTIAOKEG Sladlkaoieg TNG in vivo
Sieioduonc. H epeuvntiky Sadikaoio meptAapBavel TNV KAAALEPYELD TWV GUGCLOAOYLKWY,
KOPKIVIKWV KOl METAOTOTIKWY opyavoeldwv Tpoepxopeva amd aocbevelg oe éva 3D
€€WKUTTAPLO TAEYHQ, eTLTpPEMoOvVTIAg TNV emibelén onuaviikwv dtadopwv otV KAVOTNTA
Sieioduonc kot Twv poplakwyv MPodiA petalv twv PDOs. Ta suprpata UTIOYPApi{ouV TN
XPNOWWOTNTOG QUTAG TNG VEAG TPOCEYYLONG otn MeEAETN NG Slelobuong TwV KOPKLIVIKWY
KUTTOPWV KOl TIAPEXOUV TOAUTIUEG TIANPOGDOPIEG OXETIKA HE TNV LKOWVOTNTA QUTH TIOU
QITOKTOUV KaTA TN SLAPKELD TNG LETAOTOONG. TEALKA, N CUYKEKPLUEVN EPELVA CUUPBAAAEL OTOV
oUEOVOUEVO OYKO YVWONG OXETWOUEVO UE TNV SLASLIKAOLO TNG HETACTAONC KOL OVOLYEL TOV
6pOLO yla TNV aVATTTUEN VEWV BEPATIEUTIKWY OTPATNYLKWVY TIOU OTOXEVOUV €ELOIKEV LEVA TA

HETAOTATLKA KOPKIVIKA KUTTOPA, E TEALKO OTOXO TN BeATiwon Tou moocootou emiBiwong.



Abstract

Metastasis is a biologically complex multi-step process, which is responsible for more than
90% of cancer-related deaths. Better understanding of the underlying mechanisms is vital for
developing more effective therapeutic strategies and having improved patient outcomes. One
of the hallmarks of metastasis is the acquisition of invasive phenotypes, in order to penetrate
the underlying stroma. Many in vitro assays have been used in the past to investigate this
ability of cancer cells. However, they have many limitations, as they are mostly focused on
migration and the usage of cells lines does not allow the recapitulation of the complex 3D
environment of the tumor. Therefore, it is deemed crucial to transition to more informative
physiologically relevant 3D in vitro invasion assays. For this reason, this thesis focuses on the
establishment of a novel 3D in vitro assay to evaluate the invasive potential of normal, tumor
and metastasis patient-derived organoids (PDOs). The research begins with an extensive
review of the current literature on cancer and particularly metastasis and explores the
conditions necessary to better represent the complexities of the in vivo invasion process. The
setup involves culturing normal, tumor and metastasis PDOs within a three-dimensional
extracellular matrix allowing the demonstration of significant differences in invasive behaviors
and molecular profiles between the PDOs. The findings highlight the utility of this novel
approach in studying tumor invasion and provide valuable insights into the invasive potential
of metastatic cells. Ultimately, this research contributes to the growing body of knowledge
surrounding cancer metastasis and paves the way for development of novel therapeutic
strategies specifically targeting metastatic cancer cells, with the ultimate goal of improving

survival rate.
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1. Introduction

1.1 Colorectal Cancer (CRC)

1.1.1 Epidemiology

Colorectal cancer (CRC) is the third most diagnosed cancer and the second leading cause of
cancer-related mortality globally, with an estimated number of 1.93 million new cases and
935.173 deaths in 2020 '. Rates of both incidence and mortality are substantially higher in
men than in women, with the estimated lifetime risk of developing CRC being about 1 in 23
for men and 1 in 26 for women 2. According to data from 2012-2018 the 5-year survival rate
is about 65.1% and is strongly influenced by the cancer stage at the diagnosis, as patients with
localized or regional tumour sites statistically have a better chance of surviving after five years

3, In general, colorectal cancer is most

of being diagnosed, than those with metastasis
frequently diagnosed among people aged 65-74, with the median age at death being 72 years®
. The epidemiological characteristics of CRC differ significantly between regions in the world.
Almost half (49.3%) of new cases in 2020 were observed in Asia, while Europe is the second

leading continent in incident rate (22.8%) 1.
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Figure 1: Incidents of colorectal cancer worldwide in 2020 for both sexes and all ages. Darker shades indicate increasing

frequency. Source: Global Cancer Observatory




1.1.2 Risk Factors for Developing CRC

Many years of research have allowed the scientific community to identify modifiable risk

factors, that have been associated with the occurrence of colorectal neoplasms.

Obesity and physical inactivity

Both obesity and lack of exercise are the most important behavioral factors in the
development of CRC, but can also decrease the likelihood of survival. Studies have shown that
increasing BMI can be linked with a statistically significant increased risk, while a meta-analysis
proposed that even a 5-kg weight gain can lead to a 3% increased risk . Generally, body
weight has an immense effect on carcinogenesis and has been associated with chronic low-
grade inflammation, which promotes the transcription of genes that promote metaplasia and

various forms of cancer development, including CRC ®.

Diet

Diet can also play an adverse or protective role. High consumption of processed or red meat
such as beef and pork, which were designated in 2015 by the International Agency for
Research on Cancer (IARC) as carcinogenic or possibly carcinogenic respectively, is a major risk
for colorectal cancer >”8. Several mechanisms may underlie this relationship between red
meat and CRC. Heme iron in red meat can induce oxidative stress, colonocyte proliferation
and the endogenous formation of N-nitroso compounds (NOCs), which are potent carcinogens
in the gastrointestinal tract °. Meat cooked at high temperatures is also a source of other
mutagens, including heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons
(PAHs)®. On the other hand, fruits, vegetables and foods that contain calcium, fibre and
Vitamin D have been shown to have a protective effect against CRC, even though the results

are conflicting /712,

Smoking



Tobacco smoke contains more than 60 known carcinogens including heterocyclic amines,
nitrosamines and polycyclic hydrocarbons and is a leading cause of preventable malignancies,
including CRC. According to a meta-analysis published in 2009, smoking for more than 20 years
can increase the risk of CRC and more so for those who smoked for more than 30 years.
Additionally, the effects of cigarette smoking on the risk of CRC appear to be dose-related, as
smokers who consumed more than 30 pack-years or more than 20 cigarettes per day, the risks
of CRC increased by 34% or 46%, respectively 13. Another recent study in mice displayed that
cigarette smoking could promote colon tumorigenesis by modulating the composition of gut

microbiota and inducing gut microbiota dysbiosis4.

Alcohol

A positive dose-related association between alcoholic beverages and CRC risk has been
proposed. A meta-analysis of published studies reported that moderate drinking (>1-4
drinks/day) and heavy drinking (>4 drinks/day) were linked with a 21% and 52% increased risk
for colorectal cancer respectively *°. It has been suggested that alcohol’s carcinogenic effects
are partially attributed to acetaldehyde’s genotoxicity, which is the main metabolite of
ethanol’® and can be modulated by polymorphisms in genes encoding aldehyde
dehydrogenase 2 (ALDH2), as an enhanced risk has been associated with ALDH2

heterozygotes 7.

