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ABSTRACT  

Loss of function mutations in the APC gene represent a critical hit for colorectal cancer (CRC) onset in 

both sporadic and inherited settings (e.g. FAP). This gene encodes a tumor suppressor protein that 

regulates the Wnt/β-catenin pathway. Together with the PI3K/mTOR signalling, Wnt/β-catenin is 

frequently deregulated in the early stages of CRC development. Relevant cross-talks between the two 

pathways have been described, and over the years, numerous inhibitors of Wnt and mTOR signallings 

have been developed and tested against CRC. However, long-term treatment often fails due to the 

acquisition of resistance mechanisms, which are usually associated to the activation of the non-

inhibited pathways. The aim of the study was to evaluate the effect of a combination (RDE) of 

Rapamycin, ω3-PUFA Docosahexaenoic Acid (DHA) and epigallocatechin-3-gallate (EGCG) on 

PI3K/mTOR and Wnt/β-catenin pathways to define an effective combinatorial approach against APC-

driven CRC onset and progression. RDE was tested in selected different genetic backgrounds: (i) APC-

mutated background consisting of intestinal organoids derived from FAP patients morphologically 

normal-appearing mucosa (NM) and adenomas (A); sporadic CRC-cancer (K) organoids, and the cell 

lines SW480 and HT-29; (ii) non-APC-mutated CRC background comprising HCT116 (CTNNB1 mutated) 

cell line; HEK293STF cell line and healthy FIT+ NM/ CRC-NM-derived organoids as non-mutated 

backgrounds (iii). Cells and organoids viability, markers of intestinal stemness (LGR5) and 

differentiation (KRT20), were evaluated together with expression of target genes and effector 

proteins of the Wnt/β-catenin and PI3K/mTOR pathways. We found that RDE strongly inhibited 

PI3K/mTOR by suppressing the activation of the downstream effectors protein P70S6K and S6R in a 

background-independent manner. Compared to the markedly inhibition of mTOR signalling, we 

observed that targeting Wnt/β-catenin pathway appeared more challenging and was mostly 

influenced by the intrinsic activation status of Wnt/β-catenin pathway. More specifically, in pre-

cancerous settings comprising FAP NM/A and non-mutated organoids, RDE enhanced the Wnt 

signalling activation. In contrast, in both APC-mutated and non-APC-mutated CRC settings RDE, after 

activating the Wnt/β-catenin pathway, induced β-catenin protein degradation through non-canonical 

effectors involved in the modulation of the Wnt signalling. Despite the induction of Wnt/β-catenin 

pathway, RDE affected cell and organoids viability (20%) and significantly suppressed LGR5, promoting 
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a shift towards differentiation. Taken together our results suggests that RDE is a potential therapeutic 

approach for both preventive and therapeutic strategies against APC-driven CRC. 
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1. INTRODUCTION  
 

1.1 Colorectal Cancer 

Colorectal cancer (CRC) is the third most common type of tumor  worldwide and accounts for the 

fourth most common cause of cancer-related deaths (Màrmol I. et al., 2017). Despite improvements 

in diagnoses and prevention, the incidence remains high (Brody H. et al., 2015). According to the 

cancer registries and mortality from the National Center for Health Statistics, in 2023, approximately 

153,020 individuals will be diagnosed with CRC and 52,550 people will die for  it. In addition, among 

those under 50 years of age, 19,550 people will develop CRC and 3,750 will die for it. However, it has 

been reported a decline in CRC incidence and mortality. Indeed, CRC incidence  slowed from 3% to 4% 

per year in the 2000s to 1% per year between 2011 and 2019, while CRC mortality decreased by 

2% per year compared to 2011–2020.  Despite the overall decrease, CRC is rapidly moving 

toward younger age groups with more advanced stages in left colon/rectum at the diagnoses (Siegel 

R.L. et al., 2022). Indeed, it increased by 0.5%–3% annually in individuals younger than 50 years and in 

Native Americans younger than 65 years. A shift toward left-sided tumors, with the rate of rectal 

cancer increasing from 27% in 1995 to 31% in 2019, has also been reported too (Siegel R.L. et al., 

2022).  

In recent year, the improvement of CRC screening (e.g. stool-based tests and endoscopic methods) 

has led to the possibility of detecting and removing pre-cancerous lesions, contributing to a reduction 

in CRC mortality in a growing number of countries (Lauby-Secretan B. et al., 2018). The importance of 

CRC screening emerged during the SARS-CoV-2 pandemic in 2019-2020. Indeed, it has been estimated 

that the limited access to preventive health care and delayed screening with a growing number of 

non-diagnosed pre-cancerous lesions will increase the risk of mortality due to an increase in advanced 

CRC cases (Ricciardiello L. et al., 2021).     

Intriguingly, it has been reported also a difference in CRC incidence between developed and 

developing nations, with the highest frequency occurring in economically developed countries, 

particularly Australia/New Zealand, United States, and Europe, and the lowest incidence occurring in 

Africa and South-Central Asia (Figure 1.1). Indeed, compared to less developed countries, more 

developed areas had a higher risk of developing CRC (Arnold M. et al., 2020).  
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Figure 1.1 Estimated incidence and mortality rates by world region for colorectal cancer in 2018 

(Arnold M. et al, 2020). 

 

These differences in CRC incidence between countries highlighted the role of lifestyle and 

environment as relevant risk factors in the development of CRC. Among the modifiable 

factors contributing CRC onset the major determinants are diet, obesity, smoking, and alcohol abuse 

(Fiedler M.M. et al., 2017). 

While environmental factors play a significant role in the etiology of colorectal cancer, hereditary or 

genetic predisposition can also influence the development and progression of the disease. Indeed, 

CRC can be classified, depending on the genetic of the mutation, as sporadic, hereditary, or familial. 
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1.1.1 Sporadic Colorectal Cancer 

CRC is a heterogeneous disease that can occur in 70% of cases sporadically without a defined 

inherited or family-related component or a predisposing syndrome. The majority of sporadic CRC 

develops through a multistep process referred to as the 'adenoma-carcinoma sequence', during which 

a carcinoma develops from a pre-existing benign adenoma due to morphological transformations 

associated with an accumulation of both genetic and epigenetic alterations (Fearon and Vogelstein, 

1990). Aberrant crypt foci (ACF) are known as the earliest histological changes that occur during the 

multi-step development of colorectal cancer (Clapper M.L. et al., 2020). In 1987, Bird described for 

the first time these lesions after observing clusters of crypts with a peculiar morphology in the colonic 

mucosa of C57BL/6 and CF1 mice treated with the colon carcinogen azoxymethane (AOM), a 

carcinogen commonly used to induce CRC (Bird R.P., 1987). Indeed, dysplastic ACFs are characterized 

by detectable epithelial alterations of a neoplastic nature, which includes hypercellularity with 

enlarged hyperchromatic nuclei, nuclear stratification, loss of polarity, high nuclear/cytoplasmic ratio, 

and increased mitotic index (Roncucci L. et al., 1991). Despite being generally identified as very early 

lesions, ACFs are known to regress spontaneously by 10 weeks (Choi J.W. et al., 2015), while only a 

small fraction turning into adenoma and ultimately to CRC, through the influence of a protumorigenic 

microenvironment that supports the acquisition of further mutations (Choi J.W. et al., 2015).  

Tumor progression is enhanced by multiple genetic events. Among these, genomic instability 

represent a crucial cellular feature that follows the acquisition of mutations. The number of mutations 

needed for the development of cancer is hard to be accounted and defined by baseline mutation 

rates, and according to Loeb et al.'s hypothesis, cancer cells must develop a "mutator phenotype," 

which boosts their rate of new mutations (Loeb L.A., 2003). 

Three main genetic pathways for the onset of CRC have been described: chromosomal instability 

(CIN), microsatellite instability (MSI), and CpG islands methylator phenotype (CIMP).  

CIN is observed in 65-70% of sporadic colorectal cancers (Cho J. et al., 2022). The term describes an 

accelerated rate of gains or losses of whole chromosomes or large portions of them that causes 

karyotypic variability from cell to cell (Lengauer C. et al., 1998). The CIN phenotype may result from 

defective chromosome segregation, telomere dysfunction or impaired DNA damage response. As a 

result, the CIN phenotype is characterized by an unbalanced number of chromosomes (aneuploidy), 

sub-chromosomal genomic amplifications and a high rate of loss of heterozygosity (LOH) (Pino MS. e 
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Chung DC., 2010).  The prevalent localization of these tumors is the left or distal side of the colon 

(Grady and Carethers, 2008). The canonical CIN pathway adheres to the model introduced by Fearon 

and Vogelstein in 1990, which outlined a well-defined temporal sequence of genetic mutations within 

the 'adenoma-carcinoma' progression (Fearon and Vogelstein, 1990; Figure 1.2).  

 

 

Figure 1.2 Conventional adenoma-to-carcinoma sequence, which includes the chromosomal 

instability (CIN) pathway and the microsatellite instability (MSI) pathway (De Palma F.D.E. et al., 

2019). 

 

According to this model, inactivating mutations in the Adenomatous polyposis coli (APC) gene or loss 

of chromosome 5q, which include the APC gene, are pivotal event in the onset of CRC. The relevance 

of the APC gene in the pathogenesis of CRC is attributable to its central role as tumor suppressor gene 

in the regulation of the canonical Wnt signalling pathway, that controls cell proliferation (Cadigan and 

Liu, 2006).  

Mutations in the oncogene KRAS occur as the following step and characterize the intermediate 

adenoma stage (Fearon and Vogelstein, 1990). Aberrations in the KRAS gene, which encodes for a 

guanosine triphosphate/guanosine diphosphate binding protein, led to constitutive activation of the 

downstream Ras/Raf/Mek/Erk pathway, involved in the regulation of cell proliferation, 
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differentiation, invasion and apoptosis (Smith et al., 2002; Smith et al., 2010). Moreover, the 

advanced adenomas are usually distinguished by LOH which affect SMAD2, SMAD4 and DCC genes 

(Colussi D. et al., 2013).  

Finally, mutations in the tumor-suppressor gene TP53 or deletions of chromosome 17p harboring this 

gene, are commonly recognized as later event leading to in situ malignant transformation from 

adenoma to carcinoma (Fearon and Vogelstein, 1990). Even though it is more frequent in advanced 

stages of colorectal tumorigenesis, more recent evidences have demonstrated the existence of TP53 

mutations in both normal colonic epithelial stem cells (Lee-Six H. et al., 2019), and early/ 

premalignant colorectal adenomas (Alquati C. et al., 2021).  

While the model proposed by Fearon and Vogelstein established the basis to understand the 

molecular mechanisms underlying sporadic CRC onset and progression, CRC develops through the 

interplay of a multitude of factors. Indeed, the advent of new and more advanced techniques has led 

to the identification of additional genetic pathways, epigenetic changes, and the modulation of non-

coding RNAs that contribute significantly to the malignant transformation of the colonic tissues 

(Pancione M. et al., 2012). 

As mentioned above, a different model of genetic instability is the MSI pathway (Figure 1.2) which is 

implicated in approximately 15-20% of sporadic cases of CRC (Ward R. et al., 2001).  

Microsatellites are short tandem repeats distributed throughout the human genome, both in coding 

and non-coding regions. Such DNA sequences are susceptible to the occurrence of nucleotide 

mutations, which accumulate during the S-phase of the cell cycle. In normal conditions, these 

aberrations are repaired by the activity of the MMR system (Mismatch Repair System), a mechanism 

involved in DNA damage repair together with the Base Excision Repair System (BER), the Nucleotide 

Excision Repair System (NER), and the Non-Homologous End-Joining System(NHEJ) (Vilar E. and 

Gruber S.B., 2010). Conversely, the MSI phenotype results from germline or somatic mutations in one 

or more of the genes encoding for components of the MMR system (hMLH1, hMSH2, hMSH6, and 

hPMS2) (Thibodeau S.N. et al., 1993). Particularly, germline inactivating mutations are causative of 

the CRC-predisposing Lynch syndrome, while epigenetic modifications (methylation in the promoter 

of MLH1 gene) are responsible for sporadic CRC cases. Defects in these genes are responsible for 

several insertions or deletions that affect microsatellite sequences in the DNA due to an improper 

recognition and elimination of the mispaired base-pairs (Ward R. et al., 2001).  
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A standard panel of five microsatellite markers is commonly used according to the Bethesda 

guidelines to determine the MSI status of a tumour (Bolonad C.R. et  al., 1998). The panel includes the 

two mononucleotide markers (BAT26 and BAT25) and the three dinucleotide markers (D2S123, 

D5S346 and D17S250). According to the number of unstable microsatellites, tumours are classified as 

MSI high (MSI-H) when ≥ 30% of markers present instability, MSI low (MSI-L) when< 30% of markers 

are characterized by instability, and microsatellites stable (MSS) when no reported instability is 

present (Findeisen P. et al., 2005). 

