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Περίληψη 

 
Η μετάσταση είναι μια βιολογικά πολύπλοκη διαδικασία, η οποία ευθύνεται για άνω το 90% 

των θανάτων που σχετίζονται με τον καρκίνο. Η καλύτερη κατανόηση των υποκείμενων 

μηχανισμών της είναι ζωτικής σημασίας για την ανάπτυξη πιο αποτελεσματικών 

θεραπευτικών στρατηγικών και τη βελτίωση των αποτελεσμάτων των ασθενών. Ένα από τα 

χαρακτηριστικά της μετάστασης είναι η απόκτηση φαινοτύπων απαραίτητων για την 

διείσδυση τους στο υποκείμενο στρώμα. Πολλές in vitro δοκιμασίες έχουν χρησιμοποιηθεί 

στο παρελθόν για την εξέταση αυτής της ικανότητας των κυττάρων του καρκίνου. Ωστόσο, 

έχουν πολλούς περιορισμούς, καθώς επικεντρώνονται κυρίως στη μετανάστευση τους, ενώ 

η χρήση κυτταρικών σειρών δεν επιτρέπει την αναπαράσταση του πολύπλοκου 

τρισδιάστατου (3D) περιβάλλοντος του όγκου. Επομένως, είναι αναγκαία η μετάβαση σε 3D 

in vitro δοκιμασίες, οι οποίες θα δώσουν πιο σχετικές από φυσιολογικής άποψης 

πληροφορίες. Γι’ αυτόν τον λόγο, η συγκεκριμένη διατριβή επικεντρώνεται στην 

εγκαθίδρυση μιας νέας 3D in vitro δοκιμασίας για την αξιολόγηση της διεισδυτικής 

ικανότητας οργανοειδών από φυσιολογικό ιστό, όγκους και μεταστάσεις προερχόμενα από 

ασθενείς (PDOs). Η έρευνα ξεκινά με μια εκτενή ανασκόπηση της τρέχουσας βιβλιογραφίας 

σχετικά με τον καρκίνο και, ειδικότερα, τη μετάσταση, και εξετάζει τις συνθήκες που 

απαιτούνται για να αντιπροσωπευτούν καλύτερα οι πολύπλοκες διαδικασίες της in vivo 

διείσδυσης. Η ερευνητική διαδικασία περιλαμβάνει την καλλιέργεια των φυσιολογικών, 

καρκινικών και μεταστατικών οργανοειδών προερχόμενα από ασθενείς σε ένα 3D 

εξωκυττάριο πλέγμα, επιτρέποντας την επίδειξη σημαντικών διαφορών στην ικανότητα 

διείσδυσης και των μοριακών προφίλ μεταξύ των PDOs. Τα ευρήματα υπογραμμίζουν τη 

χρησιμότητας αυτής της νέας προσέγγισης στη μελέτη της διείσδυσης των καρκινικών 

κυττάρων και παρέχουν πολύτιμες πληροφορίες σχετικά με την ικανότητα αυτή που 

αποκτούν κατά τη διάρκεια της μετάστασης. Τελικά, η συγκεκριμένη έρευνα συμβάλλει στον 

αυξανόμενο όγκο γνώσης σχετιζόμενο με την διαδικασία της μετάστασης και ανοίγει τον 

δρόμο για την ανάπτυξη νέων θεραπευτικών στρατηγικών που στοχεύουν εξειδικευμένα τα 

μεταστατικά καρκινικά κύτταρα, με τελικό στόχο τη βελτίωση του ποσοστού επιβίωσης. 



 

Abstract 
 
Metastasis is a biologically complex mulƟ-step process, which is responsible for more than 

90% of cancer-related deaths. BeƩer understanding of the underlying mechanisms is vital for 

developing more effecƟve therapeuƟc strategies and having improved paƟent outcomes. One 

of the hallmarks of metastasis is the acquisiƟon of invasive phenotypes, in order to penetrate 

the underlying stroma. Many in vitro assays have been used in the past to invesƟgate this 

ability of cancer cells. However, they have many limitaƟons, as they are mostly focused on 

migraƟon and the usage of cells lines does not allow the recapitulaƟon of the complex 3D 

environment of the tumor. Therefore, it is deemed crucial to transiƟon to more informaƟve 

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 potenƟal of normal, tumor 

and metastasis paƟent-derived organoids (PDOs). The research begins with an extensive 

review of the current literature on cancer and parƟcularly metastasis and explores the 

condiƟons necessary to beƩer represent the complexiƟes of the in vivo invasion process. The 

setup involves culturing normal, tumor and metastasis PDOs within a three-dimensional 

extracellular matrix allowing the demonstraƟon of significant differences in invasive behaviors 

and molecular profiles between the PDOs. The findings highlight the uƟlity of this novel 

approach in studying tumor invasion and provide valuable insights into the invasive potenƟal 

of metastaƟc cells. UlƟmately, this research contributes to the growing body of knowledge 

surrounding cancer metastasis and paves the way for development of novel therapeuƟc 

strategies specifically targeƟng metastaƟc cancer cells, with the ulƟmate 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 esƟmated number of 1.93 million new cases and 

935.173 deaths in 2020 1 . Rates of both incidence and mortality are substanƟally higher in 

men than in women, with the esƟmated lifeƟme 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 paƟents with 

localized or regional tumour sites staƟsƟcally have a beƩer chance of surviving aŌer five years 

of being diagnosed, than those with metastasis 3. In general, colorectal cancer is most 

frequently diagnosed among people aged 65-74, with the median age at death being 72 years3 

. The epidemiological characterisƟcs 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 conƟnent in incident rate (22.8%) 1. 

 

 

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 scienƟfic community to idenƟfy modifiable risk 

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

 

Obesity and physical inacƟvity 

 

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 staƟsƟcally significant increased risk, while a meta-analysis 

proposed that even a 5-kg weight gain can lead to a 3% increased risk 4,5. Generally, body 

weight has an immense effect on carcinogenesis and has been associated with chronic low-

grade inflammaƟon, which promotes the transcripƟon of genes that promote metaplasia and 

various forms of cancer development, including CRC 6. 