1.1.3 Histopathological Classification of CRC

Most colorectal cancer neoplasms usually initiate from the growth of the inner lining of the
colon or rectum. These protrusions are called polyps and generally are benign, but might
become malignant with time!®. The different types of polyps are adenomatous polyps
(adenomas), hyperplastic polyps and inflammatory polyps, sessile serrated polyps (SSP) and
traditional serrated adenomas (TSA). The most common form (96% of CRCs) is an adenoma or
polyp that originated from granular cells, which produce mucus that lubricates the inside of
the colon and rectum. Only about 10% of all adenomas progress to invasive cancer

(adenocarcinoma), although this depends on the size of the polyp, as the risk of cancer



increases when the polys grow larger 8%, Adenocarcinoma’s histological subtypes include
Mucinous adenocarcinoma, Signet ring cell carcinoma, Medullary carcinoma, Serrated
adenocarcinoma and Micropapillary adenocarcinoma. Even though the majority of CRC
tumors are adenocarcinomas, other rare variants include neuroendocrine neoplasms,

lymphomas, mesenchymal tumors and melanomas, which generally have a worse prognosis?°

adenocarcinoma

severe dysplasia
PRE-CANCEROUS POLYP

adenomatous polyps invasive cancer
SMALL AND LARGE /
/-\

hyperproliferation

benign - malignant

Figure 2: Figure 2: Colon polyp sizes and level risk based on polyp size. Source: Healthline

1.1.4 Genomic Instability in Colorectal Cancer

The process of colorectal carcinogenesis involves the accumulation of multiple genetic
alterations, that enable the establishment of successive clones each characterized by a
relative growth advantage. Apart from this growth advantage, which is often due to increased
proliferation or impaired apoptosis, pre-cancerous cells also require to develop a permissive
environment for the acquisition of future mutations. This is achieved by genomic instability,
which is a critical hallmark for CRC transformation and regulates the neoplastic evolutionary
process 2'. Three distinct pathways of genomic instability have been recognized: (1)
Chromosomal Instability (CIN) pathway, (2) Microsatellite Instability (MSI), and (3) CpG Island

Methylator Phenotype pathways (CIMP).

Chromosomal Instability Pathway (CIN)



This pathway represents approximately 70-85% of total CRCs and has also been referred to as
the ‘suppressor’ pathway or ‘adenocarcinoma sequence’ 2%?2, CIN involves the activation of
proto-oncogenes, such as K-Ras and the inactivation of at least three tumor suppression genes
including Adenomatous Polyposis Coli (APC), located in chromosome region 5q21, p53,
located in chromosome region 17p13 and loss of heterozygosity for the long arm of
chromosome 18 (18q LOH). Other crucial mutations have been identified in genes, such as
TGFBR and PIK3CA. Both sporadic and hereditary CRC is majorly influenced by the APC/Wnt/[3-
catenin pathway. Most of the APC mutations are either frameshift or nonsense mutations and
result in a truncated protein 22. APC inactivation leads to the accumulation of B-catenin,
retention of stem cell phenotype in the colonic crypts and thereby formation of a polyp.
Familial Adenomatous Polyposis (FAP) is an example of the corruption of this pathway 22.
While APC mutations occur specifically in adenomas, K-Ras mutations are present in both
adenomas and hyperplastic polyps. Activating mutations in the K-Ras gene, which encodes for
a GTP-binding protein, are found in 35-42% of CRCs and are considered molecular shortcuts
to developing advanced adenomas 2. Finally, the acquisition of mutations on the TP53 gene

accompanies this transition from pre-invasive benign lesion to invasive disease 2.

Microsatellite Instability (MSI)

About 20% of CRCs exhibit the otherwise called ‘mutator’ phenotype, in which the mismatch
repair system (MMR) fails to repair the errors that are missed by the proofreading function of
DNA polymerase. This results in detectable differences in the number of copies found in the
repeat sequences (microsatellites). ‘Microsatellite high’ (MSI-H) is defined as the presence of
instability in more than 40% of five specified microsatellite sites (two mononucleotide and
three dinucleotide microsatellites) and interestingly are associated with a good clinical
outcome. MSI-H occur in Lynch syndrome, which makes up 3-5% of all colorectal cancers and
is caused by germline mutations in one of the several MMR genes. In 80% of cases, individuals

with germline loss of DNA mismatch repair usually develop CRC by the age of 40%2.

CpG Island Methylator Phenotype (CIMP)



During carcinogenesis, the biological impact of epigenetic silencing of gene transcription
through CpG island methylation is equivalent to the acquisition of inactivating mutations??.
MSI-H cancers, which were previously mentioned, occur sporadically following the
methylation of MLH1, which is one of the seven MMR proteins. CIMP+ cancers are also
characterized by a signature mutation in the protein BRAF, a critical member of the RAS-RAF-
MEK-ERK signalling pathway which is involved in anoikis. Failure of this type of apoptosis plays

a major role in the development of hyperplastic polyps?.

1.1.5 Molecular subtypes

Colorectal cancer is characterized by high inter-patient and intra-tumor heterogeneity, which
directly influences tumor aggressiveness, resistance to therapy and patient prognosis and is
dependent on its molecular subtype?3. Molecular classification provides valuable insight into
the aetiology and characteristics of cancer, ultimately leading to better understanding and
improved therapies?. In 2015 an analysis of 4151 CRC samples led to the establishment of a
robust classification system, the Consensus Molecular Subtype (CMS) system. This

classification consists of four subtypes:

.  CMS1 (MSI Immune)

This particular subtype accounts for 14% of total CRC tumors and displays a poor
prognosis. It is characterized by a hypermethylation status, low Somatic Copy Number
Alterations (SCNAs), MSI high and CIMP+ phenotype with frequent BRAF mutations
and immune infiltration.

II.  CMS2 (Canonical)
These represent 37% of all tumor subtypes, display a strong upregulation of WNT and
MYC pathways and are SCNA-high.

. CMS3 (Metabolic)
This subtype is characterized by enrichment in multiple metabolic signatures, KRAS-
activating mutations and exhibit mixed MSI status, SCNA low and CIMP low profile.

IV. CMS4 (Mesenchymal)



These SCNA-high tumors show an upregulation in genes implicated in Epithelial t
Mesenchymal Transition (EMT), activation of Transforming Growth Factor 3 (TGF-3),

angiogenesis, matrix remodeling pathways and inflammatory-related system?>
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Figure 3: The Consensus Molecular Subtypes of Colorectal Cancer %6

1.2 Metastasis

Cancer metastasis is the spread of cancer cells and the development of secondary tumors to
a part of the body, that is far from and no longer connected to the original primary tumor site.

This process entails a dynamic interplay of both inherent characteristics of tumors and