 

Compared to CIN and MSI, in the CIMP model the development of CRC is promoted by epigenetic 

events rather than changes in the DNA sequence. The DNA hypermethylation at the CpG island in the 

promoter of tumour suppressor genes, which causes gene silencing, is now recognized as an 

important mechanism in human carcinogenesis (Laird P.W. et al., 2005). The CIMP phenotype has 

been identified in 30-35% of colorectal adenomas and is considered as an early event and a hallmark 

of the serrated pathway (Samowitz W.S. et al., 2005). However, Ogino et al, through a quantitative 

DNA methylation study, demonstrated that CIMP accounted for 17% of CRC cases, a lower frequency 

compared to previously reported events, and that the clinical features of CIMP were similar to those 

of MSI-associated CRC (Ogino S. et al., 2006). Indeed, sporadic MSI colorectal cancers are mostly 

associated with CIMP-associated MLH1 methylation, which leads to inactivation of this gene (Boland 

C.R. and Goel A., 2010). Moreover, CIMP-positive colorectal tumors display a distinctive profile, 

characterized by the onset of the CRC in the proximal colon, poor differentiation, microsatellite 

instability (MSI), BRAF mutations, and wild-type KRAS. It should be noted that BRAF gene mutations 

are more common in CIMP-positive cancers than in CIMP-negative malignancies (Nguyen H.T. and 

Duong H.; 2018).  

Additional CIMP loci include: CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1 (Weisenberger D.J. et al., 

2006). The current evaluation of colorectal cancer's CIMP status relies on a panel of methylation 

markers, which categorizes CRC as either exhibiting or not exhibiting DNA methylation, based on 

predefined thresholds (Nguyen H.T. and Duong H.; 2018). According to Shen et al. it is possible to 

distinguish CIMP-high tumors which are strongly linked to MSI status (80%) and BRAF mutations 

(53%), compared to CIMP-low tumors, characterized by KRAS mutations (92%), and CIMP-negative 

tumors typically present a higher frequency of p53 mutations (71%) (Shen L. et al., 2007). 
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1.1.2 Hereditary Colorectal Cancer 

As previously described, about 70% of CRCs are sporadic, whereas approximately 6-10% of cases are 

classified as inherited forms of CRC. The histologic subtype of the precancerous lesion and the 

presence of polyposis can both be used as features to classify hereditary colorectal cancer syndromes. 

Adenomatous syndromes include Lynch syndrome (which is not typically associated with polyposis 

and for this reason has been previously referred as hereditary non-polyposis colorectal cancer or 

HNPCC) and the polyposis syndrome, such as the familial adenomatous polyposis (FAP), the 

attenuated familial adenomatous polyposis (AFAP), MUTYH-associated polyposis (MAP), and other 

uncommon hereditary disorders like Peutz-Jeghers syndrome, Cowden syndrome, and juvenile 

polyposis. Germline mutations are a common feature of all of these syndromes, which significantly 

increase the risk of developing CRC at a younger age (Medina Pabón M.A. e Babiker H., 2022).  

 

1.1.2.1 Familial Adenomatous Polyposis (FAP) 

FAP is an inherited syndrome characterized by an autosomal dominant pattern, which affects both 

sexes equally and has an incidence rate of 1 in 1000 births. It is the second most common inherited 

colorectal cancer syndrome,  yet contributes to only 1% of diagnosed CRC (Kant P. et al., 2017). The 

clinical phenotype is distinguished by the development of hundreds to thousands of adenomas 

throughout the colon and rectum at a young age (childhood or adolescence), anticipating the 

multifocal adenoma-carcinoma sequence and thus predisposing to a 100% risk of developing CRC at a 

median age of 35–45 years if untreated (Shussman and Wexner, 2014). FAP also correlates with other 

malignancies, including gastric, duodenal, hepatoblastoma, and desmoid tumors. Currently, 

prophylactic proctocolectomy represents the surgical standard of care for a substantial reduction in 

the risk of developing colorectal cancer. After colectomy, FAP patients undergo lifelong endoscopic 

surveillance since adenomas could arise and develop in the retained rectum or ileal pouch, as well as 

gastric and duodenal cancer can occur (Aelvoet A.S. et al., 2023). 

Germline mutations in the tumour suppressor gene adenomatous polyposis coli (APC) are causative of 

the FAP syndrome. The APC gene encodes for a scaffold protein implicated in the negative regulation 

of the β-catenin, the main effector protein of the Wnt signalling, that, when aberrantly activated, 

leads to the malignant transformation of colonic epithelial cells (Morin et al., 1997). According to 
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several studies, nonsense or frameshift mutations are the most prevalent APC germline mutations 

reported in patients with classical FAP, occurring in up to 80% of cases and resulting in a modified 

truncated protein (Stekrova J. et al., 2007). In addition, the location of the mutation along the APC 

gene has been associated with distinctive clinical phenotypes. The altered functions of mutated-APC 

might promote and drive the development of CRC. However, the transition from an early adenoma to 

an aggressive carcinoma requires further mutations in other oncogenes or tumor-suppressor genes as 

for most of the sporadic CRCs. The two-hit hypothesis, proposed by Knudson, well describes how 

carcinogenesis proceeds when both APC alleles are inactivated, and, in FAP patients, the inherited 

germline mutation represents the first hit (Lamlum H. et al., 1999). Importantly, it has been 

demonstrated that the two APC hits are not fully independent from each other and do not occur 

randomly to avoid an uncontrolled activation of the Wnt signalling and a consequent uncontrolled 

replication that would cause cellular death, preventing the formation of the tumor (Albuquerque C. et 

al., 2002).  

A hallmark of FAP patients is the co-existence of multiple and diffuse adenomas at different stages. 

Genomic and transcriptomic sequencing analysis revealed that adjacent spatially separated adenomas 

arose from the same cell, supporting the theory of field cancerization by crypt fission and the 

hypothesis that tumor's development begins before it manifests as a visible lesion (Li J. et al., 2019). 

Despite technical progress, we are still unable to fully diagnose all FAP cases as those induced by 

mosaicisms or mutations in deep intronic promoter regions (Kerr S.E. et al., 2013). 

It is to note that exists also a milder form of FAP, referred to as attenuated-FAP (AFAP), which is 

diagnosed when the number of colorectal adenomas ranges from ≥ 20 to ≤ 100. In contrast to the 

conventional FAP, in AFAP adenomatous polyps develop later and the lifelong cancer risk is lower. 

However, the genetics of AFAP has been poorly characterized, and mutations in the APC or MUTYH 

genes have been rarely found (Knudsen A.L. et al., 2003).  

Further details on APC mutations will be discussed later (Section 1.2.1).  

 

1.1.2.2 MUTYH – Associated Polyposis (MAP) 

MUTYH-Associated Polyposis (MAP) is an autosomal recessive disease which appears in individuals 

with biallelic mutations in the MUTYH gene (Kantor M. et al., 2017). MUTYH encodes for a DNA 

glycolase, involved in the Base Excision Repair system and is crucial to avoid DNA transversion (G:C to 

https://www.sciencedirect.com/topics/medicine-and-dentistry/polyposis
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T:A), by removing guanine mispaired with 2-hydroxyadenine and adenine opposing 8-oxoguanine (8-

oxoG), which are formed as a result of oxidative stress (Goodenberger M. and Lindor N.M., 2011). 

Accordingly, MAP is responsible for fewer than 1% of all CRCs and is linked to a 28-fold increase in the 

risk of CRC. Indeed, the risk is 48% in individuals under 60, and the lifetime risk is 80-90% in non-

surveilled patients (Curia M.C. et al., 2020).  

Similarly to AFAP, MAP is characterized by the growth of ten to hundreds of colorectal polyps in 

adulthood, however, it differs by an overall higher cancer susceptibility and peculiar features. Firstly, 

together with colorectal adenomas, hyperplastic polyps and sessile serrated lesions are also frequent 

in MAP and are thought to be part of the phenotype (Boparai K.S. et al., 2018). Further, the clinical 

spectrum of MAP is extensive and highly unpredictable, and even if in general the disease is mild with 

a low number of polyps, eventually, it could manifest in some individuals with a higher number of 

polyps. Moreover, the high mutational burden and KRAS gene mutations of MAP polyps seems to 

drive an accelerated carcinogenesis (Thomas L.E. et al., 2017). Additionally, whereas polyps of FAP 

patients (and eventually CRC) are typically detected on the left side of the colorectum, the preferred 

location for these lesions in MAP patients is the right colon. Moreover, Lynch-like extraintestinal 

malignancies like ovarian, endometrial, urinary, skin, thyroid, and breast cancers as well as sebaceous 

adenomas appear to be more common (Curia M. C. et al., 2020). 

 

1.1.2.3 Lynch syndrome 

Lynch Syndrome is an autosomal dominant disorder which predisposes subjects to an early onset of 

colorectal cancer (approximately 44 years) mainly in the right colon and typically without polyposis. 

Lynch syndrome is the most common form of hereditary CRC accounting for 3% of all CRCs and affects 

approximately 1/300 in the Western population, predisposing to an 80% lifetime risk to develop CRC 

(Win A.K. et al., 2017). A distinctive feature of Lynch syndrome is the occurrence of extracolonic 

malignancies in addition to CRC. Among these, we predominantly found endometrial cancer (average 

age of diagnosis 45-50 years), followed by other Lynch syndrome-associated tumours including those 

of the stomach, liver, biliary system, urinary tract, small intestine, pancreas, brain, and sebaceous 

glands, with a lifetime absolute risk ranging from 5% to 20%, depending on the genetic mutation 

(Dominguez-Valentin M. et al., 2020).  
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Lynch syndrome is defined by the presence of germline pathogenic variants in the DNA mismatch 

repair genes (MMR) MLH1, MSH2, MSH6 and PMS2 (de la Chapelle A., 2004), and, in a subset of cases, 

it is due to 3' end deletion of the EPCAM gene, with subsequent epigenetic silencing of MSH2 (Sehgal 

R. et al., 2014). Pathogenic variants in MLH1 and MSH2 are usually associated to a lifetime risk of a 

multitude of cancer-occurrence of approximately 43-46% with a median onset age around 48–54 

years and few differences between sexes. Conversely, in MSH6 pathogenic variant carriers the 

lifetime cancer risk is reduced to 29% in males and 55% in females with a median age of tumour onset 

of 56–57 years. Moreover, PMS2 pathogenic variant subjects are not generally associated with early-

onset cancers, and CRC develops mostly at a median age of 66–70 and 61 year (Peltomäki P. et al., 

2023).  As for the APC gene in FAP syndrome, the inactivation of the remaining wild-type allele is a 

later and somatic-related event in the majority of patients, after acquiring a germline mutation in one 

copy of the MMR genes. Because the MMR system's primary function is to detect and correct 

mispaired bases and potential insertion/deletion events during DNA replication, mutations in these 

genes result in an accumulation of replication errors in microsatellites sequences that leads to an MSI 

phenotype, which is the defining feature of Lynch syndrome (de la Chapelle A., 2004).  

 

1.2  The canonical Wnt/β-catenin pathway  

WNT proteins are ubiquitous and cross-species conserved growth factors that control different phases 

of the cell cycle and, together with cell proliferation, guide the correct allocation of different cell types 

within the tissue (Huang Y.L. and Niehrs C., 2014; Habib S.J. et al., 2013).  