 

Diet 

 

Diet can also play an adverse or protecƟve role. High consumpƟon of processed or red meat 

such as beef and pork, which were designated in 2015 by the InternaƟonal Agency for 

Research on Cancer (IARC) as carcinogenic or possibly carcinogenic respecƟvely, is a major risk 

for colorectal cancer 5,7,8. Several mechanisms may underlie this relaƟonship between red 

meat and CRC. Heme iron in red meat can induce oxidaƟve stress, colonocyte proliferaƟon 

and the endogenous formaƟon of N-nitroso compounds (NOCs), which are potent carcinogens 

in the gastrointesƟnal tract 9. Meat cooked at high temperatures is also a source of other 

mutagens, including heterocyclic amines (HCAs) and polycyclic aromaƟc hydrocarbons 

(PAHs)9. On the other hand, fruits, vegetables and foods that contain calcium, fibre and 

Vitamin D have been shown to have a protecƟve effect against CRC, even though the results 

are conflicƟng 7–12.  

 

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. 

AddiƟonally, the effects of cigareƩe smoking on the risk of CRC appear to be dose-related, as 

smokers who consumed more than 30 pack-years or more than 20 cigareƩes per day, the risks 

of CRC increased by 34% or 46%, respecƟvely 13. Another recent study in mice displayed that 

cigareƩe smoking could promote colon tumorigenesis by modulaƟng the composiƟon of gut 

microbiota and inducing gut microbiota dysbiosis14.  

 

Alcohol 

 

A posiƟve dose-related associaƟon 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 respecƟvely 15. It has been suggested that alcohol’s carcinogenic effects 

are parƟally aƩributed to acetaldehyde’s genotoxicity, which is the main metabolite of 

ethanol16 and can be modulated by polymorphisms in genes encoding aldehyde 

dehydrogenase 2 (ALDH2), as an enhanced risk has been associated with ALDH2 

heterozygotes 17. 

 

1.1.3 Histopathological ClassificaƟon of CRC 

 

Most colorectal cancer neoplasms usually iniƟate 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 Ɵme18. The different types of polyps are adenomatous polyps 

(adenomas), hyperplasƟc polyps and inflammatory polyps, sessile serrated polyps (SSP) and 

tradiƟonal 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 18,19. 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 prognosis20. 

 

 

 

 

 

1.1.4 Genomic Instability in Colorectal Cancer  

 

The process of colorectal carcinogenesis involves the accumulaƟon of mulƟple geneƟc 

alteraƟons, that enable the establishment of successive clones each characterized by a 

relaƟve growth advantage. Apart from this growth advantage, which is oŌen due to increased 

proliferaƟon or impaired apoptosis, pre-cancerous cells also require to develop a permissive 

environment for the acquisiƟon of future mutaƟons. This is achieved by genomic instability, 

which is a criƟcal hallmark for CRC transformaƟon and regulates the neoplasƟc evoluƟonary 

process 21. Three disƟnct 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) 

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



 

 

This pathway represents approximately 70-85% of total CRCs and has also been referred to as 

the ‘suppressor’ pathway or ‘adenocarcinoma sequence’ 21,22. CIN involves the acƟvaƟon of 

proto-oncogenes, such as K-Ras and the inacƟvaƟon 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 mutaƟons have been idenƟfied in genes, such as 

TGFBR and PIK3CA. Both sporadic and hereditary CRC is majorly influenced by the APC/Wnt/-

catenin pathway. Most of the APC mutaƟons are either frameshiŌ or nonsense mutaƟons and 

result in a truncated protein 22. APC inacƟvaƟon leads to the accumulaƟon of -catenin, 

retenƟon of stem cell phenotype in the colonic crypts and thereby formaƟon of a polyp. 

Familial Adenomatous Polyposis (FAP) is an example of the corrupƟon of this pathway 22. 

While APC mutaƟons occur specifically in adenomas, K-Ras mutaƟons are present in both 

adenomas and hyperplasƟc polyps. AcƟvaƟng mutaƟons 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 21. Finally, the acquisiƟon of mutaƟons on the TP53 gene 

accompanies this transiƟon from pre-invasive benign lesion to invasive disease 21.  

 

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 funcƟon 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 mononucleoƟde and 

three dinucleoƟde microsatellites) and interesƟngly 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 mutaƟons 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 4022.  

 

CpG Island Methylator Phenotype (CIMP) 

 



 

During carcinogenesis, the biological impact of epigeneƟc silencing of gene transcripƟon 

through CpG island methylaƟon is equivalent to the acquisiƟon of inacƟvaƟng mutaƟons21. 

MSI-H cancers, which were previously menƟoned, occur sporadically following the 

methylaƟon of MLH1, which is one of the seven MMR proteins. CIMP+ cancers are also 

characterized by a signature mutaƟon in the protein BRAF, a criƟcal 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 hyperplasƟc polyps21. 

 

1.1.5 Molecular subtypes  

 

Colorectal cancer is characterized by high inter-paƟent and intra-tumor heterogeneity, which 

directly influences tumor aggressiveness, resistance to therapy and paƟent prognosis and is 

dependent on its molecular subtype23. Molecular classificaƟon provides valuable insight into 

the aeƟology and characterisƟcs of cancer, ulƟmately leading to beƩer understanding and 

improved therapies24. In 2015 an analysis of 4151 CRC samples led to the establishment of a 

robust classificaƟon system, the Consensus Molecular Subtype (CMS) system. This 

classificaƟon consists of four subtypes: 

 

I. CMS1 (MSI Immune) 

This parƟcular subtype accounts for 14% of total CRC tumors and displays a poor 

prognosis. It is characterized by a hypermethylaƟon status, low SomaƟc Copy Number 

AlteraƟons (SCNAs), MSI high and CIMP+ phenotype with frequent BRAF mutaƟons 

and immune infiltraƟon. 

II. CMS2 (Canonical) 

These represent 37% of all tumor subtypes, display a strong upregulaƟon of WNT and 

MYC pathways and are SCNA-high. 

III. CMS3 (Metabolic) 

This subtype is characterized by enrichment in mulƟple metabolic signatures, KRAS-

acƟvaƟng mutaƟons and exhibit mixed MSI status, SCNA low and CIMP low profile. 

IV. CMS4 (Mesenchymal) 



 

These SCNA-high tumors show an upregulaƟon in genes implicated in Epithelial t 

Mesenchymal TransiƟon (EMT), acƟvaƟon of Transforming Growth Factor  (TGF-), 

angiogenesis, matrix remodeling pathways and inflammatory-related system25. 