interactions with the multiple microenvironments and it is thought to be the ultimate
expression of a neoplastic cell’s progression towards autonomy from its host. Each cancer cell
needs to acquire certain characteristics, that distinguish them genetically, biochemically and
behaviorally from the remaining cells at the primary tumor and enable them to successfully
complete a series of steps in the metastatic cascade?’. Metastasis initiates well in advance of
the detectability of the tumor, as the primary tumor before the arrival of any carcinoma cell
selectively prepares the host microenvironment, termed as ‘pre-metastatic niche’ to be
supportive of the establishment and tumor growth 7. This multiple-step procedure involves
the release of secretory factors and extracellular vesicles, that induce vascular leakage, ECM
remodeling and immunosuppression?”-?8, Cells may be ‘motivated’ to disseminate due to
limited nutrients or oxygen in the primary tumor site. The metastatic capability is thought to
be controlled by several pro-metastatic genes, that are regulated by the hypoxia-inducible
factor (HIF-1) ?’. In order for cells to gain motility and initiate the invasion, they need to acquire
mesenchymal characteristics through the Epithelial to Mesenchymal Transition (EMT). The
EMT program is a spectrum of transitional stagers between epithelial and mesenchymal
phenotypes, in which the epithelial immotile polarized cells lose their apical-basal
organization and acquire a fibroblast-like shape. Fundamental changes are also observed at
different genetic, epigenetic, transcriptional and post-transcriptional levels in response to
signals from the microenvironment, contributing to plasticity 2’-2°. At the transcriptional level,
several transcriptional factors including zinc-finger proteins (SNAI1/2 and ZEB1/2) and basic
helix-loop-helix proteins (TWIST1/2) are involved in the activation and regulation of EMT,
while molecularly it is mainly characterized by loss of epithelial-specific E-cadherin,
cytokeratins and occludins and upregulation of N-cadherin, fibronectin, laminin and vimentin
29, EMT is governed by signalling pathways and growth factors, such a TGF-B, Epidermal
Growth Factor (EGF) or Platelet-derived Growth Factor (PDGF), which are secreted by the
tumor microenvironment 282°, This process is mainly observed in cells at the invasive front,
where there is an interaction with the stromal cells and the extracellular matrix or the
microenvironment 30. Upon seeding at the secondary metastatic sites, can either cells revert
to their epithelial phenotype through the process of Mesenchymal to Epithelial Transition
(MET), in order to resume their proliferative capacity, trans-differentiate into new distinct cell
states, or even demonstrate deformability 3. However, the contribution of EMT to the

metastatic process and its effect on stemness has been controversial 3°. Malignant cells, in



order to breach the basement membrane and infiltrate the surrounding stroma, remodel the
extracellular matrix (ECM) through the recruitment of degrative enzymes, such as matrix
metalloproteinases (MMPs) or cathepsins, produced by either tumor cells or tumor-
associated cells ?’. Generally, ECM remodeling is a normal process, that occurs during wound
healing and tissue repair and has been co-opted by tumors. Even though millions of tumor
cells vasculature daily, only less than 0.01% will successfully colonize the secondary sites. In
the bloodstream, the circulating tumor cells (CTCs) have to endure a harsh environment,
because of the velocity-induced shear forces and the presence of the immune cells 2772932,
Through interaction with platelets and down-regulation of antigens, CTCs are able to evade
immune insults 2728, Following circulation, malignant cells extravasate at the target site and
colonize the tissue. The successful establishment of a colony depends significantly on the
interaction with the microenvironment or ‘soil’ of the remote tissue 32. Some disseminated
tumor cells (DTCs) may go through dormancy, representing a balance between proliferation
and apoptosis 2”32, while others might never proliferate to form a macroscopic lesion 7.
Elimination of DTCs can occur due to oxidative stress, lack of nutrients or growth factors 31.
DTCs also encounter again the tissue-resident immunosurveillant macrophages and natural
killer (NK) cells, which further recruit more immune cells. However, have developed adaptive
mechanisms that enable them to hijack and reprogram the immune microenvironment. These
include restricting antigen recognition, upregulating receptors that block the adaptive
immune system and secreting immunomodulatory cytokines, extracellular vesicles and

growth factors 3%,

Recently, EMP1 (Epithelial Membrane Protein 1) has been identified as a marker of a unique
tumor cell population responsible for metastasis recurrence, named high relapse cells (HRCs)
33, Both EMP1 and L1CAM, another novel marker, which is expressed during wound-healing
and tissue regeneration, are highly expressed by tumor cells at the invasion fronts, The

expression of Lgr5 seems to be lost and reacquired during metastatic outgrowth 3133,

Even though metastasis constitutes the primary cause of death for >90% of patients with

cancer %8, it remains poorly understood and is associated with a terminal label.
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Figure 4: The multistep process of metastasis and the different cell types that are involved. Source: Chen HC. Boyden Chamber

Assay. In: Cell Migration. Humana Press; :015-022

1.2.1 CRC metastasis

About 20% of patients with CRC have already developed metastasis at the time of the primary
diagnosis. The most common sites of metastasis in colorectal cancer include the liver and the
thorax, while the peritoneum and the bone can be usual metastatic sites too 3*. Brain
metastasis (BM) occurs less frequently, with an average incidence of 2.1 %, but in the case of

BM development, the prognosis is poor and late, as patients are asymptomatic °.

1.2.2 In vitro invasion assays

Many reliable in vitro techniques to evaluate invasion properties have been developed and

used over the years. The wound healing assay is one of the earliest methods developed to



investigate directional cell migration in vitro. This method involves creating a ‘wound’ in a cell
monolayer, capturing images at the start and regularly during cell migration close to the
wound and comparing the images to measure the cells’ migration rate 3¢. Another method
commonly used is the Boyden chamber assay, also known as trans-well migration assay.
Typically, cells are seeded in the upper compartment and allowed to migrate through the
membrane pores into the lower chamber. After incubation, the membrane is fixed and
stained, and the number of cells, that have migrated to the lower chamber is determined 3’.
Other methods include the transwell, Matrigel and collagen invasive assay. However, these
assays are used for monolayers and do provide important insight into the behaviour of cells in
more physiologically relevant environments. They are mainly focused on migration and they
do not represent the interactions between cells and the matrix. In recent years, new 3D
invasion assays have been described as a useful tool to evaluate cell invasion in a more realistic
setting. The 3D tumor spheroid invasion is an example of a standardized and rapid invasion
system, in which a basement membrane-like matrix (BMM) is added to each well, that
contains a spheroid. The BMM provides a semi-solid matrix and facilitates tumor cell invasion
from the spheroid body. Compared to other invasion assays, this method provides the main
advantage of organizing tumor cells into a 3D structure that mimics a micro-metastasis or a

tumor micro-region, while the tumor spheroids are highly reproducible in size 38,

1.3 Organoids

For decades, cancer cell lines have been used as a low-cost, easy to use and high
reproducibility human cancer model. However, they display some important drawbacks. For
instance, these 2D monolayer models can be constructed only from a limited
number of cancer subtypes, do not recapitulate the tumour cell microenvironment and its
heterogeneity and also lack dimensionality. Other limitations include the absence of normal
tissue-derived control lines and the lack of stromal compartments 3°-41. Patient-derived
tumour xenografts (PDTXs), which are generated through subcutaneously or orthotopically
transplantation of freshly obtained patient material into immunodeficient mice, are also

commonly used in cancer research. Even though PDTXs retain the ability to mimic the



tumour’s morphological and molecular characteristics during the passage, their generation
takes more than 4 months, they are expensive and labour-intensive and most importantly lack
the immune response to a growing tumour 3%-41, This past decade cancer organoids have
emerged as a novel three-dimensional system to study both physiological and pathological
processes. Organoids are 3D cultured multicellular clusters, that exhibit self-renewal and self-
organizing properties #2. They can be generated either by embryonic (ESC), adult (ASC),
induced (iPSC) or cancer (CSC) stem cells #3. In a pioneer study in 2009, Sato et al. established
for the first time 3D epithelial organoids from leucine-rich repeat-containing G-protein
coupled receptor 5 (LGR5) * intestinal cells embedded into Matrigel and cultured in medium
44 Lgr5 is a transmembrane-G-protein coupled receptor, which, after the binding of its ligand
R-spondin, activates the Wnt/p-catenin pathway and is used as a marker for stem cells in the
intestine. These organoids maintained the crypt-villus structure of the intestine in vitro
without a mesenchymal niche. Ever since various a large number of organoids have been
developed from many organs including breast #°, brain %, liver %8, lung *°, pancreas *°,

stomach °!, oesophagus °?, endometrium >3 and prostate >4.