Genes encoding for WNT proteins (e.g., WNT1, WNT2, WNT3), which act as pathways activating 

ligands, are numerous within the animal genome, and 19 genes have been identified in mammals. 

With the aim of understanding whether individual proteins perform individual or redundant 

functions, the deletion of genes belonging to the WNT family has been found to lead to different 

phenotypes, indicating that each protein plays a specific role (Nusse R. and Clevers H., 2017). 

WNT proteins act as intercellular signals, however the mechanisms involved in their synthesis and 

extracellular transport still need to be  clarified. During their synthesis, the Wnt factors are 40KDa 

proteins rich in cysteines, which are post-translationally modified by Porcupine enzyme through the 

addition of the lipid palmitoleic acid (Rios-Esteves J. and Resh M.D., 2013) (Figure 1.3).  
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Figure 1.3 Porcupine enzyme reaction: acyl-CoA is transferred onto a conserved serine residue of the 

WNT (Ser209), which promotes the addition of the monounsaturated fatty acid to the signal protein 

(Lee C.J. et al., 2019). 

 

This post-translational modification fulfills two main roles: firstly, the lipid gives the protein a 

hydrophobic nature required for its interaction with the plasma membrane; secondly, it acts as a 

binding motif between the WNT protein and the receptor FZD (Janda C.Y. et al., 2012).  

During the maturation in the Golgi apparatus, the modified protein binds the transmembrane protein 

WNTLESS/EVI (WLS) (Yu J. et al., 2014; Nusse R. and Clevers H., 2017 ), whose role is to facilitate the 

exocytosis of the lipidated-WNT proteins. It is assumed that, once released into the extracellular 

environment through vesicles or exosomes, the WNT lipid-mature protein and the WLS protein form 

complexes with exosomes (Korkut C. et al., 2009). Within this structure, Wnt proteins exposed on the 

outside of the vesicle and can bind to the receptor FZD and the transmembrane E3 ligases 

Rnf43/Znrf3 on the cell surface (Fig 1.4). 
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Figure 1.4 Mature-WNT protein secretion model (Nusse R. and Clevers H., 2017). 

 

The triggering event for the activation of the Wnt/β-catenin pathway is the binding of the WNT 

protein to its own receptor complex, which consists of two components: the FZD (Frizzled protein) 

and LRP5/6 (Low-density lipoprotein receptor-related protein 5 and 6) proteins. The FZD proteins are 

constituted by a 7-domain transmembrane receptors and an N-terminal cysteine-rich domain (CRD) 

(Bhanot P. et al., 1996), which interact with the C-terminal end of the WNT protein signal. The CRD 

domain contains different sites of interaction, including a hydrophobic lipid binding site (Janda C.Y. et 

al., 2012).  

 

The binding of the WNT protein to its receptor induces a conformational change of both FZD and the 

single transmembrane domain receptor LRP5/6, resulting in its heterodimerization (Janda C.Y et al., 

2017). Following the conformational changes of the receptor complex, the cytoplasmic component of 

LRP5/6 undergoes a phosphorylation process driven by several kinases, including GSK3β, which acts 

on a serine residue located within the "PPPSP" amino acid motif. The modified amino acids serve as a 

binding site for the scaffold protein AXIN1 (Stamos J.L. et al., 2014). β-catenin, Axin, and APC are some 

of the components of the Wnt signalling that share the same PPPSP motif (Stamos J.L. et. al., 2014). 

The cytoplasmic component of the FZD receptor binds the DISHEVELLED (DVL) protein (Tauriello 

D.V.F. et al., 2012), which is able, through its DIX domain, to interact with AXIN1 (Schwartz-Romond T. 
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et al., 2007; Fiedler M. et al., 2011). It has been proposed that the multimerization of receptor-bound 

DVL and Axin molecules facilitates LRP-FZD dimer formations (Gammons M.V. et al., 2016). 

The downstream effector of the Wnt pathway is the β-catenin protein, whose concentration is closely 

dependent on the activation of the destruction complex, now referred to as degradosome. The 

degradosome consists of the tumor suppressor AXIN1, a scaffold protein that binds to the β-catenin, 

together with the APC protein and two serine-threonine-dependent kinases, CSK1α/δ and GSK3α/β. 

The APC protein contains three binding domains for AXIN1, alternately spaced by a series of 15-20 

amino acid repeats that interact with β-catenin (Nusse R. and Clevers H., 2017). Several studies 

identified in APC a conserved domain called "CID" (β-catenin inhibitory domain), located between the 

second and the third repeats (Kohler E.M. et al., 2009; Roberts D.M. et al., 2011), which seems to be 

involved in the downregulation of the β-catenin. According to previous findings, the domain stabilizes 

the binding between APC and β-catenin, promoting the ubiquitination of the effector protein (Choi 

S.H. et al., 2013). Conversely, according to more recent studies, GSK3α/β-dependent phosphorylation 

of the CID domain triggers its conformational change, making the complex more accessible to the E3 

ubiquitin-ligase enzymes (Pronobis M.I. et al., 2015).  

When FZD/LRP receptors do not interact with the WNT ligands, the kinases CSK1α/δ and GSK3α/β 

phosphorylate the β-catenin protein on specific amino acids: CSK1α/δ phosphorylates the Ser45 

residue while GSK3α/β phosphorylates Thr41, Ser37 and Ser33 (Liu C. et al., 2002). These 

phosphorylated residues serve as binding sites for the E3 ubiquitin-ligase b-TrCP enzymes, which are 

responsible for the ubiquitination of the β-catenin protein and lead to its subsequent degradation 

(Aberle H. et al., 1997; Kitagawa M. et al., 1999) (Wnt OFF, Fig. 1.6). 
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Figure 1.6 Schematic representation of the canonical Wnt pathway (Nusse R. and Clevers H., 2017). 

 

Upon activation of the FZD/LRP receptors due to the binding with the Wnt proteins, the degradosome 

is recruited to the plasma membrane. As a result, the LRP-receptor’s phosphorylated sites 

phosphorylate GSK3α/β, contributing to the negative regulation of the degradosome and promoting 

the intracellular accumulation of the β-catenin protein (Stamos J.L. et al., 2014). It has also been 

suggested that, when anchored to the FZD receptor through DVL, the degradosome inhibits the 

ubiquitination of the β-catenin, resulting in the accumulation also of its phosphorylated form in the 

proximity of the plasma membrane (Li V.S. et al., 2012; Azzolin L. et al., 2014) (Wnt ON, Fig. 1.6). 

However, this mechanism is much more complex. Indeed, it has been found that, after the signalling 

activation, ubiquitination of phosphorylated β-catenin is initially blocked within the intact 

degradosome. As a consequence, the phosphorylated form of the β-catenin saturates the 

degradosome, leading to the accumulation of newly synthesized non-phosphorylated β-catenin, free 

to translocate to the nucleus and to activate target genes (Li V.S. et al., 2012; Azzolin L. et al., 2014).  

After Wnt activation, the accumulated and non-phosphorylated β-catenin translocates into the 

nucleus and binds the transcriptional factor TCF (Behrens J. et al., 1996; Molenaar M. et al., 1996) 

which promotes the transcription of the target genes (e.g AXIN2, CCND1, C-MYC) (Lusting B. et al., 
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2002) (Fig. 1.6). Importantly, it has been suggested that low levels of nuclear β-catenin are sufficient 

to enhance the gene target activation (Goentoro L. and Kirschner M.W., 2009). 

 

Two crucial steps inhibiting the β-catenin phosphorylation and/or ubiquitination have been proposed 

as essential drivers of the impairment of β-catenin degradation upon Wnt stimulation. Most of the 

evidence supports the idea that both the inhibition of β-catenin phosphorylation and the disassembly 

of the degradosome represent the crucial events during Wnt/β-catenin pathway activation.  

Hernández et al. demonstrated by analysing the kinetics of the β-catenin turnover that, in the initial 

stages following Wnt stimulation, the reduced levels of GSK3-mediated β-catenin phosphorylation are 

responsible for inhibiting β-catenin degradation, whereas a subsequent recovery of β-catenin 

phosphorylation would restore its degradation. This model predicts that suppression of β-catenin 

phosphorylation causes an accumulation of β-catenin during Wnt activation (Hernandez A.R. et al, 

2016).  

Further, during the early phases of Wnt activation, it has been described an increase in AXIN1 protein 

stability, which contributes to the signalosome assembly and Wnt/β-catenin signalling initiation. 

However, upon prolonged Wnt stimulation, the enzyme poly (adenosine diphosphate-ribose) 

polymerase (TNKS) contributes to the proteolysis and degradation of AXIN1. This event enhances the 

disruption of the degradosome and results in sustained activation of the Wnt/β-catenin signalling 

(Yang E. et al., 2016). 

Moreover, emerging evidence has shown that ring finger protein 43 (RNF43), the transmembrane E3 

ubiquitin ligase zinc and ring finger 3 (ZNRF3) and DVL are critically involved in the regulation of the 

extrinsic Wnt/β-catenin pathway activation by modulating the levels of Wnt receptors on the cellular 

surface. Indeed, RNF43 and ZNRF3 promote a negative regulation of the pathway mediating 

the internalization and the subsequent degradation of the FZD and LRP6 receptors. Importantly, 

within this mechanism, it has been demonstrated that DVL is required also for RNF43 and ZNRF3-

mediated degradation of FZD and LRP6 (Jiang X. et al, 2015). On the other hand, R-spondin, biding to 

the LGR5 receptor, via its second furin domain, and interacting with the RNF43 and ZNRF3 complex, 

inhibits them and enhances the activation of the Wnt/β-catenin signalling (de Lau W. et al., 2014) (Fig. 

1.7). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ubiquitin-protein-ligase-e3
https://www.sciencedirect.com/topics/medicine-and-dentistry/ubiquitin-protein-ligase-e3
https://www.sciencedirect.com/topics/medicine-and-dentistry/frizzled-protein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/internalization
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Figure 1.7 Wnt receptors and R-spondin positive regulation (Nusse R. and Clevers H., 2017). 

 

1.2.1 The Wnt/β-catenin pathway in CRC  

The Wnt/β-catenin signalling has been recognised as a highly conserved pathway involved in the 

regulation of cell growth, morphogenesis and maintenance of tissue homeostasis. As a result, any 

alteration of components of this pathway leads to a dysregulation in the activation of the signalling, 

which further leads to the initiation and progression of several cancers, including CRC.  

As described above, Axin1 and β-catenin are two key elements of the Wnt/β-catenin pathway, whose 

mutation has been found to result in the acquisition of well-defined carcinogenic features that are 

associated with hyperactivation of the Wnt/β-catenin signalling during CRC development. Indeed, 

mutations in the AXIN1 tumor suppressor gene (chromosome 16p13.3 – 10 exons) have been found in 

exons 1, 2, 3, 4, 5 and 10. In these regions are located site of interaction with APC (exon1, RGS 

domain), Mitogen-Activated Protein/Extracellular Regulated Kinase Kinase Kinase (MEKK), GSK3β 

(exon 3 and 4), β-catenin (exon5) and DVL (exon 10). Thus, Axin1 inactivating mutations result in 

aberrant activation of Wnt/β-catenin signaling (Salahashor S. et al., 2005).   
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CTNNB1 gene encodes for β-catenin and is located at 3p22.1. Exon 3 is the region of the gene in which 

most of CRC-associated β-catenin mutations occur and are associated to Wnt hyper-activation. 

Indeed, it contains the β-catenin-NH2-terminal regulatory domain which is essential for its 

phosphorylation by CK1α and GSK3β serine/threonine kinases (Krausova M. and Korinek V., 2014). 

Moreover, we have previously described the involvement of R-spondin, Lgr5 and RNF43/ZNRF3 in the 

feedback mechanisms that regulates the Wnt signalling through the modulation of the receptors FZD 

and LRP5/6 on the cell surface. Consequently, somatic mutations of RNF43 have been found in more 

than 18% of colorectal adenocarcinomas and endometrial carcinomas (Giannakis M. et al., 2014). 