 

 
Figure 3: The Consensus Molecular Subtypes of Colorectal Cancer 26 

 

 

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 characterisƟcs of tumors and 



 

interacƟons with the mulƟple microenvironments and it is thought to be the ulƟmate 

expression of a neoplasƟc cell’s progression towards autonomy from its host. Each cancer cell 

needs to acquire certain characterisƟcs, that disƟnguish them geneƟcally, biochemically and 

behaviorally from the remaining cells at the primary tumor and enable them to successfully 

complete a series of steps in the metastaƟc cascade27.  Metastasis iniƟates well in advance of 

the detectability of the tumor, as the primary tumor before the arrival of any carcinoma cell 

selecƟvely prepares the host microenvironment, termed as ‘pre-metastaƟc niche’ to be 

supporƟve of the establishment and tumor growth 27. This mulƟple-step procedure involves 

the release of secretory factors and extracellular vesicles, that induce vascular leakage, ECM 

remodeling and immunosuppression27,28. Cells may be ‘moƟvated’ to disseminate due to 

limited nutrients or oxygen in the primary tumor site. The metastaƟc capability is thought to 

be controlled by several pro-metastaƟc genes, that are regulated by the hypoxia-inducible 

factor (HIF-1) 27. In order for cells to gain moƟlity and iniƟate the invasion, they need to acquire 

mesenchymal characterisƟcs through the Epithelial to Mesenchymal TransiƟon (EMT). The 

EMT program is a spectrum of transiƟonal stagers between epithelial and mesenchymal 

phenotypes, in which the epithelial immoƟle polarized cells lose their apical-basal 

organizaƟon and acquire a fibroblast-like shape. Fundamental changes are also observed at 

different geneƟc, epigeneƟc, transcripƟonal and post-transcripƟonal levels in response to 

signals from the microenvironment, contribuƟng to plasƟcity 27–29.  At the transcripƟonal level, 

several transcripƟonal factors including zinc-finger proteins (SNAI1/2 and ZEB1/2) and basic 

helix-loop-helix proteins (TWIST1/2) are involved in the acƟvaƟon and regulaƟon of EMT, 

while molecularly it is mainly characterized by loss of epithelial-specific E-cadherin, 

cytokeraƟns and occludins and upregulaƟon of N-cadherin, fibronecƟn, laminin and vimenƟn 

29. EMT is governed by signalling pathways and growth factors, such a TGF-, Epidermal 

Growth Factor (EGF) or Platelet-derived Growth Factor (PDGF), which are secreted by the 

tumor microenvironment 28,29. This process is mainly observed in cells at the invasive front, 

where there is an interacƟon with the stromal cells and the extracellular matrix or the 

microenvironment 30. Upon seeding at the secondary metastaƟc sites, can either cells revert 

to their epithelial phenotype through the process of Mesenchymal to Epithelial TransiƟon 

(MET), in order to resume their proliferaƟve capacity, trans-differenƟate into new disƟnct cell 

states, or even demonstrate deformability 31. However, the contribuƟon of EMT to the 

metastaƟc process and its effect on stemness has been controversial 30. Malignant cells, in 



 

order to breach the basement membrane and infiltrate the surrounding stroma, remodel the 

extracellular matrix (ECM) through the recruitment of degraƟve enzymes, such as matrix 

metalloproteinases (MMPs) or cathepsins, produced by either tumor cells or tumor-

associated cells 27. Generally, ECM remodeling is a normal process, that occurs during wound 

healing and Ɵssue 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 circulaƟng tumor cells (CTCs) have to endure a harsh environment, 

because of the velocity-induced shear forces and the presence of the immune cells 27–29,32. 

Through interacƟon with platelets and down-regulaƟon of anƟgens, CTCs are able to evade 

immune insults 27,28. Following circulaƟon, malignant cells extravasate at the target site and 

colonize the Ɵssue. The successful establishment of a colony depends significantly on the 

interacƟon with the microenvironment or ‘soil’ of the remote Ɵssue 32. Some disseminated 

tumor cells (DTCs) may go through dormancy, represenƟng a balance between proliferaƟon 

and apoptosis 27,32, while others might never proliferate to form a macroscopic lesion 27. 

EliminaƟon of DTCs can occur due to oxidaƟve stress, lack of nutrients or growth factors 31. 

DTCs also encounter again the Ɵssue-resident immunosurveillant macrophages and natural 

killer (NK) cells, which further recruit more immune cells. However, have developed adapƟve 

mechanisms that enable them to hijack and reprogram the immune microenvironment. These 

include restricƟng anƟgen recogniƟon, upregulaƟng receptors that block the adapƟve 

immune system and secreƟng immunomodulatory cytokines, extracellular vesicles and 

growth factors 31.  

 

Recently, EMP1 (Epithelial Membrane Protein 1) has been idenƟfied as a marker of a unique 

tumor cell populaƟon responsible for metastasis recurrence, named high relapse cells (HRCs) 
33. Both EMP1 and L1CAM, another novel marker, which is expressed during wound-healing 

and Ɵssue regeneraƟon, are highly expressed by tumor cells at the invasion fronts, The 

expression of Lgr5 seems to be lost and reacquired during metastaƟc outgrowth  31,33. 

 

Even though metastasis consƟtutes the primary cause of death for >90% of paƟents with 

cancer 28, it remains poorly understood and is associated with a terminal label.   



 

 

 

Figure 4: The mulƟstep process of metastasis and the different cell types that are involved. Source: Chen HC. Boyden Chamber 

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

 

1.2.1 CRC metastasis 

 

About 20% of paƟents with CRC have already developed metastasis at the Ɵme 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 metastaƟc sites too 34. 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 paƟents are asymptomaƟc 35. 

 

1.2.2 In vitro invasion assays  

 

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

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



 

invesƟgate direcƟonal cell migraƟon in vitro. This method involves creaƟng a ‘wound’ in a cell 

monolayer, capturing images at the start and regularly during cell migraƟon close to the 

wound and comparing the images to measure the cells’ migraƟon rate 36.  Another method 

commonly used is the Boyden chamber assay, also known as trans-well migraƟon assay. 