Figure 5: Intestinal organoids under the fluorescent microscope. Source: https://www.stemcell.com/technical-resources/area-

of-interest/organoid-research/intestinal-research/mini-review.htm/

Organoids can be extended long-term, cryopreserved, and genetically modified. They
preserve the histopathological features of the original tumours and their heterogeneity and
genetically resemble the tumour epithelium they derived from 49, Therefore, characterizing

organoids at the transcriptomic, proteomic and epigenomic levels through both bulk or single-



cell analysis enables a better understanding of the underlying mechanisms of cancer initiation
and development >>. Moreover, this novel 3D system can be used as a simplified and faithful
model to study the underlying mechanisms of tumour invasion and metastasis *1. Patient-
derived organoids (PDOs) are organoids, that are directly established from surgical resections,
tissue biopsies, circulating tumour cells or ascitic fluid. Currently, many PDOs from diverse
types of cancer and matching healthy organoids have been generated and have established
living biobanks. This provides a powerful tool for drug development and testing, as PDOs can
forecast patient responses in clinical trials, and therefore it can be useful for high throughput

anti-cancer screening and personalized medicine programmes 397435536,
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Figure 6: Key applications of organoids. Source: Crown Bioscience
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Metastasis is a multi-step process, that is responsible for more than 90% of cancer-related
deaths and due to its complexity, it is significantly difficult to study. Despite the ongoing
research and the advancements in the field of clinical oncology, the metastatic process is still
poorly understood. Throughout the years, many assays have been implemented using cell
lines to gain insight into the invasive potential of cancer cells. However, they do not represent
accurately the physiologically relevant environment, as cell lines lack dimensionality. For this
reason, it has been deemed crucial the setting up of a 3D assay, that would allow the
evaluation of the invasive properties of patient-derived organoids (PDOs), that recapitulate
faithfully the tumor of origin. Normal, tumor and metastasis PDOs, that have previously been
established in the laboratory, were transduced with lentiviruses expressing the green
fluorescent protein (GFP) gene, achieving a stabile expression, and allowing quantitative
results. The GFP* patient-derived organoids were cultured in two different compositions of
matrices: 100% Matrigel (10 mg/dl) and Matrigel (3 mg/dl)-Collagen type | (3 mg/dl) and their
morphological changes, that were observed with time-lapse imaging, were then correlated

with the expression of genes known to be involved in the process of metastasis.



2. Materials and methods

2.1 Establishment of organoids

Normal, tumor and metastatic organoids were established in the laboratory from surgical
resections received from Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Istituto
Neurologico ‘Carlo Besta’, Milan and Ospedale Niguarda Ca’ Granda, Milan. Written informed
consent was obtained from all patients for the usage of their samples for research purposes,

including the creation of PDOs.

After removal of the transfer medium, each different tissue was minced and transferred into
a gentleMACS C tube, in which the three enzymes (enzyme A, enzyme H, enzyme R) from the
MACS® Tissue Dissociation Kit (Miltenyi Biotech) and Rock inhibitor were added. The C tube
was placed into the gentleMACS™ Dissociator (Miltenyi Biotech) and the proper program
according to the type of tissue was chosen. The single-cell suspension was then filtered, in
order to remove fibre and the undigested pieces, and centrifuged. Finally, the pellet was
washed and plated with Matrigel® Growth Factor Reduced Basement Membrane Matrix,
Phenol Red-Free (Corning). Matrigel is a commercialized basement membrane material, that
is extracted from Englebreth-Holm-Swarm mice tumors. It mainly contains the ECM proteins

laminin, collagen IV, entactin and several growth factors.

2.2 Culture of organoids

The organoids were cultured in a proper medium, which contained all the factors, that have
been previously described in studies as necessary for the organoids’ expansion and long-term

maintenance 3.

Basal culture medium
Components Final concentration

Advanced DMEM F-12 (Life Technologies) 100%



Penicillin-streptomycin (Euroclone) 1X

Gentamycin (Sigma-Aldrich) 1X
HEPES (Life Technologies) 1X
GlutaMAX (Life Technologies) 1X

B27 supplement (Life Technologies) 1X

N-2 supplement (Life Technologies) 1X
Nicotinamide (NAD) (Sigma-Aldrich) 10 mM
N-acetylcysteine (NAC) (Sigma-Aldrich) 1mM

Table 1: Composition of basal culture medium

Starting from basal medium, ENAS and WENRAS medium are obtained for the culture of the
colorectal and normal PDOs respectively. Wnt3A-conditioned medium is not added in the
CRC’s medium, as in colorectal cancer the Wnt/p-catenin pathway is constitutively activated
due to the mutational background, while in the normal organoids is used to maintain
stemness 3. Metastatic organoids are cultured in ENAS medium as well. Noggin, which is a
Bone Morphogenetic Protein inhibitor (BMP) is also added to the medium for stem cell niche
maintenance. ROCK inhibitor (Y-27632) is used to prevent anoikis, a type of cell death that
occurs in anchorage-dependent cells in case of detachment from the surrounding extracellular
matrix 3. A83-01 and SB202190 act as TGF-B3 and p38 MAPK inhibitors respectively and have

been shown to increase the efficiency of organoids’ derivation and maintenance 3.

Component Final concentration Dilution
WENRAS medium ENAS medium
Basal medium 50% 100%

Whnt3A-conditioned 50% -

medium
EGF (Peprotech) 50 ng/ml 50 ng/ml 1:5000
Noggin (Peprotech) 100 ng/ml 100 ng/ml 1:5000

R-spondinl (RSPO1) 1 pg/ml - 1:1000



A83-01 (Tocris) 500 nM 500 nM 1:5000

SB202190 (Sigma) 10 uM 10 uM 1:3000
Gastrin (Sigma) 10 nM 10 nM 1:50000
ROCK inhibitor (Y- 10 uM 10 uM 1:1500
27632)

Table 2: Composition of growth medium for human organoids

The medium was changed with a fresh one every 3 days.

2.3 Passage of organoids

The organoids were monitored every 2-3 days and, if it was deemed necessary after
observation under the light microscope, they were split. The two ways of passaging organoids
for maintenance are the usage of either TrypLE™ Express (ThermoFisher, 12605010) or Cell
Recovery Solution. The method, that was chosen each time, was depended on the growth of
the organoids. The TrypLE method was used to dissociate the organoids, while the Cell

Recovery Solution was preferred in case of matrix change.

TrypLE™ Express Enzyme protocol

After medium removal, each well was washed with cold Phosphate-buffered saline (PBS)
containing penicillin-streptomycin and gentamycin. In order to dissolve the Matrigel, 500 ul of
pre-warmed TrypLE™ Express with ROCK inhibitor (to a final concentration of 10 ul) was added
into each well, and after rinsing the tip with PBS + 1% FBS, the Matrigel drops were
resuspended and each well was transferred into a 15 ml falcon tube. The TrypLE solution was
blocked by diluting with cold PBS containing penicillin-streptomycin and gentamycin and the
organoids were centrifuged at 800xg for 3 minutes at 4°C. After removing the supernatant,
the pellets containing the organoids were resuspended with 1 ml cold PBS + 1% FBS and the

content was transferred into microcentrifuge tubes, which were then centrifuged again at



800xg for 3 minutes at 4°C. The supernatant was removed, and the organoid pellets were
resuspended in the proper amount of Matrigel depending on the splitting ratio and plated in
24-well plates. Once the Matrigel drops had solidified, pre-warmed WENRAS and ENAS
medium containing the ROCK inhibitor Y-27632 was added into the normal and CRC organoids

respectively and the plates were incubated at 37°C, 5% CO,.