Gene fusions involving R-spondin2 or R-spondin3 had been observed in a small fraction of sporadic 

APC-wild-type-colon cancers (Seshagiri et al., 2012). Particularly, the fusions between the protein 

tyrosine phosphatase receptor type K and RSPO3 (PTPRK-RSPO3) or the eukaryotic translation 

initiation factor 3 subunit E and RSPO2 (EIF3E- RSPO2) enhance the sensitivity to low levels of WNT, 

correlating with hyperactivation of Wnt/β-catenin signaling (Sekine S. et al., 2016). 

As previously mentioned, the loss of function of APC is one of the key driver events that disrupting 

Wnt/β-catenin signalling lead to CRC in both sporadic and hereditary settings. In-vitro, ex-vivo, and in-

vivo studies had largely demonstrated that different mutations in the APC gene result in distinctive 

Wnt pathway activation statuses and are associated with different tumour features, as well as the 

locations within the large intestine (Christie M. et al., 2013). The APC gene is located on chromosome 

5q21-22 and comprises of 16 coding and 3 noncoding exons that encodes a large protein of 310 KDa. 

Somatic APC mutations occur mainly in exon 16, which identify the mutation cluster region (MCR) 

that spans codons 1285 and 1580. It is to note that in this region occur 80% of all somatic mutations 

in CRC. Additional three mutational hotspots for somatic mutations are represented by the codons 

1309, 1450 and 1554 corresponding to nearly 7%, 8% and 5% of all somatic mutations respectively 

(Sieber O.M. et al., 2000). Compared to somatic mutations, most of APC germline mutations in FAP 

patients are detected in the 5’-half of the APC gene. Nonsense (28%) or truncating frameshift (67%) 

mutations are responsible for almost 95% of all APC germline mutations in FAP disease (Sieber O.M. 

et al., 2000). Fearnhead et al. demonstrated that in classical FAP, germline mutations occur mainly 

within exons 6-9, 10-15 which include codons between 178 and 309 and codons between 409 and 

1580 (Fearnhead N.S. et al., 2001). In addition, Lipton et al. demonstrated that the region of the APC 

gene between codons 1290 and 1400 is associated to a most severe polyposis phenotype in FAP 
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patients (Lipton L. and Tomlinson I., 2006), while codons 1061 and 1309 as two mutational hotspots 

which account for about 11% and 17% of all germline mutations, respectively (Sieber O.M. et al., 

2000).   

Mutations in the APC gene results generally to truncated and dysfunctional proteins. Recent findings 

have demonstrated that APC genetic alterations induce an autoassembly of the signalosome, 

constituted by the interaction between β-catenin and TCF, in the absence of Wnt ligands, leading an 

uncontrolled pathway activation (Saito-Diaz K. et al., 2018; McGough I.J. et al., 2018). Moreover, it has 

been demonstrated that the Wnt pathway can still be regulated by an intact degradosome containing 

the truncated form of APC. In this specific case, APC truncations induce activation of Wnt/β-catenin 

signalling by inhibiting the β-catenin ubiquitination within the destruction complex (Li V.S. et al., 

2012). Indeed, Yang et al. showed that mutated-APC proteins inside an intact and functional 

degradosome impede the release of the phosphorylated-β-catenin from the complex. As a result, the 

proper assembly of the ubiquitin ligase complex is inhibited (Jang J. et al., 2006). 

 

1.3  The mTOR signalling 

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that play a central role in 

regulating many fundamental cell processes, including protein synthesis, cell survival, proliferation 

and metabolism, cell growth, and autophagy, thus highlights the physiological importance of this 

pathway (Saxton R.A. and Sabatini D.M., 2017). 

The mTOR pathway is conserved among various organisms from yeast to humans. The main 

component involved in the mTOR signalling belongs to the phosphatidylinositol-3-kinase (PI3K) family. 

The mTOR forms two structurally and functionally distinct complexes called the mammalian target of 

rapamycin complex 1 (mTORC1) and mammalian target of rapamycin complex 2 (mTORC2) (Fig. 1.9). 

 



26 
 

Figure 1.9 Representation of the mTOR complexes mTORC1 and mTORC2 (Kim L.C. et al., 2017).  

 

Common proteins constitute both mTORC1 and mTORC2: among these we can find the mTOR central 

catalytic kinase, the scaffolding protein mLST8, DEPTOR, a regulatory subunit, and the complex 

Tti1/Tel2 responsible for the assembly and stability of the mTOR complex. Further, each complex 

harbours different subunits that ensure distinctive substrate specificity, subcellular localization and 

regulation. Indeed, mTORC1 binds to Raptor (Regulatory-associated protein of mammalian target of 

rapamycin), a scaffolding protein needed for the mTORC1 assembly, stability, substrate specificity and 

regulation, and PRAS40 (Proline-rich AKT substrate 40 kDa), involved in the inhibition of mTORC1 

activity in the absence of activating signals (Aylett C.H.S. et al., 2015).  

Conversely, mTORC2 comprises Rictor, required for mTORC2 assembly, stability, substrate 

identification and mSin1, which is required for subcellular localization. mSin1 functions also as a key 

negative regulator of mTORC2 kinase activity. Little is still known about the structure and functionality 

of mTORC2, as well as the upstream regulation mechanisms. The most certain information concerns 

the activation of the mTORC2 due to growth factor stimulation and ribosome association (Gaubitz C. 

et al., 2015). Through the known-mechanisms that regulates mTORC2 complex a positive feedback 

loop that involved AKT which direct phosphorylates mSin1 at T86 and sustains mTORC2-AKT signaling 

activation has been described, together with a negative regulation of mSin1 induced by S6K1 

phosphorylation (Kim L.C. et al., 2017). Intracellular signalling is then mediated by PI3K 

(phosphatidylinositol-3-kinase), which recruits mTORC2 to the plasma membrane (Gaubitz C. et al., 

2015). 

 

The different components, structures and locations that characterize mTORC1 and mTORC2 give to 

these two complexes distinctive peculiarities. For instance, the active isoform of mTORC2 is located 

close to the plasma and ribosomal membranes, where it interacts with its main downstream 

effectors, comprising members of the AGC family of kinases, isoforms of SGK (serum glucose kinase) 

and several PKC (protein kinase C) (Zinzalla V. et al., 2011). Conversely, mTORC1 has mostly been 

observed in contiguity with the endosomal and lysosomal membranes, with the purpose of targeting 

its downstream effectors, which include the S6K1 (S6 kinase 1) and 4E-BP1 (4E-binding protein 1) 

proteins (Kim D.H. et al., 2002). 
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In addition to the different functional and structural components, another feature that distinguishes 

the two complexes is their response to Rapamycin inhibition: indeed, while mTORC1 is also referred 

to as Rapamycin-sensitive, mTORC2 is rather classified as Rapamycin-insensitive.  

The PI3K pathway, which involved mTORC1, is frequently activated in response to growth factor’s 

signals. PIK3CA-activating mutations, RAS mutations or PTEN loss have been found to increase the 

synthesis of the second messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3) (Thorpe L.M. et 

al., 2014). Indirect activation of mTORC1 by PIP3 is usually mediated by AKT (protein kinase B), which 

in turn is activated as a result of phosphorylation of two amino acid residues, Ser473 and Thr308, 

modified by mTORC2 and PDK1 (pyruvate dehydrogenase kinase 1) respectively. The latter, similar to 

mTOR, is a serine/threonine kinase recruited to the plasma membrane by PIP3. Active-AKT 

phosphorylates TSC2 (tuberous sclerosis complex 2), preventing  its association with TSC1. The 

TSC1/TSC2 heterodimer functions as a negative regulator of RHEB (Ras homolog enriched in brain) 

and prevents the binding of the guanosine-5'-triphosphate (GTP)-loaded RHEB to mTORC1. Therefore, 

TSC2 phosphorylation allows the guanosine-5'-triphosphate (GTP)-loaded RHEB to bind to mTORC1, 

leading to the activation of the signalling (Inoki K. et al., 2003; Tee A.R. et al., 2003).  

Moreover, AKT directly activates mTORC1 by phosphorylating PRAS40, which dissociates from the 

complex to prevent the inhibition of the signalling (Sancak Y. et al., 2007). 

One further signalling involved in the activation of mTORC1 is the Ras-MAPK (MAP kinase) pathway, in 

which ERK (extracellular signal-regulated-kinase) and RSK (Ribosomal S6 kinase) phosphorylate TSC2 

on specific amino acid residues, triggering the activation of mTORC1 mediated by RHEB. In addition, 

similar to AKT, RSK phosphorylates PRAS40 resulting in its dissociation from the complex and mTORC1 

activation (Carrière A. et al., 2008). 

Although growth factors are primarily responsible for initiating the PI3K/AKT and Ras-MAPK 

pathways, which are mostly implicated in cell proliferation, the abundance of nutrients, energy, and 

macromolecules necessary to support the cell growth are rate limiting factors for the activation or 

inhibition of mechanisms that controls cell proliferation. This idea is supported by the fact that for 

example mTORC1 responds strongly to intracellular ATP, glucose, and certain amino acids including 

glutamine, leucine, and arginine. Indeed, low intracellular levels of ATP together with high amounts in 

AMP, activate AMPK (AMP kinase), which promotes the heterodimerization of TSC1 and TSC2,  

enhancing the inhibition of mTORC1 and blocking the cellular proliferation (Inoki K. et al., 2003). In 



28 
 

addition, when the level of amino acids is reduced, mTORC1 cannot be recruited to the lysosomal 

membrane, where the complex is activated by RHEB (Long X. et al., 2005). 

It's interesting to note that cells can sense the intracellular type and localisation of amino acids to 

ascertain the mechanism governing the regulation of mTORC1. For example, RAG-GTPases are 

activated by intralysosomal arginine and cytoplasmic leucine, and after associating with RAPTOR, the 

RAG-GTPases enable mTORC1 localization on the lysosomal membrane. Conversely, cytoplasmic 

glutamine, through a RAG-independent mechanisms, coordinates the proper localization of mTORC1 

to exert its catalytic activity (Stracka D. et al., 2014).  

Activated-mTORC1 phosphorylates the eukaryotic translation initiation factor 4E (eIF4E) binding 

protein 1 (4E-BP1), and p70S6 ribosomal kinase 1 (S6 Kinase 1 [S6K1] or p70S6 ribosomal kinase 1), 

two downstream target of the pathway. Additional mTORC1 downstream  effectors include 4E-BP1 

(eukaryotic translation initiation factor 4E-binding protein 1) and S6K1 (ribosomal protein S6 kinase 1) 

proteins that are involved in the regulation of both cap-dependent and independent translation 

initiation. Interestingly, it has been observed that increased cap-dependent translation leads to 

typical carcinoma features, such as increased cell size and proliferation (Dowling R.J.O., 2010). 

4E-BP1 and S6K1 phosphorylated by mTORC1 are no longer able to interact with elF-4E and elF-3, 

respectively, allowing the latter to carry on the formation of the translation initiation complex. S6K1, 

in turn, phosphorylates elF-4B and S6R (S6 ribosomal) proteins, a component of the 40S ribosomal 

subunit, thus enabling translation initiation (Holz M.K. et al., 2005). Finally, S6K1, by phosphorylating 

eEF2 (eukaryotic elongation factor 2 kinase), also plays a key role in the positive regulation of the 

elongation stage (Browne G.J. and Prowd C.G., 2004) (Figure 1.10). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/eukaryotic-translation


29 
 

 

Figure 1.10 Summary of the mTOR pathway (Kim L.C. et al., 2017). 

 

Compare to mTORC1, the mTORC2 downstream pathway is poorly characterized. Within the complex, 

the presence of mSin1 facilitates the localisation of the complex at the plasma membrane to ensure 

proximity to the mainly regulated targets: AKT, SGK (serum/glucocorticoid regulated kinase) and PKC 

(protein kinase C). Hence, the idea that the mTORC2 localisation is a key feature for its proper 

regulation (Liu P. et al., 2015). mSin1 is one of the main proteins involved in this regulation and is 

characterized by a PH (pleckstrin homology) domain that is responsible for anchoring the complex to 

the plasmalemma, after direct interaction with phosphatidylinositols. Mutations in this domain affect 

the mSin1-inhibitory activity toward mTORC2 and lead to constitutive activation of the mTORC2/AKT 

signalling (Liu P. et al., 2015). Furthermore, it has been observed that Akt-T86 residue-
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phosphorylation of mSin1 trigger a positive feedback that sustain the mTORC2/AKT pathway 

activation. Recently, new regulatory functions of mSin1 involving the PH domain have been identified. 