Typically, cells are seeded in the upper compartment and allowed to migrate through the 

membrane pores into the lower chamber. AŌer incubaƟon, the membrane is fixed and 

stained, and the number of cells, that have migrated to the lower chamber is determined 37. 

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 migraƟon and they 

do not represent the interacƟons 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 realisƟc 

seƫng. 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 limitaƟons include the absence of normal 

Ɵssue-derived control lines and the lack of stromal compartments 39–41. PaƟent-derived 

tumour xenograŌs (PDTXs), which are generated through subcutaneously or orthotopically 

transplantaƟon of freshly obtained paƟent 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 characterisƟcs during the passage, their generaƟon 

takes more than 4 months, they are expensive and labour-intensive and most importantly lack 

the immune response to a growing tumour 39–41. This past decade cancer organoids have 

emerged as a novel three-dimensional system to study both physiological and pathological 

processes. Organoids are 3D cultured mulƟcellular clusters, that exhibit self-renewal and self-

organizing properƟes 42. They can be generated either by embryonic (ESC), adult (ASC), 

induced (iPSC) or cancer (CSC) stem cells 43. In a pioneer study in 2009, Sato et al. established 

for the first Ɵme 3D epithelial organoids from leucine-rich repeat-containing G-protein 

coupled receptor 5 (LGR5) + intesƟnal cells embedded into Matrigel and cultured in medium  
44. Lgr5 is a transmembrane-G-protein coupled receptor, which, aŌer the binding of its ligand 

R-spondin, acƟvates the Wnt/-catenin pathway and is used as a marker for stem cells in the 

intesƟne. These organoids maintained the crypt-villus structure of the intesƟne in vitro 

without a mesenchymal niche. Ever since various a large number of organoids have been 

developed from many organs including breast 45, brain 46,47, liver 48, lung 49, pancreas 50, 

stomach 51, oesophagus 52, endometrium 53 and prostate 54.  

 

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

of-interest/organoid-research/intesƟnal-research/mini-review.html 

 

 

Organoids can be extended long-term, cryopreserved, and geneƟcally modified. They 

preserve the histopathological features of the original tumours and their heterogeneity and 

geneƟcally resemble the tumour epithelium they derived from 40. Therefore, characterizing 

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



 

cell analysis enables a beƩer understanding of the underlying mechanisms of cancer iniƟaƟon 

and development 55. Moreover, this novel 3D system can be used as a simplified and faithful 

model to study the underlying mechanisms of tumour invasion and metastasis 41. PaƟent-

derived organoids (PDOs) are organoids, that are directly established from surgical resecƟons, 

Ɵssue biopsies, circulaƟng tumour cells or asciƟc 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 tesƟng, as PDOs can 

forecast paƟent responses in clinical trials, and therefore it can be useful for high throughput 

anƟ-cancer screening and personalized medicine programmes 39–43,55,56. 

 

 

 

 
 

Figure 6: Key applicaƟons of organoids. Source: Crown Bioscience 

 

  



 

Aim 

 

Metastasis is a mulƟ-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 metastaƟc process is sƟll 

poorly understood. Throughout the years, many assays have been implemented using cell 

lines to gain insight into the invasive potenƟal 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 seƫng up of a 3D assay, that would allow the 

evaluaƟon of the invasive properƟes of paƟent-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 lenƟviruses expressing the green 

fluorescent protein (GFP) gene, achieving a stabile expression, and allowing quanƟtaƟve 

results. The GFP+ paƟent-derived organoids were cultured in two different composiƟons of 

matrices: 100% Matrigel (10 mg/dl) and Matrigel (3 mg/dl)-Collagen type I (3 mg/dl) and their 

morphological changes, that were observed with Ɵme-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 metastaƟc organoids were established in the laboratory from surgical 

resecƟons received from Fondazione IRCCS IsƟtuto Nazionale dei Tumori, Milan, IsƟtuto 

Neurologico ‘Carlo Besta’, Milan and Ospedale Niguarda Ca’ Granda, Milan. WriƩen informed 

consent was obtained from all paƟents for the usage of their samples for research purposes, 

including the creaƟon of PDOs. 

 

AŌer removal of the transfer medium, each different Ɵssue was minced and transferred into 

a gentleMACS C tube, in which the three enzymes (enzyme A, enzyme H, enzyme R) from the 

MACS® Tissue DissociaƟon 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 Ɵssue 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, entacƟn 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 43.  

 

Basal culture medium 

Components Final concentraƟon 

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 

NicoƟnamide (NAD) (Sigma-Aldrich) 10 mM 

N-acetylcysteine (NAC) (Sigma-Aldrich) 1 mM 

 

Table 1: ComposiƟon of basal culture medium 

 

StarƟng from basal medium, ENAS and WENRAS medium are obtained for the culture of the 

colorectal and normal PDOs respecƟvely. Wnt3A-condiƟoned medium is not added in the 

CRC’s medium, as in colorectal cancer the Wnt/-catenin pathway is consƟtuƟvely acƟvated 

due to the mutaƟonal background, while in the normal organoids is used to maintain 

stemness 43. MetastaƟc organoids are cultured in ENAS medium as well. Noggin, which is a 

Bone MorphogeneƟc 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 43. A83-01 and SB202190 act as TGF- and p38 MAPK inhibitors respecƟvely and have 

been shown to increase the efficiency of organoids’ derivaƟon and maintenance 43. 

 

Component  Final concentraƟon DiluƟon 

WENRAS medium ENAS medium 

Basal medium 50% 100%  

Wnt3A-condiƟoned 

medium 

50% -  

EGF (Peprotech) 50 ng/ml 50 ng/ml 1:5000 

Noggin (Peprotech) 100 ng/ml 100 ng/ml 1:5000 

R-spondin1 (RSPO1) 1 g/ml - 1:1000 



 

 

 

Table 2: ComposiƟon 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 aŌer 

observaƟon 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 SoluƟon. The method, that was chosen each Ɵme, was depended on the growth of 

the organoids. The TrypLE method was used to dissociate the organoids, while the Cell 

Recovery SoluƟon was preferred in case of matrix change. 