Cell Recovery protocol

The organoids medium was discarded and each Matrigel drop was washed with cold PBS
containing penicillin-streptomycin and gentamycin. Once the Cell Recovery Solution was
added into each well and the tip of the pipette was rinsed with cold PBS + 1% FBS, each drop
was scraped of the well and the content was transferred into a falcon tube. After the tubes
were kept on ice for 30 minutes, cold PBS containing penicillin-streptomycin and gentamycin
was added and the organoids were centrifuged for 3 minutes at 800xg. The pellet of organoids
was then resuspended in PBS + 1% FBS, transferred into eppendorf tubes and spun down again
at 800xg for 3 minutes. After removal of the supernatant, the proper amount of Matrigel was
added and the organoids were seeded in pre-warmed 24-well plates. The plates were
incubated to allow the Matrigel drop to polymerize, proper pre-warmed culture medium
containing the ROCK inhibitor Y-27632 was then added and the plates were incubated again
(37°C, 5% CO>).

2.4 Culture of HEK-293T cells

Human embryonic kidney 293 (HEK293) cells are an immortalized cell line, which derives from
a single healthy, electively terminated female fetus °’. Here, HEK293T cells were used as
packaging cells for the production of lentiviral particles since they are easily transfectable and

support the high-level expression of viral proteins.

HEK293T cells grow in adhesion; for splitting, medium was removed, and 5 ml of PBS were
carefully added to the culture dishes, which were moved around to wash off the media from

the whole surface. PBS was then aspirated, and 1 ml of trypsin was added to each dish.



Incubation at 37°C for 5 minutes was followed and 10 ml of pre-warmed serum-containing
complete Dulbecco’s Modified Eagle Medium (DMEM) was added to block the activity of
trypsin. Cells were centrifuged at room temperature for 5 minutes at 500xg and the pellet was
resuspended in warm complete DMEM. The proper number of cells was plated, according to

the desired splitting ratio.
2.5 Lentiviral vectors (LVV) production

Lentiviruses are produced using a 2"-generation lentiviral system, comprised of three
plasmids. HEK293T cells were transfected with a single packaging plasmid (psPAX2) encoding
the HIV-1 Gag, Pol, Rev and Tat genes and a second separate VSV-G envelope plasmid
(pMD2.G). As a transfer, plasmid PRRLSIN.cPPT.PGK-GFP.WPRE was used, which contained the

gene encoding for the green fluorescent protein (GFP).

Polyethylenimine (PEl), which was used in Mix B, is a stable cationic polymer, which positively
charges and forms a complex with DNA. This DNA-PEI complex is endocytosed by the cells and

DNA is released into the cytoplasm °8.
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Figure 7: Physical map of transfer plasmid pRRLSIN.cPPT.PGK-GFP.WPRE (addgene)

The day before the transfection, ~ 15M of HEK293T cells were plated in two 15 cm dishes
(15M/dish). Starting the procedure, the HEK293T cells were checked under the microscope to
ensure that they were in a replication state and their confluency was optimal (around 70%).

Firstly, the medium was removed from the culture plate and replaced with 18 ml of pre-
warmed Opti-MEM medium. The plates remained in the incubator, while Mix A and B were

being prepared according to Table 3 and Table 4. The ratio of PEl to DNA was 3:1.

Mix A
Components Amount
pMD2.G (1 ug/ml) 8 ug
psPAX2 (1 ug/ml) 16 g
transfer vector (1 pug/ml) 25 ug
Opti-MEM to 500 pl

Table 3: Composition of mix A containing the packaging, envelope and transfer plasmids and culture medium

Mix B
Components Volume
PEI (1 pg/ml) 147 ng
Opti-MEM to 500 ul

Table 2: Composition of mix B containing the polymer and culture medium

Mix B was added to mix A and after vortexing, the solution was incubated for 20 minutes at
room temperature. The final mix was released on the surface of the culture dish continuously
and it was equally spread by rocking gently the dish, which was afterwards put into the 37 °C

incubator in 5% CO, overnight or for at least 8 hours. At the end of the incubation, the



transfection medium was replaced with warm complete DMEM. 48 hours post medium
change, the supernatant was collected and LVV were pelleted by centrifuging at 2000xg for 2
hours at 4°C. The supernatant was discarded, and the pellet was then resuspended in ~200 pl
of complete DMEM. Resuspension was carried out either by pipetting or by using a shaker for

1 hour at 4°C. Concentrated LVVs were aliquoted (10 pl aliquots) and stored at -80°C.

2.6 Titration

The day before the titration, 200k HEK293T cells were plated in a 12-well plate. The next day,
two wells were detached and counted (mean = 460k). The culture medium was removed and
substituted with 500 pl of DMEM + polybrene (2X). The viral dilutions were the following: 10
3,104, 10 and 10°®. Finally, 500 ul of each dilution was added to the cells in duplicate and the
cells were incubated. After 24 hours, the cells were detached, fixed with 1% paraformaldehyde
and through FACS analysis, the percentage of GFP* was determined. The 10~ dilution was used
to calculate the titer, which resulted 2.5x10° TU/ml. The lentiviral titer is measured as

Transduction Units per ml (TU/ml).

2.7 Organoids infection

The protocol followed for the lentiviral transduction of the organoids was developed and

published in Nature Protocols by Lin Shih-Ching et al. in 2022 >°.

Organoids were dissociated with the TrypLE™ Express (ThermoFisher, 12605010) as previously
described and, in order to obtain a single-cell suspension, they were incubated for 5 minutes
at 37°C and pipetted about 50 times. The degree of dissociation was checked at the
microscope and the incubation/pipetting was repeated if necessary. The content of the wells
was transferred into falcon tubes and the TrypLE solution was blocked by diluting it with cold
PBS containing antibiotics. After centrifugation at 300xg for 5 minutes at 4°C, the pellet was
then resuspended in 500 pl of CMFG (-), composed of Advanced DMEM F-12, 1X penicillin-
streptomycin, 10 mM HEPES and 1 mM GlutaMAX. The cells were counted under the light

microscope by adding Trypan Blue (diluted 1:2) to evaluate the viability. The total number of



cells was calculated taking into consideration the volume and dilution factor. The desired
number of cells to be infected was brought to a final volume of 500 ul and centrifuged at
300xg for 5 minutes at 4°C. The pellet was kept on ice while the concentrated lentiviral
solution was prepared as follows:

e 300 pl of CFMG (-)

e 10 uM ROCK inhibitor Y-27632 (1:1500)

e 8 uM of polybrene (1:2600)

e Lentiviral stock to achieve MOI (Multiplicity Of Infection) =5

Polybrene (Hexadimethrine bromide) is a cationic polymer, that is used to increase the
efficiency of gene transfer . The pellet was resuspended in the lentiviral solution and
transferred to a 48-well plate, which was sealed with parafilm for safety reasons. A negative
control, in which no lentiviral particles were added, was always generated. After 5 minutes of
incubation at 37°C, the plate was centrifuged at 300xg for 1 hour at room temperature. At the
end of the spinoculation, the supernatant was discarded, and the cells were resuspended in
500 pl of ice-cold CMGF (-) and transferred into a new tube in order to be centrifuged at 400xg
for 5 minutes. The pellet was resuspended in the proper amount of Matrigel and after the
drop had solidified, pre-warmed WENRAS and ENAS culture medium containing the ROCK

inhibitor Y-27632 was added into the normal and CRC organoids respectively.