Accordingly, the PH domain, part of the mSin1 structure, can bind to phosphorylated RB 

(retinoblastoma protein), a cytosolic component normally involved in cell cycle regulation and 

mutated in a variety of cancers. When mSin1 forms a complex with RB prevents the binding between 

mTORC2 and AKT, contributing to a negative regulation of the pathway (Thian T. et al., 2019) (Figure 

1.10). 

 

1.3.1 mTOR pathway in CRC  

Several studies have demonstrated the contribution of mTOR pathway in the development of CRC, 

however mutation of the mTOR gene has been found only occasionally. Recently, Chang W.J. et 

al. reported that MTOR gene is aberrantly activated in more than 70% of cancers and plays a 

significant role in CRC tumorigenesis with a particular correlation with the ethnicity of patients. In the 

same study, altered expression of MTOR gene was also correlated with CRC with high-MSI, high 

tumour mutation burden and tumour-infiltrating immune cells features (Wang C. et al., 2022).  

Despite these findings, the over-activation of the mTOR pathway is mostly due to genetic alterations 

in the upstream regulators of mTOR signalling. For example, both PIK3CA mutations and PTEN leads 

to mTOR over-activation. Indeed, members belonging to the PI3K family, through their catalytic 

activity, have been described to promote the conversion of PIP2 (phosphatidylinositol 4,5-

bisphosphate) to PIP3 (phosphatidylinositol 3,4,5-trisphosphate), which in turn is responsible for the 

activation of PDK1 (phosphoinositide-dependent kinase-1) and mTORC2. PDK1 activation can be 

reverted by PTEN, which dephosphorylates PIP3 into PIP2 (Scheid M.P. et al., 2002). The interaction 

between an abnormal abundance or activation of insulin or insulin-like growth factors (IGF) and 

receptors such as EGFR (epidermal growth factor receptor), PDG-FR (platelet-derived growth factor 

receptor) and IGF-1R (insulin like growth factor-1 receptor) can also trigger the mTOR signalling, by 

activating the PI3K pathway, and consequently supporting cell proliferation, growth and survival 

(Vivanco I. and Sawyers C.L., 2002). Indeed, members belonging to the PI3K family, through their 

catalytic activity, have been described to promote the conversion of PIP2 (phosphatidylinositol 4,5-

bisphosphate) to PIP3 (phosphatidylinositol 3,4,5-trisphosphate), which in turn is responsible for the 
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activation of PDK1 (phosphoinositide-dependent kinase-1) and mTOR. PDK1 activation can be 

reverted by PTEN, which dephosphorylates PIP3 into PIP2. (Scheid M.P. et al., 2002).  

Mutations in the PI3K/PTEN/AKT pathway have been identified in several colorectal cancer cell lines 

(Ekstrand A.I. et al., 2010) and a high frequency of somatic mutations in the PI3K/AKT/mTORC1 

pathway components has been reported in Lynch syndrome (Pandurangan A.K., 2013). Moreover, 

gain-of-function mutations in the PIK3CA gene have been linked to proximal colorectal cancer (CRC) 

and have been reported in 20%–25% of patients (Voutsadakis IA., 2021). Conversely, PI3K-negative 

regulator PTEN is usually affected by inactivating mutations, 10q23 loss of heterozygosis, or 

epigenetic silencing (e.g. promoter hypermethylation) and have been found mutated especially in CRC 

with MSI in both sporadic and hereditary settings (Molinari F. and Frattini M., 2014). Further, 

mutations in the Akt genes are rare event in CRC accounting for 1.73% of colorectal carcinoma (AACR 

project GENIE, 2017). AKT1 somatic missense mutation E17K is the most representative in CRC and 

other solid tumours (Carpten J.D. et al., 2007). This mutation causes mutated-Akt to be more easily 

phosphorylated in Ser473 and Thr308, resulting in a prolonged activation, which may lead to 

derangement of mTOR (Landgraf KE et al., 2008).  

Moreover, TSC1/TSC2 deleting mutation are also rare event in CRC. Germline pathogenic mutations 

in TSC1 and TSC2 are mainly responsible for Tuberous Sclerosis Complex (TSC), an autosomal 

dominant and heterogeneous disease that have been associated with occurrence of gastrointestinal 

polyposis (most of them are hamartomatous) and pancreatic neuroendocrine tumours (Reis L. et al., 

2020). Indeed, TSC2 exon 2–16 deletion is the most representative mutation resulting in the complete 

removal of the TSC1 binding domain (T1BD) at the N-terminus of the TSC2 protein. This domain is 

critical for TSC1-TSC2 interaction (TSC complex formation), that, when altered, results in 

ubiquitination and degradation of TSC2, causing a the accumulation of Rheb-GTP and the subsequent 

activation of the mTORC1 pathway (Rosset C. et al., 2017). Moreover, with the occurrence of DNA 

damage or oxidative stress, p53 inhibited mTOR by promoting both SESTRIN1/2 activation, which is 

responsible for AMPK enhancement, and TSC2 expression (Budanov A.V. and Karin M., 2008). These 

evidence highlighted how aberrant activation of mTOR ,resulting from mutated-p53, leads to the 

transition from adenoma to carcinoma stage (Marcowitz S.D. et al., 2009).  

Finally, RAS is a GTPase responsible for signal transduction triggered by activation of receptor tyrosine 

kinase (RTK) receptors. RAS protein affects downstream pathways involved in cell growth, survival, 
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and differentiation. The three most studied components belonging to the Ras family are H-RAS, N-RAS 

and K-RAS (Rajalingam K. et al., 2007); the latter has been classified as one of the most frequently 

mutated genes in colorectal cancer. RAS indirectly affects mTOR activity, both through the MAPK and 

PI3K/AKT cascades (Rajalingam K. et al., 2007). 

 

1.4  The cross-talk between Wnt/β-catenin and mTOR in CRC 

Most of the evidence demonstrating the involvement of the PI3K/AKT/mTORC1 signalling in the 

development of APC-driven CRC results from the study of murine models. Indeed, in intestinal polyps 

of the ApcΔ716 mouse model of FAP increased levels of mTORC1 signalling activation have been 

reported, and treatment of these mice with the mTORC1 inhibitor everolimus showed reduced 

tumour burden (Fujishita T. et al., 2008). Similar results have been observed in the ApcMin/+ mouse 

model of FAP and in the Apc conditional knock-out mouse model, following rapamycin treatment 

(Valvezan A.J. et al., 2014; Hardiman K.M. et al., 2014). 

Further research elucidated the role of mTORC1 signalling in the process of APC inactivation. As a 

matter of fact, while mTORC1 activation is essential for maintaining the viability and growth of murine 

enterocytes, following APC gene deletion, its suppression has no discernible impact on the intestines 

of APC wild-type mice (Faller W.J. et al., 2015). Faller et al. outlined critical mechanisms that related 

APC loss-induced colorectal carcinogenesis to mTORC1 activation. Notably, after the deletion of the 

APC gene, they found that active mTORC1 increases the rate of elongation translation by activating 

eEF2 and blocking the elongation factor 2 kinase (eEF2K) via S6K. Significantly, the involvement of the 

mTORC1-S6K-eEF2K-eEF2 axis appears essential to ensuring the development and proliferation of 

APC-deficient enterocytes. Moreover, in a study crossing ApcMin/+ and FC PIK3ca* mice, the 

formation of colonic lesions was shown to be synergistically affected by the Wnt/β-catenin and 

PI3K/AKT/mTORC1 pathways. The simultaneous activation of both pathways, due to a germ-line 

mutation in the APC gene and the constitutive intestinal activation of PI3K, increased tumor initiation 

and progression (Deming D.A. et al., 2014). A different study demonstrated that while mTORC1 

inhibition may prevent APC mutant colorectal cancer, it may also promote carcinogenesis in chronic 

inflammatory bowel disease. Indeed, mTORC1 signalling provides a protective function by promoting 

intestine regeneration after injury in an environment of chronic inflammation (Brandt M. et al., 2018).  
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Wnt/β-catenin and PI3K/AKT/mTORC1 pathways share some effectors critically involved in both 

signaling pathways. The most important are briefly described below.  

 

1.4.1 GSK3β  

GSK3 is a shared essential factor that participates in both PI3K/AKT/mTORC1 and Wnt/β-catenin 

signalling pathway and control numerous cellular functions. Because of its critical role in multiple 

cellular functions, GSK3 kinase protein is constitutively active and several feedback negative 

mechanisms are responsible for its modulation. Indeed, independent intracellular pools of GSK3β 

have been associated with the inhibition of PI3K/AKT/mTORC1 and Wnt/β-catenin pathways. 

Likewise, the activation of both signalling pathways leads to the inhibition of GSK3β activity through 

distinctive upstream events (Kadanovich-Beilin O. et al., 2011). 

During the different stages of activation or inactivation of the Wnt pathway, GSK3 is mainly regulated 

via intracellular sequestration and protein–protein interactions. Indeed, as described above, the 

interaction between GSK3β, AXIN1 and APC  plays a critical role in the regulation of β-catenin. While 

AXIN1 within the degradosome sustains GSK3β in phosphorylating the β-catenin in Wnt signalling-off 

conditions (Ikeda S. et al., 1998), the dissociation of APC from AXIN1 triggers the activation of the 

pathway and reduces the kinase activity of GSK3β, resulting in the stabilization and nuclear 

translocation of β-catenin (Valvezan A.J. et al., 2012).  

Within the PI3K/AKT/mTORC1 pathway, upon activation of PI3K, active-phosphorylated AKT can 

inhibit the kinase activity of GSK3β through phosphorylation on Ser9. S6K can also phosphorylate 

GSK3β enhancing its inactivation when reduced active-AKT levels occur (Zhang H.H. et al., 2006). 

Importantly, the Wnt/β-catenin pathway is not directly influenced by AKT. Indeed, evidences have 

demonstrated that AKT-mediated phosphorylation at Ser9 is not a mechanism involved in GSK3β 

inactivation upon WNT stimulation (Prossomariti A. et al., 2020).  

The mechanisms involving the regulation of GSK following activation of both Wnt and mTOR pathways 

do not always imply a direct effect on β-catenin accumulation. Indeed, Valvezan et al. showed that  

loss of APC resulted in dysregulation of GSK3β with reduced kinase activity in association with 

mTORC1 activation through a mechanism independent of β-catenin accumulation. This means that 

inhibition of APC is a crucial event for the simultaneous induction of β-catenin and mTORC1 signalling 
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through distinct downstream mechanisms that share upstream inhibition of GSK3β (Valvezan A.J. et 

al., 2012). 

In addition, Wnt pathway has been found to influence protein synthesis by activating the mTORC1 

signalling, leading to phosphorylation of S6K and 4E-BP1 through the axis APC-AXIN-GSK3β and TSC2, 

without affecting β-catenin accumulation or degradation (Inoki K. et al., 2006). 

 

1.4.2 FZD and DVL 

Zeng et al. demonstrated that mTORC1 had a negative regulatory effect on the Wnt/β-catenin 

signalling pathway, by modulating the expression of the Wnt receptor FZD with the involvement of 

the Wnt-positive regulator DVL and its association to the clathrin AP-2 adaptor (Zeng H. et al., 2018). 

They reported also that the mTORC1-driven inhibition of the Wnt signalling impaired intestinal 

organoids’ stem cell functions, emphasizing the significance of reciprocal regulation for intestinal 

homeostasis maintenance.  