 

TrypLE™ Express Enzyme protocol 

 

AŌer medium removal, each well was washed with cold Phosphate-buffered saline (PBS) 

containing penicillin-streptomycin and gentamycin. In order to dissolve the Matrigel, 500 l of 

pre-warmed TrypLE™ Express with ROCK inhibitor (to a final concentraƟon of 10 l) was added 

into each well, and aŌer rinsing the Ɵp with PBS + 1% FBS, the Matrigel drops were 

resuspended and each well was transferred into a 15 ml falcon tube. The TrypLE soluƟon was 

blocked by diluƟng with cold PBS containing penicillin-streptomycin and gentamycin and the 

organoids were centrifuged at 800g for 3 minutes at 4oC. AŌer 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 

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

SB202190 (Sigma) 10 M 10 M 1:3000 

Gastrin (Sigma) 10 nM 10 nM 1:50000 

ROCK inhibitor (Y-

27632) 

10 M 10 M 1:1500 



 

800g for 3 minutes at 4oC. The supernatant was removed, and the organoid pellets were 

resuspended in the proper amount of Matrigel depending on the spliƫng raƟo 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 

respecƟvely and the plates were incubated at 37oC, 5% CO2. 

 

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 SoluƟon was 

added into each well and the Ɵp of the pipeƩe was rinsed with cold PBS + 1% FBS, each drop 

was scraped of the well and the content was transferred into a falcon tube. AŌer 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 800g. The pellet of organoids 

was then resuspended in PBS + 1% FBS, transferred into eppendorf tubes and spun down again 

at 800g for 3 minutes. AŌer 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 

(37oC, 5% CO2). 

 

2.4 Culture of HEK-293T cells  

 

Human embryonic kidney 293 (HEK293) cells are an immortalized cell line, which derives from 

a single healthy, elecƟvely terminated female fetus 57. Here, HEK293T cells were used as 

packaging cells for the producƟon of lenƟviral parƟcles since they are easily transfectable and 

support the high-level expression of viral proteins. 

 

HEK293T cells grow in adhesion; for spliƫng, 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.  



 

IncubaƟon at 37oC 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 acƟvity of 

trypsin. Cells were centrifuged at room temperature for 5 minutes at 500g and the pellet was 

resuspended in warm complete DMEM. The proper number of cells was plated, according to 

the desired spliƫng raƟo. 

 

2.5 LenƟviral vectors (LVV) producƟon 

 

LenƟviruses are produced using a 2nd-generaƟon lenƟviral 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 (PEI), which was used in Mix B, is a stable caƟonic polymer, which posiƟvely 

charges and forms a complex with DNA. This DNA-PEI complex is endocytosed by the cells and 

DNA is released into the cytoplasm 58. 
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Figure 7: Physical map of transfer plasmid pRRLSIN.cPPT.PGK-GFP.WPRE (addgene) 

 

The day before the transfecƟon, ~ 15M of HEK293T cells were plated in two 15 cm dishes 

(15M/dish). StarƟng the procedure, the HEK293T cells were checked under the microscope to 

ensure that they were in a replicaƟon state and their confluency was opƟmal (around 70%). 

Firstly, the medium was removed from the culture plate and replaced with 18 ml of pre-

warmed OpƟ-MEM medium. The plates remained in the incubator, while Mix A and B were 

being prepared according to Table 3 and Table 4. The raƟo of PEI to DNA was 3:1. 

 

 

  

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

 

Mix B 

Components Volume 

PEI (1 g/ml) 147  g 

OpƟ-MEM to 500  l 

 

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

 

Mix B was added to mix A and aŌer vortexing, the soluƟon was incubated for 20 minutes at 

room temperature. The final mix was released on the surface of the culture dish conƟnuously 

and it was equally spread by rocking gently the dish, which was aŌerwards put into the 37 °C 

incubator in 5% CO2 overnight or for at least 8 hours. At the end of the incubaƟon, the 

Mix A 

Components Amount 

pMD2.G (1 g/ml) 8  g 

psPAX2 (1 g/ml) 16  g 

transfer vector (1 g/ml) 25  g 

OpƟ-MEM to 500 l 



 

transfecƟon medium was replaced with warm complete DMEM. 48 hours post medium 

change, the supernatant was collected and LVV were pelleted by centrifuging at 2000g for 2 

hours at 4oC. The supernatant was discarded, and the pellet was then resuspended in ~200 l 

of complete DMEM. Resuspension was carried out either by pipeƫng or by using a shaker for 

1 hour at 4oC. Concentrated LVVs were aliquoted (10 l aliquots) and stored at -80oC. 

 

2.6 TitraƟon  

 

The day before the ƟtraƟon, 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 

subsƟtuted with 500 l of DMEM + polybrene (2X). The viral diluƟons were the following: 10-

3, 10-4, 10-5 and 10-6. Finally, 500 l of each diluƟon was added to the cells in duplicate and the 

cells were incubated. AŌer 24 hours, the cells were detached, fixed with 1% paraformaldehyde 

and through FACS analysis, the percentage of GFP+ was determined. The 10-5 diluƟon was used 

to calculate the Ɵter, which resulted 2.5109 TU/ml. The lenƟviral Ɵter is measured as 

TransducƟon Units per ml (TU/ml).  

 

2.7 Organoids infecƟon  

 

The protocol followed for the lenƟviral transducƟon of the organoids was developed and 

published in Nature Protocols by Lin Shih-Ching et al. in 2022 59.  

 

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 37oC and pipeƩed about 50 Ɵmes. The degree of dissociaƟon was checked at the 

microscope and the incubaƟon/pipeƫng was repeated if necessary. The content of the wells 

was transferred into falcon tubes and the TrypLE soluƟon was blocked by diluƟng it with cold 

PBS containing anƟbioƟcs. AŌer centrifugaƟon at 300g for 5 minutes at 4oC, the pellet was 

then resuspended in 500 l 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 consideraƟon the volume and diluƟon factor. The desired 

number of cells to be infected was brought to a final volume of 500 l and centrifuged at 

300g for 5 minutes at 4oC. The pellet was kept on ice while the concentrated lenƟviral 

soluƟon was prepared as follows: 

 300 l of CFMG (-) 

 10 M ROCK inhibitor Y-27632 (1:1500) 

 8 M of polybrene (1:2600) 

 LenƟviral stock to achieve MOI (MulƟplicity Of InfecƟon) =5 

 

Polybrene (Hexadimethrine bromide) is a caƟonic polymer, that is used to increase the 

efficiency of gene transfer 60. The pellet was resuspended in the lenƟviral soluƟon and 

transferred to a 48-well plate, which was sealed with parafilm for safety reasons. A negaƟve 

control, in which no lenƟviral parƟcles were added, was always generated. AŌer 5 minutes of 

incubaƟon at 37oC, the plate was centrifuged at 300g for 1 hour at room temperature. At the 

end of the spinoculaƟon, the supernatant was discarded, and the cells were resuspended in 

500 l of ice-cold CMGF (-) and transferred into a new tube in order to be centrifuged at 400g 

for 5 minutes. The pellet was resuspended in the proper amount of Matrigel and aŌer 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 respecƟvely.  