2.8 Fluorescence-activated Cell Sorting (FACS)

The organoid, that were transfected with the lentiviruses, were associated into single cells,
stained for Live/Dead APC-Cy7 to determine the viability and sorted at a FACS analysis
machine. The GFP positive (GFP*) normal, tumor and metastatic organoids’ population were

then plated and maintained in 24-well plates.

2.9 Invasion assay

In order to evaluate the invasive properties of the normal, tumor and metastatic patient-

derived organoids, that were previously established, a 3D culture system was set up. The first



experiment was performed utilizing non-GFP* organoids, in order to test the proper

concentrations and the right time points.

The collagen solution (pH=7) was prepared on ice by adding in an eppendorf tube basal
medium (1x), 1,2% NaHCOs, HEPES (1M), NaCl (1M) and rat tail Collagen type | in a final

concentration of 3 mg/ml.

The organoids were culture in three different conditions: 100% Matrigel (10 mg/dl), 7 mg/dl
Matrigel - 1.5 mg/ml rat tail Collagen type | and 3 mg/dl Matrigel - 3 mg/ml rat tail Collagen

type I

The experiment was repeated with the respective GFP* organoids. 10 pl of Matrigel were used
to create a thin coat at the bottom of each well of the p-Slide 8-well chamber. In parallel, the
same organoids were plated 24-well plate for the extraction of RNA. The conditions in the two
plates were identical. The Cell Recovery solution protocol was used in each sample to allow
the detachment of a few Matrigel drops and the organoids pellet were resuspended in the

Matrigel (3 mg/dl)-Collagen type | (3 mg/dl) solution.

2.10 Imaging

Imaging in the first experiment was performed using the brightfield microscope. Regarding
the second experiment utilizing GFP* organoids, Olympus inverted BX81 was used for the
brightfield and fluorescent images and Leica TCS SP8-STED for the acquisition of images across
the different timepoints (day 1, 3, 5, 8, 10, 12). The analysis of the images was performed in

image J and by utilizing bioinformatic tools.

2.11 RNA extraction

The isolation of the RNA was completed using TRIzol following the manufacturer’s

instructions. TRIzol is a solution that consists of guanidinium isothiocyanate in a single phase



and has the ability to both solubilize biological material and denature proteins simultaneously

61

The organoid cultures were checked under the microscope to ensure a well-formed
morphology and make sure the absence of dead organoids, which equals degraded RNA.

At first, the culture medium was removed and one or two wells were lysated with 1 ml of
TRIzol™ Reagent (ThermoFisher) by resuspending up and down until homogeneous and
transferred into a 1.5 ml eppendorf. After a 5-minute incubation, 0.2 ml of chloroform was
added to the eppendorf, which was then vigorously shaken to achieve a thorough mix. After
a 2-3-minute incubation, the samples were centrifuged at 12.000xg for 15 minutes at 4°C.
The centrifugation separated the mixture into three different phases: 1. lower organic layer,
which contained DNA and proteins, 2. Interphase, which was consisted of a small quantity of
DNA and 3. upper aqueous phase, which was comprised of the RNA. Carefully without
disrupting the other phases, the upper layer was collected and transferred into a new tube, in
which 0.5 ml of isopropanol was added. Following a 10-minute incubation at 4°C, the tube
was centrifuged at 12.000xg for 20 minutes at 4°C and the supernatant was removed. The
pellet containing the RNA was then resuspended in 1 ml of 70% ethanol, in order to be washed
and another centrifuge at 12.000xg for 5 minutes at 4°C followed. Once the supernatant was
discarded, the RNA pellet was left to air-dry for a few minutes and then resuspended in 20 pl
of RNase-free water. Finally, the tube was incubated in a heat block set at 55-60°C for 15
minutes and treated with DNase to remove any possible DNA contamination. Into the tube
containing the RNA, 0.1 volume of 10X TURBO DNase™ Buffer and 1 ul of TURBO DNase™
Enzyme were added, and the tube was incubated for 20-30 minutes at 37°C. DNase
Inactivation Reagent (2ul or 0.1 volume, whichever is greater) was added and incubated for 5
minutes at room temperature, flicking the tube 2-3 times, in order to disperse the DNase
Inactivation Reagent. After centrifugation at 10.000xg for 1.5 minutes, the supernatant
containing the RNA was transferred into a new microcentrifuge tube. RNA quantity and quality

were then assessed with Nanodrop and the samples remained in the -80 °C, until usage.



2.12 cDNA synthesis

The kit, that was used for the synthesis of cDNA, was the Invitrogen™ SuperScript™ Il First-
Strand Synthesis SuperMix for qRT-PCR and it was performed according to the manufacturer’s

instructions. The kit is composed of:

e RT Enzyme Mix: SuperScript™ Il RT and RNaseOUT™, which is an RNase inhibitor
protein

e RT reaction mix: oligo(dT)20 (2.5 uM), random hexamers (2.5 ng/ul), 10 mM MgCl2,
and dNTPs

e E.coliRNaseH

For each reaction, a Reverse transcriptase minus (RT -) negative control was used, in which
every reagent was added except for the RT enzyme, in order to rule out any possible genomic

DNA contamination.

2.13 Real-time quantitative Polymerase Chain Reaction (qPCR)

In order to correlate the invasive phenotype with a 3D matrix-dependent gene expression,
gPCR was performed using the TagMan® Universal PCR Master Mix, No AmpErase® UNG kit
with pre-optimized TagMan® Gene Expression Assay. GAPDH and ACTB were used as
housekeeping genes for the normalization of the expression levels. The final mix contained
the TagMan mastermix, TagMan assay, cDNA and nuclease-free water. Each assay was

performed in triplicates for a better statistical outcome.



3. Results

3.1 Phenotype of normal, tumor and metastasis patient-derived organoids

For the first experiment, non-GFP* normal, tumor and metastasis PDOs were cultured under
the three different conditions mentioned before (100% Matrigel 10 mg/dl, Matrigel 7 mg/ml-
Collagen 1.5 mg/dl, Matrigel 3 mg/dI-Collagen 3 mg/dl). The end-point of the experiment was
after 10 days, as the organoids required to be slitted. Images were taken under the brightfield

microscope during the timepoints to assess the phenotypic change.
The normal patient-derived organoids cultured in Matrigel after 10 days showed, as expected,

a crypt-like budding structure, while the organoids cultured in the increasing concentrations

of collagen were observed to acquire a cystic morphology (Figure 8).

Matrigel Collagen 1.5 mg/ml Collagen 3 mg/ml

Figure 8: Brightfield images of normal colonic (60N, 70N) patient-derived organoids after 10 days of growth in the three

different conditions. Exposure to increasing concentrations of collagen induces a cystic morphology.



Concerning the tumor PDOs, no phenotypic change was observed between the two conditions

(Figure 9).

Matrigel Collagen 1.5 mg/ml Collagen 3 mg/ml

Figure 9: Brightfield images of colorectal cancer (24K, 36K) patient-derived organoids after 10 days of growth in the three

different conditions. Exposure to increasing concentrations of collagen did not affect the phenotype. Scale Bar: 100um

The two metastasis PDOs behaved differently when cultured in collagen type I. CBM1 seemed
to acquire an invasive phenotype with distinct protrusions, that could be observed under the
microscope. However, no phenotypic changes were observed in CBM3 when cultured in
collagen (Figure 10). The protrusions and the spreading phenotype of CBM1 cultured in

collagen type | (3 mg/ml) can be appreciated better with higher magnification (Figure 11).