 

1.4.3 DEPTOR  

DEPTOR is mostly recognized as a suppressor of mTOR. However several studies have demonstrated 

that DEPTOR can contribute to cancer cell proliferation and survival in different cancer settings (Zhang  

H.R. et al., 2013; Parvani J.G. et al., 2015; Srinivas K.P. et al., 2016). Wang et al. demonstrated that 

DEPTOR is a direct target of the Wnt/β-catenin/c-Myc signalling in CRC cells. Indeed, they found 

increased DEPTOR expression after Wnt activation or c-Myc overexpression, and decreased 

expression in inhibited-Wnt/β-catenin or c-Myc settings. More importantly, the study showed that  

mTOR increase its activation after inhibiting Wnt/β-catenin/c-Myc signalling. These was found to be 

related to the ability of c-Myc to bind to the promoter of DEPTOR, influencing its transcription, thus, 

identifying DEPTOR as a downstream target of the Wnt/β-catenin/c-Myc signaling pathway (Wang Q. 

et al., 2018).  
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1.4.4 The cross-talk between Wnt/β-catenin and mTOR in drug resistance  

Wnt and mTOR pathways control the homeostasis of intestinal and cellular functions. These pathways 

regulate each other to maintain cell function by preventing their overactivation or inhibition, thus the 

cross-talk between Wnt and mTOR signallings influence the effectiveness of target inhibitors. 

 

• mTOR Inhibitors resistance 

Everolimus and temsirolimus are two mTORC1 inhibitors whose efficacy have been evaluated in phase 

II clinical trials in metastatic CRC patients. PIK3CA mutations play a relevant role in mediating the 

effectiveness of these treatment in CRC. A small retrospective analysis of tumors with 

activating PIK3CA mutations showed that everolimus had no relevant effect. In contrast, the dual 

inhibition of both PI3K and mTOR resulted more effective in contrasting the occurrence of drug-

resistance mechanism against mTORC1 inhibitors. In fact, it has been shown that the combination of 

an additional mTORC1/2 inhibitor to everolimus could restore sensitivity in PIK3CA-mutant CRC in 

preclinical models; accordingly, the dual PI3K/mTOR inhibitors PKI-587, XL765, BEZ235, and 

LY3023414 have successfully completed phase I clinical trials in patients with advanced solid tumors, 

including CRC. In addition, recent studies have revealed that activating the Wnt/β-catenin pathway 

can make PIK3CA-mutant CRC cells resistant to the dual PI3K/mTOR inhibitor PKI-587 (Park Y.-L. et al., 

2019). Conversely, inactivated GSK3β can restore sensitivity to the same inhibitor. Although these 

results could appear contradictive considering the role of GSK3β as a negative regulator in the Wnt/β-

catenin pathway, the presence of different and independent GSK3β pools can explain how the 

endogenous levels of GSK3β determine the efficacy of mTORC1 inhibitors in CRC. Indeed, lower levels 

of GSK3β have been linked to resistance to mTORC1 inhibitors. ù (Thorne C.A. et al., 2015). Recently, 

Foley et al. have suggested that targeting both PI3K and mTOR using BEZ235 and LY3023414 inhibitors 

could be an effective treatment strategy for CRC patients with concomitant APC and PIK3CA 

mutations (Foley T.M. et al., 2017). 

 

• Tankyrase inhibitors resistance 

Tankyrase inhibitors (TNKSi) stabilize AXIN1 and inhibit the Wnt signalling activation. Despite TNKSi 

like XAV939, IWR-1, JW74, and G007-LK showed effective inhibition of Wnt/β-catenin pathway in 

CRC-in vitro and -in vivo models, they also demonstrated intestinal cytotoxicity in a CRC cell line-
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dependent manner (Mehta C.C. and Bhatt H., 2021). Recently, using the TNKSi-resistant cell line 320-

IWR, it was reported activation mTORC1 as a mechanism of resistance to TNKSi IWR-1 and G007-LK 

(Mashima T. et al., 2017). This mechanism was found to be reversed after mTORC1 inhibition with 

temsirolimus. Taken together these data support the hypothesis that mTORC1 activates after Wnt/β-

catenin signalling inhibition to ensure cancer cell survival, demonstrating how the two pathways are 

relevant and in close connection for cell growth in both healthy and cancer settings.  

More recently, a combination of TNKSi inhibitor G007-LK, PI3K inhibitor NVP-BKM120, and the 

epidermal growth factor receptor (EGFR) inhibitor erlotinib was tested on TNKSi-sensitive COLO320 

DM and TNKSi-insensitive HCT-15 cell lines CRC cell lines and xenografts. After treatment, they 

reduced cell growth in-vitro and tumour size in vivo by modulating multiple effectors of different 

cancer-related pathways including Wnt/β-catenin, AKT/mTOR, EGFR, and Rat Sarcoma (RAS) 

signalling. The effectiveness of the treatment was affected by the distinctive genetic background of 

the models selected for the study (Solberg N.T. et al., 2018).  

 

1.5  Omega-3 Polyunsaturated Fatty Acids  

Fatty acids (FAs) are carboxylic acids that consist of a long hydrocarbon chain. The two ends of the 

chain are characterized by a carboxylic (-COOH) and a methyl group (-CH3) respectively. The last 

carbon of the hydrocarbon chain can be identified as n or ω, based on the adopted nomenclature 

system.  

FAs can be distinguished in: (i) the saturated fatty acids (SFAs), characterized by the presence of single 

bonds saturated with hydrogen atoms; (ii) the monounsaturated fatty acids (MUFAs), which contain 

only one double bond along the chain; and (iii) the polyunsaturated fatty acids (PUFAs), characterized 

by multiple double bonds not saturated with hydrogen atoms. 

PUFAs are essential fatty acids that are crucial for human health, however, since the human body 

cannot produce them, they must be obtained through the diet (Kaur et al., 2014). There are two main 

families of essential PUFAs: ω-3 and ω-6, which are distinguished by the position of the first double 

bond in the chain starting from the methyl group (Wall R. et al., 2010). Linoleic acid (LA; C18:2 ω-6) is 

the precursor of ω-6 series fatty acids and can be found in vegetable oils (e.g. corn oil, safflower oil, 

and soybean oil) or nuts and sunflower seeds. Conversely, the ω-3 fatty acids derived from alpha-



37 
 

linoleic acid (ALA; C18:3 ω-3), of which fish oil, flaxseeds, rapeseeds, hempseed, and canola oil are 

enriched (Calder P.C., 2009).  

LA and ALA undergo a maturation process in the endoplasmic reticulum where they are elongated 

and further unsaturated into long chain (LC) PUFAs by the Δ6- and Δ5-desaturase enzymes and the 

Elovl-5 and Elovl-2 elongase. In addition, β-oxidation reaction occurring in the peroxisomes is required 

to shorten the fatty acid chain (Emery S. et al., 2013). The ω-6 arachidonic acid (AA 20:4 ω-6), and the 

ω-3s eicosapentaenoic acid (EPA 20:5 ω-3) and docosahexaenoic acid (DHA 22:6 ω-3) derived from 

the conversion of LA and ALA, respectively. Importantly, apart from their derivation, the ω-6 and ω-3 

LC-PUFAs can be considered as two distinctive classes with opposite physiological functions. 

Importantly, ω-6 and ω-3 PUFAs competes for accessing the Δ6-desaturase, which demonstrates 

higher affinity for ALA. Given the importance of diet as a supply, especially in the Western diet, LA is 

the primary source of PUFA. As a result, the Δ6-desaturase enzyme typically uses it as a substrate 

(Harris W.S. et al., 2009). Therefore, the introduction of food enriched in EPA and DHA in the diet can 

help to reduce AA synthesis and the production of eicosanoids derived from ω-6 PUFA metabolism 

(Hull M.A., 2011).  

PUFAs are then incorporated into cellular membranes as a lipid component of phospholipids, leading 

to changes in the membranes' physical and chemical properties as well as their function (Serhan C.N. 

and Chiang N., 2008). They also play a role in producing bioactive lipids known as eicosanoids, which 

have a multifaceted and complex function in the body (Larsson S.C. et al., 2004). Eicosanoid involves 

AA and EPA as precursors and are bioactive hormone-like lipids, that despite a short lifespan, are 

largely involved in pathophysiological processes (e.g. the regulation of cellular growth and 

differentiation and the modulation of inflammatory and immune responses)(Larsson S.C. et al., 2004). 

The cyclooxygenases enzymes, COX-1 and COX-2 enzymes, respectively, the lipoxygenases (LOX) 

enzymes and cytochrome P450 monooxygenases (CYP) use AA and EPA for eicosanoid biosynthesis of 

prostaglandins (PGs) and thromboxanes (TXs), lipoxins (LXs), leukotrienes (LTs) and hydroxy fatty 

acids, hydroxy fatty acids, dihydroxy fatty acids, and epoxy fatty acids, respectively (Larsson et al., 

2004). 

Importantly, different LC-PUFAs were generated from AA or EPA. For example, the 2-series PGs and 

TXs, the 4-series LTs and the hydroxy and hydroperoxy derivatives (5-HETE and 5-HPETE) generate 
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from the metabolism of AA, while the 3-series PGs and TXs and the 5-series LTs were obtained from 

EPA as substrate (Lands B., 1992) 

 

1.5.1 Antineoplastic properties of omega-3 PUFA  

The anti-cancer properties of omega-3 polyunsaturated fatty acids (PUFAs) can be attributed to the 

regulation of several molecular and cellular mechanisms. Among these, the most recognized and 

described is the inhibition of COX-2 enzyme, involved in many inflammatory processes and often 

deranged in different types of cancer, including colorectal cancer (CRC). EPA and DHA can function as 

alternative substrates for COX-2 enzymes, which stimulates the synthesis of anti-inflammatory and 

anti-tumorigenic '3-series' PGs (PGE-3) instead of the pro-inflammatory and pro-tumorigenic '2-series' 

PGs (PGE-2) (Calviello G. et al., 2007).  

Prostaglandins are a type of molecule found in the body that are categorized into different series. 

Prostaglandins belonging to the E-series, such as PGE2 and PGE3, are characterized by a carbonyl 

group on Carbon-9 and a hydroxyl group on Carbon-11. Additionally, all natural prostaglandins have a 

double bond between Carbon-13 and Carbon-14. However, the number of double bonds varies 

depending on the fatty acid from which they originate. PGE2 has two double bonds (between 13C-14C 

and 5C-6C), while PGE3 has three double bonds (between 13C-14C, 5C-6C, and 17C-18C). 

In a study conducted by Hawcroft et al., it was observed that treating colorectal cancer (CRC) cell lines 

with ω-3 PUFA EPA in the FFA form resulted in a decrease in COX-2-driven PGE2 synthesis, leading to 

a "PGE2-to-PGE3 switch". The study also showed that in the presence of PGE-2, PGE-3 had the ability 

to counteract the protumorigenic signaling mediated by the EP4 receptor (Hawcroft G. et al., 2010). In 

addition, in nude mice inoculated with HT29 cells, EPA and DHA were found to significantly reduce 

PGE-2 synthesis and tumor growth (Jia G. et al., 2008; Calviello G. et al., 2004). Moreover, the 

presence of ω-3 PUFAs influences the production of resolvins and protectins. Indeed, EPA functions as 

a substrate for production of RvE1, while DHA leads to the production of D-series resolvins and 

protectins. These downstream effectors demonstrated important anti-inflammatory properties in 

animal models of acute inflammation (Serhan C.N. et al., 2008). 

As mentioned previously, ω-3 PUFAs can induce changes into the organization of cell membranes, by 

altering the composition, structure, and function of lipid rafts or caveolae. These are small portions of 

the membrane that are enriched with cholesterol, sphingolipids, and saturated acyl chains. Lipid rafts 
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compartmentalize proteins and lipids, which functions as signaling scaffolds, thus the modulation of 

the lipid rafts could be relevant in mediating the anti-cancer activity of ω-3 PUFA (Turk H.F. and 

Chapkin R.S., 2013).  

Together with the composition, ω-3 PUFA alter also the fluidity of the plasma membrane, impacting 

the location of cell surface receptors. Among these, the epidermal growth factor receptor (EGFR) is 

crucial in the development and progression of colon cancer. Turk et al. treated young adult mouse 

colonic (YAMC) cells with DHA. They found an EGFR displacement responsible for an altered signal 

transduction, which affected the cell proliferation. Same results were observed in vivo with decreased 

tumor incidence in a DHA-treated AOM-DSS mouse model (Turk H.F. et al., 2012). 