 

2.8 Fluorescence-acƟvated Cell SorƟng (FACS) 

 

The organoid, that were transfected with the lenƟviruses, were associated into single cells, 

stained for Live/Dead APC-Cy7 to determine the viability and sorted at a FACS analysis 

machine. The GFP posiƟve (GFP+) normal, tumor and metastaƟc organoids’ populaƟon were 

then plated and maintained in 24-well plates. 

 

2.9 Invasion assay  

 

In order to evaluate the invasive properƟes of the normal, tumor and metastaƟc paƟent-

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



 

experiment was performed uƟlizing non-GFP+ organoids, in order to test the proper 

concentraƟons and the right Ɵme points. 

 

The collagen soluƟon (pH=7) was prepared on ice by adding in an eppendorf tube basal 

medium (1x), 1,2% NaHCO3, HEPES (1M), NaCl (1M) and rat tail Collagen type I in a final 

concentraƟon of 3 mg/ml.  

 

The organoids were culture in three different condiƟons: 100% Matrigel (10 mg/dl), 7 mg/dl 

Matrigel - 1.5 mg/ml rat tail Collagen type I and 3 mg/dl Matrigel - 3 mg/ml rat tail Collagen 

type I.  

 

The experiment was repeated with the respecƟve GFP+ organoids. 10 μl of Matrigel were used 

to create a thin coat at the boƩom of each well of the μ-Slide 8-well chamber. In parallel, the 

same organoids were plated 24-well plate for the extracƟon of RNA. The condiƟons in the two 

plates were idenƟcal. The Cell Recovery soluƟon 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 I (3 mg/dl) soluƟon.  

 

2.10 Imaging 

 

Imaging in the first experiment was performed using the brighƞield microscope. Regarding 

the second experiment uƟlizing GFP+ organoids, Olympus inverted BX81 was used for the 

brighƞield and fluorescent images and Leica TCS SP8-STED for the acquisiƟon of images across 

the different Ɵmepoints (day 1, 3, 5, 8, 10, 12). The analysis of the images was performed in 

image J and by uƟlizing bioinformaƟc tools.  

 

2.11 RNA extracƟon 

 

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

instrucƟons. TRIzol is a soluƟon 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 unƟl homogeneous and 

transferred into a 1.5 ml eppendorf. AŌer a 5-minute incubaƟon, 0.2 ml of chloroform was 

added to the eppendorf, which was then vigorously shaken to achieve a thorough mix. AŌer 

a 2–3-minute incubaƟon, the samples were centrifuged at 12.000g for 15 minutes at 4oC. 

The centrifugaƟon separated the mixture into three different phases: 1. lower organic layer, 

which contained DNA and proteins, 2. Interphase, which was consisted of a small quanƟty of 

DNA and 3. upper aqueous phase, which was comprised of the RNA. Carefully without 

disrupƟng 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 incubaƟon at 4oC, the tube 

was centrifuged at 12.000g for 20 minutes at 4oC 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 12.000g for 5 minutes at 4oC followed. Once the supernatant was 

discarded, the RNA pellet was leŌ to air-dry for a few minutes and then resuspended in 20 l 

of RNase-free water. Finally, the tube was incubated in a heat block set at 55-60oC for 15 

minutes and treated with DNase to remove any possible DNA contaminaƟon. Into the tube 

containing the RNA, 0.1 volume of 10X TURBO DNase™ Buffer and 1 l of TURBO DNase™ 

Enzyme were added, and the tube was incubated for 20-30 minutes at 37oC. DNase 

InacƟvaƟon Reagent (2l or 0.1 volume, whichever is greater) was added and incubated for 5 

minutes at room temperature, flicking the tube 2-3 Ɵmes, in order to disperse the DNase 

InacƟvaƟon Reagent. AŌer centrifugaƟon at 10.000g for 1.5 minutes, the supernatant 

containing the RNA was transferred into a new microcentrifuge tube. RNA quanƟty and quality 

were then assessed with Nanodrop and the samples remained in the -80 oC, unƟl usage. 

 



 

2.12 cDNA synthesis 

The kit, that was used for the synthesis of cDNA, was the Invitrogen™ SuperScript™ III First-

Strand Synthesis SuperMix for qRT-PCR and it was performed according to the manufacturer’s 

instructions. The kit is composed of: 

 RT Enzyme Mix: SuperScript™ III RT and RNaseOUT™, which is an RNase inhibitor 

protein 

 RT reaction mix: oligo(dT)20 (2.5 μM), random hexamers (2.5 ng/μl), 10 mM MgCl2, 

and dNTPs 

 E. coli RNase H 

For each reacƟon, a Reverse transcriptase minus (RT -) negaƟve control was used, in which 

every reagent was added except for the RT enzyme, in order to rule out any possible genomic 

DNA contaminaƟon.  

 

2.13 Real-Ɵme quanƟtaƟve Polymerase Chain ReacƟon (qPCR) 

 

In order to correlate the invasive phenotype with a 3D matrix-dependent gene expression, 

qPCR was performed using the TaqMan® Universal PCR Master Mix, No AmpErase® UNG kit 

with pre-opƟmized TaqMan® Gene Expression Assay. GAPDH and ACTB were used as 

housekeeping genes for the normalizaƟon of the expression levels. The final mix contained 

the TaqMan mastermix, TaqMan assay, cDNA and nuclease-free water. Each assay was 

performed in triplicates for a beƩer staƟsƟcal 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 condiƟons menƟoned before (100% Matrigel 10 mg/dl, Matrigel 7 mg/ml-

Collagen 1.5 mg/dl, Matrigel 3 mg/dl-Collagen 3 mg/dl). The end-point of the experiment was 

aŌer 10 days, as the organoids required to be sliƩed. Images were taken under the brighƞield 

microscope during the Ɵmepoints to assess the phenotypic change. 