Matrigel Collagen 1.5 mg/ml Collagen 3 mg/ml

Figure 10: Brightfield images of colon-to-brain metastasis (CBM1, CBM3) patient-derived organoids after 10 days of growth
in the three different conditions. Exposure to increasing concentrations of collagen induced an invasive phenotype in CBM1,

but not in CBM3. Scale Bar: 100um

Figure 11: Brightfield images of colon-to-brain metastasis patient-derived organoids (PDOs) CBM1 cultured in collagen type |

(3 mg/ml). An invasive phenotype can be appreciated and distinct protrusions are observed. Scale Bar: 100um



The assay was repeated (experiment 2) utilizing GFP* organoids for a more informative
guantitative readout. Images taken under the fluorescence microscope validated the

observations from the first experiment. Most importantly, CBM1 when cultured in collagen (3

mg/ml) acquired the expected invasive phenotype with distinct protrusions (Figure 12).

Figure 12: Brightfield and fluorescent images of CBM1 cultured in collagen type | (3 mg/ml). Distinct protrusions can be

observed. Scale Bar: 100um



To gain deeper insights into the influence of extracellular matrix (ECM) composition on the
cell behaviour and phenotype, quantitative real-time RT-PCR was employed in both of the two
experiments to evaluate the 3D matrix-dependent expression of genes involved in the process
of Epithelial-Mesenchymal Transition (EMT). By analysing the gene expression data, it is
possible to potentially elucidate the underlying reasons for the divergent phenotypes

observed between samples.

3.2 Expression of key epithelial genes

Experiment 1

Between the two metastasis PDOs a significant difference in the expression of epithelial
markers was observed. At basal levels, the PDOs differentially expressed the epithelial markers
E-cadherin and Epithelial Cell Adhesion Molecule (EpCAM), with CBM1 having higher gene
expression levels. Exposure to higher concentrations of collagen type | did not affect the

expression levels (graph 1).
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Graph 1: Expression levels of epithelial markers EPCAM and E-cadherin in CBM1 cultured in three
different conditions

Regarding the normal PDOs, a lower expression of the markers were observed as the

concentration of collagen was increasing (graph 2).
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Graph 2: Expression levels of epithelial markers EPCAM and E-cadherin in normal PDOS cultured in
three different conditions

Contrary to the other PDOs, in the tumour PDOs, no difference in the expression levels was

observed (graph 3).
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Graph 3: Expression levels of epithelial markers EPCAM and E-cadherin in tumour PDOs cultured in
three different conditions

Experiment 2
The gene expression levels observed in the second experiment were in line with the ones from

the first experiment
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Graph 4: Expression levels of epithelial markers EPCAM and E-cadherin in metastasis PDOs
cultured in three different conditions
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Graph 5: Expression levels of epithelial markers EPCAM and E-cadherin in tumour PDOs cultured in
three different conditions

3.3 Expression of key genes EMP1 and L1CAM

Experiment 1

The two metastasis PDOs expressed different levels of EMP1 and L1CAM, with CBM3

unexpectedly expressing higher levels (graph 7).
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Graph 6: Expression levels of EPCAM and L1CAM in metastasis PDOs cultured in three different
conditions

Regarding the tumour PDOs, no alteration was observed in the gene expression levels of the

two markers between the conditions (graph 7).
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Graph 7: Expression levels of EPCAM and L1CAM in tumour PDOs cultured in three different
conditions

Experiment 2

The gene expression levels observed in the second experiment were in line with the ones from

the first experiment concerning the tumour PDOs (graph 8).
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Graph 8: Expression levels of EMP1 and L1CAM in tumour PDO (24K) cultured in Matrigel and
collagen (3 mg/ml)

However, concerning the metastasis PDOs, an opposite trend was observed in the expression

levels, with CBM1 expressing higher levels of EMP1 and L1CAM (graph 9).
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Graph 9: Expression levels of EMP1 and L1CAM in metastasis PDOs cultured in Matrigel and
collagen (3 mg/ml)

3.4 Expression of matrix metalloproteinases (MMPs)

Experiment 1



Different expression levels of Matrix metalloproteinases were observed between the two
metastasis PDOs. Specifically, CBM1 expressed relatively high levels of MMP1 and MMP2,

while no expression was noted in CBM1 (graph 10).
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Graph 10: Expression levels of Matrix Metalloproteinases (MMP) 1 and 2 in metastasis PDOs
cultured in Matrigel and collagen (3 mg/ml)

Experiment 2

The results of the gene expression levels validated the observations of the first experiment

(graph 11).
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Graph 11: Expression levels of Matrix Metalloproteinases (MMP) 1 and 2 in metastasis PDOs
cultured in Matrigel and collagen (3 mg/ml)



3.5 Expression of other genes

The expression levels of other genes (Fibronectin, vimentin, MMP3, MMP7, MMP9, MMP14)
were evaluated too. However, no conclusions could be drawn due to the low levels of

expression.

3.6 Image segmentation and 3D reconstruction

Images of the organoids across the different timepoints were acquired in order to move
towards more complex modelling. To obtain more quantitative information, optimizing the

pipeline steps and testing different parameters for smoothing and segmentation is crucial.
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Figure 13: Representative maximal projection images of CBM3 cultured in A) Matrigel and B) collagen (3 mg/ml) across the
different timepoints.

3D reconstruction will allow tracking single organoids along time and having a more
quantitative analysis of their features (e.g., dimension, volume, circularity, presence of

protrusions).
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Figure 14: Image segmentation of images acquired from a specific well. Each colour represents a single organoid.
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Figure 15: 3D well reconstruction to gain quantitative insights of each single organoid.



Discussion

Metastasis is a complex multi-step process, that is responsible for cancer therapy failure,
disease recurrence and is the primary cause of cancer-related deaths. Despite the recent
advances in cancer research, metastasis is poorly understood, while treatment remains a
challenge. Contrary to primary tumors, which can effectively be treated by local surgery of
radiation, metastasis represents a systemic disease 2. Therefore, fundamental understanding
of cancer metastasis is critical in order to develop effective treatments and have improved
patient outcome. It is well known that the extracellular matrix modulates the tumor growth
and the metastatic journey. One of the defined hallmarks of metastasis, firstly described by
Hanahan and Weinberg, is the acquisition of invasive properties, in order to achieve the
invasion of local stroma. The development of invasive tumors and their metastatic
dissemination involve a series of biologically discrete steps, which are highly associated with
distinct alterations in composition, posttranslational modifications, organization and
biomechanical properties of the ECM 3. Matrix metalloproteinases (MMPs) play a critical role
in the remodeling of the extracellular matrix and therefore in cancer progression and
metastatic cascade. It has been previously reported that the expression of both MMP1 and
MMP2 play a critical role in colorectal cancer and at the initial stages of tumor invasion and

metastasis 462,

Multiple in vitro assays have been implemented in the past to study the migration and
invasiveness of cancer cells, such as the wound healing assay and transwell invasion assay.
However, these models have limitations and specifically most importantly, they lack
dimensionality and therefore cannot be physiologically relevant. These past years advances in
3D cell culturing techniques using organoids and spheroids have allowed the implementation
of 3D in vitro assays, which yield much more valuable insights into the underlying mechanisms

of metastasis.