ω-3 PUFAs may have an anti-tumorigenic effect also by altering the cellular redox state. Due to their 

high degree of unsaturation, LC-PUFAs are particularly susceptible to lipid peroxidation. When 

incorporated into the cellular membrane, they can stimulate the generation of reactive oxygen 

species (ROS) and cause oxidative stress. Enhanced oxidative stress induced by the fermentation 

product butyrate was observed in mouse colonocytes after DHA treatment. This was concomitant 

with an induction of apoptotic pathways (Ng Y. et al., 2005). Similar results were found in 7 solid tumor 

cell lines including SW620, HT-29 and LS147T CRC cell lines in response to arsenic trioxide (As2O3) 

combined with DHA. However, Baumgartner et al. didn't find toxic effects on cell deriving from healthy 

donor. They also found that the toxicity of the treatment was associated with an increase of 

intracellular lipid peroxidation (Baumgartner et al., 2004). Beneficial and harmful effects of lipid 

peroxidation on cancer development have been described. For example, a protective effects of ω-3 

PUFAs in cancer had been linked to the ability to modulate gene expression by activating the 

peroxisome proliferator-activated receptors (PPARs). This family of nuclear receptors comprises three 

isoforms of PPARs, namely α, β/δ, and γ, all of which heterodimerize with retinoid X receptor α 

(RXRα). PPAR γ and δ are expressed in the colon, and EPA and DHA are natural ligands of these 

receptors. Thus, ω-3's anti-neoplastic characteristics may be linked to inhibit cell proliferation and 

induce apoptotic processes through PPAR γ activation (Edwards I.J. and O’Flaherty J.T., 2008). 
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1.6  Green Tea Catechins  

Green tea is a widely consumed beverage that has been associated with reduced risk of several 

chronic diseases, such as cardiovascular diseases, metabolic syndrome such as diabetes, 

neurodegenerative disorders, inflammatory diseases, and different types of cancers. Catechins are 

mainly involved in the health benefits of green tea. They include catechin (C), epicatechin (EC), 

epigallocatechin (EGC), epicatechin gallate (ECG), and epigallocatechin gallate (EGCG). Among these 

five most representative catechins in the green tea, EGCG has been identified as the biologically active 

and most abundant, providing for at least 50% of the total catechin content in green tea leaves (Khan 

N. et al., 2006). 

EGCG, when orally administered, is firstly absorbed in the intestine. However, its bioavailability 

resulted poor due to oxidation, metabolism, and efflux as reported by Kale A. et al. (Kale A. et al., 

2010). Accordingly, the metabolism of EGCG in the intestine is highly dependent on the gut 

microbiota that plays a significant role in leading EGCG to several conversions, including hydrolysis. 

Indeed, by using a rat model, Takagaki et al., found that EGCG is first hydrolyzed to EGC and gallic acid 

by Enterobacter aerogenes, Raoultella planticola, Klebsiella pneumoniae, and Bifidobacterium 

longum. In this postulated microbiota-driven metabolic pathways it has been suggested that 5-(3,5-

dihydroxyphenyl)-4-hydroxyvaleric acid is the primary metabolite of EGCG that can be found in both 

in rat cecal contents and feces and resulted after several conversions and degradation of EGC. Further 

conversion of this compounds has been described and a glucuronid form has been described as one of 

the most abundant EGCG metabolite in urines (Takagaki A., Nanjo F.et al., 2010). Importantly, the 

EGCG metabolic pathways appeared strictly dependent on the method of administration. Indeed, it 

was found that 4’,4’’-di-O-methyl-EGCG represent the main metabolite after EGCG intravenous 

administration, while 4’’-O-methyl-EGCG was detected in the small intestine, colon, liver, and 

prostate of mice after intragastric administration (Lambert J.D. et al., 2006).  

 

1.6.1. Cancer antineoplastic properties of catechins 

EGCG exhibits versatile bioactivities and several in-vitro, in-vivo, and clinical studies, have 

demonstrated that EGCG exerts anti-cancer effects through the activation/inhibition of different 

signalling pathways, most of which are triggered by the direct interaction between EGCG and specific 
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protein targets. The main EGCG-antineoplastic mechanisms include the activation of anti-oxidant and 

detoxification systems (Lambert J.D. et al., 2010), alteration of the cell cycle (Gupta S. et al., 2004), 

suppression of mitogen-activated protein kinase (MAPK) and receptor protein kinase (RTKs) 

pathways, inhibition of clonal expansion of the tumour-initiating stem cell population, and production 

of epigenetic changes in gene expression (Alam M. et al., 2022). 

The effects of EGCG on cancer stem cells have been documented in various malignancies, including 

breast, lung, and colorectal cancer. Several anticancer mechanisms have been described. For 

example, EGCG can modulate proteins involved in cell cycle regulation (e.g. cyclins, CDKs) or protein 

that activates or inhibit apoptosis (e.g. Bax, Bcl-2, and Bcl-XL). Many proteins control the cell cycle 

progression and consequently the cell proliferation. Cyclins, together with p53, p73 and Survivin are 

the some of those and most representative (Feitelson M.A. et al., 2015; Suzuki A. et al., 2000; Di 

Agostino S. et al., 2006). In human pancreatic cancer cells EGCG was found to arrest the cell cycle at 

G1 stage by suppressing Cyclins proteins such as Cyclin D1, CDK4 and CDK6 and increasing the 

expression of p21 and p27 (Shankar S. et al., 2007). EGCG has been demonstrated to trigger apoptosis 

through a broad spectrum of mechanisms. One of those is related to the production of reactive 

oxygen species (ROS) that inhibit the proliferation of cancer cells by enhancing apoptosis (Lambert 

J.D. et al., 2010). However it has been demonstrated that catechins, including EGCG, can acts also as 

radicals scavenger under conditions of heightened oxidative stress (Bernatoniene J. et al., 2018). 

EGCG has been found to trigger apoptosis in PC3 prostate cancer and MCF-7 breast cancer cells via 

the mitochondrial pathway, inducing the activation of Caspase-9 (Tang Y. et al., 2007; Hagen R.M. et 

al., 2013). Similar results have been reported by Shankar et al. in human pancreatic cancer cells 

(Shankar S. et al., 2007). Conversely, in another model of human pancreatic cancer cell line (MIA 

PaCa-2) EGCG demonstrated the ability to trigger the death receptor signaling through Fas and DR5, 

enhancing Caspase-8 activation (Basu A. et al., 2009). In addition, EGCG in some systems was found to 

activate apoptosis by triggering both the apoptotic pathways (Wu A.H. et al., 2009). Moreover, EGCG 

can modulated also several pro-apoptotic proteins, such as BAD, BAK, BAX, BCL-XS, BID, BIM, NOXA, 

PUMA and SMAC, and anti-apoptotic proteins, such as BCL-2, BCL-XL, c-FLIP, MCL-1 and XIAP to 

influence apoptosis progression (Alam M. et al., 2022), supporting the anti-cancer activity of EGCG.  
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2. AIM OF THE WORK 

Although cancer development in patients with FAP and sporadic CRC is essentially driven by Wnt/β-

catenin signaling alterations, relevant cross-talks with PI3K/mTOR pathway in APC-driven intestinal 

tumorigenesis has been largely described (Clevers H. et al., 2012; Gulhati P. et al., 2009; Kim L.C. et al., 

2016), outlying the existence of an oncogenic network that dynamically involves both Wnt/β-catenin 

and mTOR signaling. PI3K inhibitors, the mTOR inhibitors Rapamycin and RAD001 demonstrated 

strong anti-neoplastic effects in APC-mutated CRCs and mouse models (Hardiman K.M. et al., 2014; 

Fujishita T. et al., 2008). Despite their effectiveness, long-term treatment often failed due to the 

acquisition of resistance mechanisms. Recent studies indicated that the combination of multiple 

inhibitors resulted in a more effective treatment (Prossomariti A. et al., 2020). Indeed, a combination 

of tankyrase, PI3K and EGFR inhibitors were found to be effective against CRC by modulating multiple 

pathways, including Wnt/β-CATENIN, AKT/mTOR, EGFR and RAS (Solberg N.T. et al., 2019). 

Noteworthy, bioactive molecules such as the ω3-Polyunsaturated fatty acid (PUFA) Eicosapentaenoic 

Acid (EPA) and the green catechin Epigallocatechin-3-Gallate (EGCG) showed preventive effects in CRC 

cell lines by inhibiting the PI3K/mTOR pathway and reducing β-CATENIN levels (Oh S. et al., 2014; Van 

Aller G.S. et al., 2011). We also previously tested the effects of EPA on in vitro and in vivo models, 

including the ApcMin/+, showing strong anti-cancer effects (Piazzi G. et al., 2014; Fazio C. et al., 2016), 

and we demonstrated that EPA in combination with proanthocyanidins (from grape seeds) and 

Epigallocatechin-3-Gallate (EGCG), resulted in a potent mTOR inhibitory effect in CRC cell lines 

(D’Angelo L. et al., 2014).  

On the basis of these knowledge, this thesis aim at investigating in in-vitro and ex-vivo models how a 

combination of Rapamycin, ω3-PUFA Docosahexaenoic Acid (DHA) and EGCG influences the activation 

of Wnt/β-catenin and PI3K/mTOR pathway in several mutated settings (including the wild-type, the 

APC-mutated, and the non-APC-mutated), to delve into the mechanisms involved in the cross-talk of 

the two pathways and in drug-responsiveness, and to define an effective and synergic 

chemopreventive strategy against APC-driven CRC onset and progression in both hereditary (FAP) and 

sporadic settings.   
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3. MATERIALS AND METHODS 

3.1 Patients’ enrollment 

Eight unoperated FAP (aged 19-57 years) and ten CRC patients (aged 51-80 years) together with 

twelve FIT+ subjects (aged 50-70 years) who resulted negative during screening colonoscopy, were 

enrolled at the IRCCS S.Orsola-Malpighi Hospital (Bologna, Italy). The study was conducted according 

to the Good Clinical Practice guidelines and the Declaration of Helsinki, and approved by the ethical 

committee of the S.Orsola-Malpighi Hospital (CE: 599/2018/Sper/AOUBo) (Bologna, Italy). All enrolled 

patients provided informed consent. Patients with history of inflammatory bowel disease, hereditary 

gastrointestinal syndromes different from FAP, those with inoperable metastatic CRC were excluded 

from the study. 

 

3.2 Human Intestinal Organoids Culture 

3.2.1 Tissues collection and cryopreservation 

Six fresh biopsies were collected from FIT+, FAP normal appearing colonic mucosa (NM) and FAP 

adenomas (A; size < 5mm) during colonoscopy from the sigmoid colon, and placed into cold 

physiological solution. For patients with sporadic CRC, surgical resected colonic tissues (non-

cancerous mucosa and tumor) were collected into cold physiological solution. Samples from non-

cancerous mucosa (NM) were resected from a minimum distance of 5 cm from the tumor (K). 

Sporadic CRC tumors include CRC K tissues PT13 (APC mutated; TP53 mutated) and PT16 (APC 

mutated; PI3KCA mutated; TP53 mutated). 

Biopsy samples and tissues specimens for organoids isolation were collected and cryopreserved 

according to Tsai H. et al. protocol (Tsai H. et al., 2018). Briefly, biopsies and tissues were washed 

three times in cold DPBS  without Ca2+/Mg2+ (1X) (D-PBS)  (Thermo Fisher Scientific, #14190144) 

with 100 U/mL penicillin, 100 μg/ml streptomycin. CRC non-cancerous mucosa were separated from 

fat and sub-mucosal residues. After washing, biopsies and tissues were cut into smaller fragments (2 

to 3 mm) resuspended in 1mL freezing medium (80% Dulbecco's modified Eagle medium/F12 (DMEM-

F12), 10% fetal bovine serum (FBS), and 10% dimethyl sulfoxide (DMSO)) and then transferred into a 

cryopreservation vial. By using a cell-freezing container filled with isopropanol, the biopsy fragments 

were frozen to -80°C overnight and then moved to liquid nitrogen for long-term storage. 
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3.2.2 Colonic crypt isolation 

Colonic crypts were isolated and organoids were developed by modified Pleguezuelos-Manzano et al.; 

Tsai et al.; Soragni et. al protocols (Pleguezuelos-Manzano C. et al., 2020; Tsai Y.H. et al., 2018; 

Nguyen H.T.L. and Soragni A. et al., 2020). Intestinal frozen fragments were quickly thawed in water 

bath at 37°C and washed three times with D-PBS. CRC-tissue fragments were washed three times with 

D-PBS with 100 U/mL penicillin, 100 μg/ml streptomycin. Intestinal and tumoral fragments were cut 

into smaller pieces (1 to 2 mm), collected into a 15mL tube, then digested. CRC NM and K were 

digested for 1h at 37°C using 10 mL of 200 U/mL collagenase type II (Gibco, #17101-015) diluted in D-

PBS. FIT+ and FAP tissues were digested with the Gentle Cell Dissociation Reagent (GCDR) (Stem Cell 

Technologies, #100-0485) at room temperature for 20 minutes on an orbital shaker.  