 

The normal paƟent-derived organoids cultured in Matrigel aŌer 10 days showed, as expected, 

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

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

 

 

 

 

  

Figure 8: Brighƞield images of normal colonic (60N, 70N) paƟent-derived organoids aŌer 10 days of growth in the three 

different condiƟons. Exposure to increasing concentraƟons of collagen induces a cysƟc morphology. 
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Concerning the tumor PDOs, no phenotypic change was observed between the two condiƟons 

(Figure 9). 

 

 

 

 

 

Figure 9: Brighƞield images of colorectal cancer (24K, 36K) paƟent-derived organoids aŌer 10 days of growth in the three 

different condiƟons. Exposure to increasing concentraƟons of collagen did not affect the phenotype. Scale Bar: 100μm 

 

The two metastasis PDOs behaved differently when cultured in collagen type I. CBM1 seemed 

to acquire an invasive phenotype with disƟnct 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 I (3 mg/ml) can be appreciated beƩer with higher magnificaƟon (Figure 11). 

 

 

 

 

 

 

Matrigel Collagen 1.5 mg/ml Collagen 3 mg/ml 

24K 

36K 



 

 

 

 

 

Figure 10: Brighƞield images of colon-to-brain metastasis (CBM1, CBM3) paƟent-derived organoids aŌer 10 days of growth 

in the three different condiƟons. Exposure to increasing concentraƟons of collagen induced an invasive phenotype in CBM1, 

but not in CBM3. Scale Bar: 100μm 

 

 

 

Figure 11: Brighƞield images of colon-to-brain metastasis paƟent-derived organoids (PDOs) CBM1 cultured in collagen type I 

(3 mg/ml). An invasive phenotype can be appreciated and disƟnct protrusions are observed. Scale Bar: 100μm 
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The assay was repeated (experiment 2) uƟlizing GFP+ organoids for a more informaƟve 

quanƟtaƟve readout. Images taken under the fluorescence microscope validated the 

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

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

 

 

 
 

Figure 12: Brighƞield and fluorescent images of CBM1 cultured in collagen type I (3 mg/ml). DisƟnct protrusions can be 

observed. Scale Bar: 100μm 

 

 



 

To gain deeper insights into the influence of extracellular matrix (ECM) composiƟon on the 

cell behaviour and phenotype, quanƟtaƟve real-Ɵme 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 TransiƟon (EMT). By analysing the gene expression data, it is 

possible to potenƟally 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 differenƟally expressed the epithelial markers 

E-cadherin and Epithelial Cell Adhesion Molecule (EpCAM), with CBM1 having higher gene 

expression levels. Exposure to higher concentraƟons of collagen type I did not affect the 

expression levels (graph 1). 

 

 

 

 

 

 

 

 

 

 

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

concentraƟon of collagen was increasing (graph 2). 

 

Graph 1: Expression levels of epithelial markers EPCAM and E-cadherin in CBM1 cultured in three 
different condiƟons 
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Contrary to the other PDOs, in the tumour PDOs, no difference in the expression levels was 

observed (graph 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment 2 

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

the first experiment  

Graph 2: Expression levels of epithelial markers EPCAM and E-cadherin in normal PDOS cultured in 
three different condiƟons 
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Graph 3: Expression levels of epithelial markers EPCAM and E-cadherin in tumour PDOs cultured in 
three different condiƟons 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 4: Expression levels of epithelial markers EPCAM and E-cadherin in metastasis PDOs 
cultured in three different condiƟons 

Graph 5: Expression levels of epithelial markers EPCAM and E-cadherin in tumour PDOs cultured in 
three different condiƟons 



 

 

 

 

 

 

 

 

 

 

 

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

two markers between the condiƟons (graph 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 6: Expression levels of EPCAM and L1CAM in metastasis PDOs cultured in three different 
condiƟons 

Graph 7: Expression levels of EPCAM and L1CAM in tumour PDOs cultured in three different 
condiƟons 



 

 

 

 

 

 

 

 

 

 

 

 

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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Expression of matrix metalloproteinases (MMPs) 
 
Experiment 1 

MATRIGEL 
ONLY 
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Graph 8: Expression levels of EMP1 and L1CAM in tumour PDO (24K) cultured in Matrigel and 
collagen (3 mg/ml) 
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Graph 9: Expression levels of EMP1 and L1CAM in metastasis PDOs cultured in Matrigel and 
collagen (3 mg/ml) 



 

Different expression levels of Matrix metalloproteinases were observed between the two 

metastasis PDOs. Specifically, CBM1 expressed relaƟvely high levels of MMP1 and MMP2, 

while no expression was noted in CBM1 (graph 10). 

 

 

 

 

 

 

 

 

 

 

 

Experiment 2  

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

(graph 11).   
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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) 

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

The expression levels of other genes (FibronecƟn, vimenƟn, 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 Ɵmepoints were acquired in order to move 

towards more complex modelling. To obtain more quanƟtaƟve informaƟon, opƟmizing the 

pipeline steps and tesƟng different parameters for smoothing and segmentaƟon is crucial. 

 

 

 
Figure 13: RepresentaƟve maximal projecƟon images of CBM3 cultured in A) Matrigel and B) collagen (3 mg/ml) across the 
different Ɵmepoints. 

 

3D reconstrucƟon will allow tracking single organoids along Ɵme and having a more 

quanƟtaƟve analysis of their features (e.g., dimension, volume, circularity, presence of 

protrusions). 
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Figure 14: Image segmentaƟon of images acquired from a specific well. Each colour represents a single organoid. 

 
 
 

 

 

 

Figure 15: 3D well reconstrucƟon to gain quanƟtaƟve insights of each single organoid. 