In this study, a novel 3D invasion assay was implemented, which allowed the investigation and
characterization of the invasive properties of different patient-derived organoids. Specifically,

organoids deriving from normal colon tissue, colorectal cancer and colon-to-brain metastasis



were cultured in the two different matrices of Matrigel and Collagen type I. Throughout the
days, images were taken under the brightfield microscope, and the phenotypic changes were
extensively observed. After reaching the 10-day endpoint, the RNA was extracted to assess
and correlate the morphology with the gene expression levels. The same organoid lines were
then transduced with lentiviruses achieving a steadily expression of the green fluorescent
protein and allowing the better visualization and quantitative outcomes. Utilizing the GFP*
organoids, the invasion assay was implemented again. To exclude the possibility of organoids
spreading in the well, a thin layer of Matrigel was coated in each well. Imaging using the
confocal microscope allowed the acquirement of images across different timepoints and are

currently used for the 3D reconstruction of the organoids.

Firstly, regarding the phenotypic changes, we observed normal patient-derived organoids
acquiring a circular morphology, when exposed to the stiffer ECM of Matrigel-collagen type I.
This finding aligns with previous studies reported in the literature. The intestinal epithelium
has the ability to renew itself withing 4-7 days, making it the fastest renewing tissue. Intestinal
injury can occur due to dietary or chemical compounds, microbes or therapeutical treatment
and it is responsible for reactivation of a fetal-like transcriptional program . In a recent study,
the phenotypic change from crypt-like to cystic organoid structures was associated with
activation of YAP/TAZ pathway to induce a fetal-like regenerative reprogramming of intestinal

epithelial cells in an ECM-dependent regulatory manner 7.
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Figure 16: Injury induces a fetal-like regenerative reprogramming through the activation of YAP-TAZ pathway. Source:

Sprangers, J., et al. Cell Death & Differentiation, 28(1), 95-107.

In another paper it was also shown that stiff non-degradable matrix like collagen type | can

induce the same cystic phenotype through YAP-mediated mechanosensing and transduction
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Figure 17: Stiff-degradable matrix e.g., collagen type | induces a cystic phenotype through YAP-mediated mechanosensing
and transduction. Source: Gjorevski, N., et al., Nature, 539(7630), 560-564.

This morphology was in line with the gene expression levels, as the epithelial markers EPCAM
and E-cadherin were downregulated when the PDOs where cultured in increasing

concentration of collagen.

Higher density and altered architecture of fibrillar collagen has been observed in many types
of cancer. It has been previously reported that ECM stiffness plays a crucial role as well in
cancer metastasis, as tumour cells are able to migrate faster in stiffer ECM. This favours the
formation of filopodia, lamellipodia and invadosomes through integrin clustering, focal
adhesion kinase (FAK) phosphorylation and Rho GTPase activation and can induce a
mesenchymal invasive phenotype®3. In addition to the to changes in density, the altered
composition can also be of huge importance. Matrigel is mainly composed of laminins and

collagen IV and is used as a surrogate basement membrane, while the fibrillar collagen type |



is found in connective tissue and predominantly in the intestinal membrane 8. Remarkably, a
changed composition with a shift to collagen type | or type Il has been correlated with
invasiveness, angiogenesis and reduced survival in invasive ductal carcinomas and

melanomas®. This observation from the literature is consistent with our findings.

Regarding the metastasis PDOs cultured in the collagen matrix, CBM1 appeared to have a
more invasive spreading, phenotype with distinct protrusions and compared to CBM3, in
which the morphology did not change. The gene expression levels indicated a lower
expression of epithelial markers EPCAM and E-cadherin in CBM1 and a higher expression of
MMP1 and MMP2 compared to CBM3. Exposure to increasing concentration of collagen did
not affect the expression levels. The two metastasis PDOs have pre-existing differences in the
gene expression, which can be due to patients’ heterogeneity. Presumably, as collagen acts as
a permissive environment, CBM1’s invasive potential can be fulfilled when exposed to it.
Unexpectedly, in the first experiment the expression levels of EMP1 and L1CAM, were
observed higher in CBM3, despite it not acquiring an invasive phenotype, while in the second
one, the opposite trend was noted. It is important that the experiment will be repeated again,
so the results can be more conclusive. At the same time, even though EMP1 has been
associated with metastasis, it is possible that it is part of gene signature with other genes, that

were not target in these experiments.

The collagen matrix did not affect neither the morphology nor the gene expression levels of

the genes evaluated.

In the future, it is important to extent the experiment and implement the invasion assay to
other metastases patient-derived organoids too, in order to shed light into the differences
between the invasive potential of not only the same, but also different metastatic sites. This
will also allow the detection and assessment of observed patterns, while increasing the

reliability of the assay and excluding the influence of extraneous factors.

In this study, we examined the phenotype and gene expression of metastases derived from
different patients but originating from the same primary site. Surprisingly, despite the shared

primary tumor and metastatic site, crucial differences were observed in both the invasive



phenotype and gene expression profiles. These findings highlight the critical importance of
comprehending the molecular basis of such variations in the field of oncology. While
metastases may arise from the same primary tumor, the heterogeneity between patients can
significantly affect cancer progression and treatment outcomes. Addressing and
understanding the underlying mechanisms of the unique characteristics of each patient's

metastatic disease can lead to more effective and tailored therapeutic strategies.

The analysis was performed in bulk, while widely used and informative, can have important
limitations. Because only a few specific genes were evaluated and their expression was
analyzed, it would be of huge importance to perform RNA-sequencing and observe the
expression of many other genes. This will also allow the better understanding of the
differences between the two metastasis PDOs. Additionally, bulk analysis can result to loss of
cellular heterogeneity and masking of subpopulations. Knock-in experiments or
implementation of whole-mount staining will be informative to associate the expression of

specific genes in distinct subpopulations or with the formation of protrusions.

In this study, patient-derived organoids were used as a model to gain more insights into the
invasive potential of cancer cells in 3D. Organoid technology has emerged as a unique tool for
modelling and understanding better not only cancer but other human genetic diseases,
including Cystic Fibrosis 7%, Down Syndrome 7%, Parkinson’s Disease 72 and Alzheimer’s Disease

73 and infectious diseases, like Zika virus 7* and SARS-CoV-2 7.

However, organoids display disadvantages as well. Generally, they require expertise, are time-
consuming and more expensive than 2D cultures, while fresh tumor tissue might not be
always available 76. One of the main intrinsic limitations of organoid culture is the lack of the
multicellular nature of tumor microenvironment (TME). TME is comprised of the immune cells
including T and B cells, NK cells, tumor-associated macrophages (TAMs), myeloid-derived
suppressor cells, dendritic cells, and neutrophils, along with stromal cells, which include
cancer-associated fibroblasts, pericytes and endothelial cells and components of ECM 31, ASC-
derived organoids are comprised of only the epithelial compartments, while the tumor
stromal fibroblasts, immune cells, vascular endothelial cells, nerves, and microbial factors are

absent 3. In order to overcome this, co-culture systems of PDOs with a variety of cell types



have been developed, which allow the study of the complex crosstalk between the TME
compartments. Another robust methodology has been recently described, in which minced
tissue deriving from surgical resections is embedded in a 3D matrix scaffold composed of
collagen type | under an air-liquid interface (ALI). This not only allows the long-term culture of
the PDOs due to improved oxygenation, but also the preservation of complex TME, including

immune cells 7.
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