 

 

 

  



 

Discussion 

 

Metastasis is a complex mulƟ-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 effecƟvely be treated by local surgery of 

radiaƟon, metastasis represents a systemic disease 62. Therefore, fundamental understanding 

of cancer metastasis is criƟcal in order to develop effecƟve treatments and have improved 

paƟent outcome. It is well known that the extracellular matrix modulates the tumor growth 

and the metastaƟc journey. One of the defined hallmarks of metastasis, firstly described by 

Hanahan and Weinberg, is the acquisiƟon of invasive properƟes, in order to achieve the 

invasion of local stroma. The development of invasive tumors and their metastaƟc 

disseminaƟon involve a series of biologically discrete steps, which are highly associated with 

disƟnct alteraƟons in composiƟon, posƩranslaƟonal modificaƟons, organizaƟon and 

biomechanical properƟes of the ECM 63. Matrix metalloproteinases (MMPs) play a criƟcal role 

in the remodeling of the extracellular matrix and therefore in cancer progression and 

metastaƟc cascade. It has been previously reported that the expression of both MMP1 and 

MMP2 play a criƟcal role in colorectal cancer and at the iniƟal stages of tumor invasion and 

metastasis 64,65. 

 

MulƟple in vitro assays have been implemented in the past to study the migraƟon and 

invasiveness of cancer cells, such as the wound healing assay and transwell invasion assay. 

However, these models have limitaƟons 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 implementaƟon 

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 invesƟgaƟon and 

characterizaƟon of the invasive properƟes of different paƟent-derived organoids. Specifically, 

organoids deriving from normal colon Ɵssue, 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 brighƞield microscope, and the phenotypic changes were 

extensively observed. AŌer 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 lenƟviruses achieving a steadily expression of the green fluorescent 

protein and allowing the beƩer visualizaƟon and quanƟtaƟve outcomes. UƟlizing 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 Ɵmepoints and are 

currently used for the 3D reconstrucƟon of the organoids. 

 

Firstly, regarding the phenotypic changes, we observed normal paƟent-derived organoids 

acquiring a circular morphology, when exposed to the sƟffer ECM of Matrigel-collagen type I. 

This finding aligns with previous studies reported in the literature. The intesƟnal epithelium 

has the ability to renew itself withing 4-7 days, making it the fastest renewing Ɵssue. IntesƟnal 

injury can occur due to dietary or chemical compounds, microbes or therapeuƟcal treatment 

and it is responsible for reacƟvaƟon of a fetal-like transcripƟonal program 66. In a recent study, 

the phenotypic change from crypt-like to cysƟc organoid structures was associated with 

acƟvaƟon of YAP/TAZ pathway to induce a fetal-like regeneraƟve reprogramming of intesƟnal 

epithelial cells in an ECM-dependent regulatory manner 67. 

 

 

 



 

Figure 16: Injury induces a fetal-like regeneraƟve reprogramming through the acƟvaƟon of YAP-TAZ pathway. Source: 

Sprangers, J., et al. Cell Death & DifferenƟaƟon, 28(1), 95–107. 

 

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

induce the same cysƟc phenotype through YAP-mediated mechanosensing and transducƟon 
68. 

 

 

 

 

Figure 17: SƟff-degradable matrix e.g., collagen type I induces a cysƟc phenotype through YAP-mediated mechanosensing 

and transducƟon. 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 

concentraƟon 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 sƟffness plays a crucial role as well in 

cancer metastasis, as tumour cells are able to migrate faster in sƟffer ECM. This favours the 

formaƟon of filopodia, lamellipodia and invadosomes through integrin clustering, focal 

adhesion kinase (FAK) phosphorylaƟon and Rho GTPase acƟvaƟon and can induce a 

mesenchymal invasive phenotype63. In addiƟon to the to changes in density, the altered 

composiƟon 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 I 

e.g. Matrigel 



 

is found in connecƟve Ɵssue and predominantly in the intesƟnal membrane 68. Remarkably, a 

changed composiƟon with a shiŌ to collagen type I or type II has been correlated with 

invasiveness, angiogenesis and reduced survival in invasive ductal carcinomas and 

melanomas69. This observaƟon 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 disƟnct 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 concentraƟon of collagen did 

not affect the expression levels. The two metastasis PDOs have pre-exisƟng differences in the 

gene expression, which can be due to paƟents’ heterogeneity. Presumably, as collagen acts as 

a permissive environment, CBM1’s invasive potenƟal 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 Ɵme, 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 paƟent-derived organoids too, in order to shed light into the differences 

between the invasive potenƟal of not only the same, but also different metastaƟc sites. This 

will also allow the detecƟon and assessment of observed paƩerns, 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 paƟents but originaƟng from the same primary site. Surprisingly, despite the shared 

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



 

phenotype and gene expression profiles. These findings highlight the criƟcal importance of 

comprehending the molecular basis of such variaƟons in the field of oncology. While 

metastases may arise from the same primary tumor, the heterogeneity between paƟents can 

significantly affect cancer progression and treatment outcomes. Addressing and 

understanding the underlying mechanisms of the unique characterisƟcs of each paƟent's 

metastaƟc disease can lead to more effecƟve and tailored therapeuƟc strategies.  

 

The analysis was performed in bulk, while widely used and informaƟve, can have important 

limitaƟons. 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 beƩer understanding of the 

differences between the two metastasis PDOs. AddiƟonally, bulk analysis can result to loss of 

cellular heterogeneity and masking of subpopulaƟons. Knock-in experiments or 

implementaƟon of whole-mount staining will be informaƟve to associate the expression of 

specific genes in disƟnct subpopulaƟons or with the formaƟon of protrusions. 

 

In this study, paƟent-derived organoids were used as a model to gain more insights into the 

invasive potenƟal of cancer cells in 3D. Organoid technology has emerged as a unique tool for 

modelling and understanding beƩer not only cancer but other human geneƟc diseases, 

including CysƟc Fibrosis 70, Down Syndrome 71, Parkinson’s Disease 72 and Alzheimer’s Disease 
73 and infecƟous diseases, like Zika virus 74 and SARS-CoV-2 75. 

 

However, organoids display disadvantages as well. Generally, they require experƟse, are Ɵme-

consuming and more expensive than 2D cultures, while fresh tumor Ɵssue might not be 

always available 76. One of the main intrinsic limitaƟons of organoid culture is the lack of the 

mulƟcellular 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, dendriƟc 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 39. 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 

Ɵssue deriving from surgical resecƟons is embedded in a 3D matrix scaffold composed of 

collagen type I under an air-liquid interface (ALI). This not only allows the long-term culture of 

the PDOs due to improved oxygenaƟon, but also the preservaƟon of complex TME, including 

immune cells 77. 
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