After digestion, the intestinal fragments were centrifuged (CRC tissues: 600 g for 5 min; FAP and FIT+: 

290 g for 5 min at 4°C), resuspended in 1mL DMEM-F12-1% BSA, syringed (21 G needle) and filtered 

through a 70 µm strainer into a new tube to isolate intestinal crypts.  The suspension was centrifuged 

for 5 min, 200 g at 4°C. After removing the supernatant, intestinal crypts were resuspended in 

undiluted Corning® Matrigel® Growth Factor Reduced Basement Membrane Matrix, Phenol-Red Free, 

LDV-Free (Matrigel) (Corning, #356231). All the colonic crypts were seeded in a 24-well plate in 50µl 

Matrigel/well. After 20 minutes of polymerisation, Human IntesticultTM Organoid Complete Growth 

Medium (Basal+Supplement) (Stem Cell Technologies, #06010) supplemented with the Rho kinase 

inhibitor 2.5 µM Thiazovivin (Thz) (Sigma-Aldrich, #SML1045) was added in each well. Media was 

replaced every two-three days removing Thz. 

Human IntesticultTM Organoid Complete Growth Medium was prepared according to the 

manufacturer instructions by adding the Supplement solution to the Basal media and adding 100 

U/mL penicillin, 100 μg/ml streptomycin.  

CRC-cancer (K)-organoids, after 2 days in Human IntesticultTM Organoid Complete Growth Medium, 

were tested for 2 weeks in different growth media compositions in accordance to cancer’s mutations, 

in order to select the best culture conditions to unable their growth and expansion. After this 

evaluation, both the CRC-cancer (K)-organoids selected for the study were found to grow in Human 

IntesticultTM Organoid Complete Growth Medium. 
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3.2.3 Organoids expansion 

• 24-well plate assay 

Organoids were dissociated in a 15mL tubes with GCDR solution for 10 min at RT on an orbital shaker 

according to the manufacturer’s procedures. After incubation, organoids were centrifuge (290 g for 5 

min, at 4°C). The pellet containing the dissociated cells was then resuspended in 1mL cold DMEMF12-

1% BSA and syringed (21 G needle). Organoids were filtered in a 70 µm strainer, collected in a new 

tube and centrifuged (200g for 5 min at 4°C). The pellet was resuspended in undiluted Matrigel and 

cells were seeded (expansion ratio 1:4) in a 24-well plate (50 µl Matrigel/well). After 20 minutes of 

polymerisation, Human IntesticultTM Organoid Complete Growth Medium (Basal+Supplement) (Stem 

Cell Technologies, #06010) supplemented with Thz was added in each well. 

Organoids were passaged every five–seven days, depending on their growth rate.  

Media was replaced every two - three days removing Thz.  

 

• 96-well plate assay 

Organoids were washed with cold D-PBS, collected in a 15mL tube and centrifuge for 3 minutes, 500g 

at room temperature. Organoids were resuspended in ten volumes of TrypLE™ Express (Gibco, 

#12604-013). The final volume of TrypLE™ Express is calculated on the volume of Matrigel: 50µL 

Matrigel correspond to 500µL TrypLE™ Express. The solution was then syringed (21 G needle), 

incubated for 30 min at 37°C in water bath, and vortexed every five minutes to ensure a single-cell 

dissociation. The enzymatic reaction was stopped by adding 100µL FBS/mL TrypLE™ Express solution 

and organoids were dissociated into a single cell suspension through a second step of syringed (21 G 

needle). Cells were centrifuged at 500 g for 3 min at room temperature and counted in a Burker 

chamber with Trypan Blue solution. 10.000 cells/well were resuspended in 25 µl/well of undiluted 

Matrigel and seeded. After 20 minutes of polymerisation, Human IntesticultTM Organoid Complete 

Growth Medium (Basal+Supplement) (Stem Cell Technologies, #06010) supplemented with Thz was 

added in each well. 
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3.2.4 Mature organoids cryopreservation and thawing 

• Cryopreservation 

After removing the Media, organoids were flushed with 1mL cold D-PBS and the Matrigel droplets 

were disrupted to release the organoids. Organoids were collected into a 15mL tube and centrifuge 

for 5 minutes, 290 g at 4°C. Pellets were then resuspended in 7 mL of cold DMEM/F12 with 15mM 

HEPES and syringed (21 G needle). After syringe, organoids were centrifuged for 5 minutes, 200 g, at 

4°C. Pellets were then resuspended in 1mL cold freezing media (80% Advanced DMEM-F12; 10% FBS; 

10% DMSO) and transferred into a cryopreservation vial. By using a cell-freezing container filled with 

isopropanol, the organoids were frozen to -80°C overnight and then moved to liquid nitrogen for long-

term storage. 

 

• Thawing 

Frozen organoids were quickly thawed in water bath at 37°C, resuspended with DMEM-F12 with 

15mM HEPES-1%BSA solution and transferred in a 15mL tube filled with additional 2mL of DMEM-F12 

with 15mM HEPES-1%BSA solution. Organoids were centrifuged for 5 minutes, 200 g, at 4°C and then 

resuspended in undiluted Matrigel and seeded in a 24-well plate (50 µl Matrigel/well). 

 

3.3. Human cell lines culture  

We selected the human colorectal cancer cell lines HCT116 (MSI, PIK3CA mutant, KRAS mutant, 

CTNNB1 mutant, APC wild-type), HT29 (PIK3CA mutant, BRAF mutant, CTNNB1 wild-type and APC 

mutant), SW480 (PIK3CA wild-type, KRAS mutant, CTNNB1 wild-type, APC mutant) and the human 

embryonic kidney SuperTOPFLASH HEK293 (STF) (PIK3CA, KRAS, CTNNB1 and APC wild-type) cells.  

All human cells were obtained from ATCC (Manassas, VA, USA) and maintained according to the 

following culture conditions: 

➢ HCT116 and SW480 were cultured in Dulbecco’s modified Eagle medium (DMEM) High glucose 

(Microgem, Naples, Italy), 10% FBS (Microgem, Naples, Italy), 100 U/mL penicillin, 100 μg/ml 

streptomycin, 2mM glutamine (Microgem, Naples, Italy). 

➢ HT29 were cultured in RPMI-1640 (Microgem, Naples, Italy), 10% FBS (Microgem, Naples, Italy), 

100 U/mL penicillin, 100 μg/ml streptomycin, 2mM glutamine (Microgem, Naples, Italy).  
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➢ HEK293STF were cultured in DMEM-F12 (Microgem, Naples, Italy). The culture media were 

supplemented with 20% FBS (Microgem, Naples, Italy), 100 U/mL penicillin, 100 μg/ml 

streptomycin, 2mM glutamine (Microgem, Naples, Italy) and 200 μg/ml G-418 (GoldBio).   

 

Cells’ identity was verified by STR profile analysis and cells were tested routinely for Mycoplasma 

contamination. 

 

3.3.1 Cell lines expansion 

Confluent-adherent cells in T75 flasks were washed with 5mL of 1X phosphate buffer saline (PBS) and 

dissociated with 1 mL of Trypsin-EDTA 1X (Sigma-Aldrich) for 5 minutes at 37°C and 5% CO2. After 

dissociation, 3 mL of complete growth medium was added to stop the enzymatic reaction. 

Trypsinized-cells were collected in a 15mL tube and centrifuged for 5 minutes, 1500 rpm, at room 

temperature. The pellets were resuspended in the appropriate complete growth media and 2x106 

cells were seeded in a new T75 flasks with 8 mL of  appropriate complete growth media, then placed 

in a humidified incubator at 37% and 5% CO2. 

 

3.3.2 Cell lines cryopreservation and thawing 

• Cryopreservation 

Confluent-adherent cells in T75 flasks were washed with 5 mL 1X PBS and dissociated with 1 mL of 

Trypsin-EDTA 1X (Sigma-Aldrich) for 5 minutes at 37°C and 5% CO2. After dissociation, 3mL of 

complete growth medium was added to stop the enzymatic reaction. Trypsinized-cells were collected 

in a 15mL tube and centrifuged for 5 minutes, 1500 rpm, at room temperature. Cells were then 

resuspended in 1mL of appropriate freezing media:  

➢ 90% FBS (Microgem, Naples, Italy) and 10% DMSO for HCT116 and SW480;  

➢ 95% RPMI-1640 (Microgem, Naples, Italy) complete growth media (supplemented with 100 U/mL 

penicillin, 100 μg/ml streptomycin, 2mM glutamine and 10% FBS), and 5% DMSO for HT-29; 

➢ 50% FBS, 39% DMEM-F12 (Microgem, Naples, Italy) complete growth media (supplemented with 

20% FBS, 100 U/mL penicillin, 100 μg/ml streptomycin, 2mM glutamine, and 200 μg/ml G-418), 

and 11% DMSO for HEK293-STF. 
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Cells were transferred into a cryopreservation vial, placed in a cell-freezing container filled with 

isopropanol, frozen to -80°C overnight, and then moved to liquid nitrogen for long-term storage. 

 

• Thawing 

Frozen cells were quickly thawed in water bath at 37°C, transferred in a 15mL tube and centrifuged 

for 5 minutes, 1500 rpm, at 4°C. After centrifuge, the pellet was resuspended in 1mL of appropriate 

growth media and seeded in a T75 flask with 8mL of growth media. Cells were grown in a humidified 

incubator at 37% and 5% CO2. 

 

3.4 Compounds and Treatments  

• Stock Solutions 

(-)-Epigallocatechin gallate (EGCG; E4143 purity ≥ 95%; Sigma-Aldrich, Milan, Italy) was dissolved in 

dimethyl sulfoxide (DMSO) to obtain a stock concentration of 54,54 mM.  

Rapamycin (#9904; Cell Signaling Technology, MA, USA) was resuspended in DMSO to obtain a stock 

concentration of 100 µM according to the manufacturers’ instructions.  

Cis-4,7,10,13,16,19-Docosahexaenoic acid (DHA; D2534 purity ≥ 98%; Sigma-Aldrich, Milan, Italy) was 

dissolved in EtOH 96% in order to achieve a stock concentration of 121,77 mM. To prevent DHA 

oxidation, the anti-oxidant Butylhydroxytoluene (BHT; B1378; Sigma-Aldrich, Milan, Italy) was added 

to the DHA stock solution at 0.1% w/w.   

 

• Treatments 

Prior to cell culture treatments, to achieve a final vehicles concentration ≤ 0.1% (DMSO or EtOH 96%, 

respectively), EGCG and Rapamycin stock solutions were further diluted in PBS 1:10. DHA stock 

solution was further dissolved in PBS 1:4.  

For cell lines treatment EGCG (E), DHA (D) and Rapamycin (R) were tested individually or in 

combination (RDE) at a final concentration of 60 µM, 150 µM and 20 nM, respectively for 24 hours. 

The compounds were dissolved in the appropriate culture medium for the corresponding-treated cell 

line.  
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For organoids treatment the compounds were tested only in combination (RDE) at the same final 

concentrations for 48 hours. The compounds were dissolved in Basal Human IntesticultTM Organoid 

Growth Medium (Stem Cell Technologies, #06010) diluted 1:1 with Advanced DMEM-F12. The Basal 

media, according to the manufacturer’s instructions should not contain Wnt3A and R-spondin factors.  

 

In each experiment, untreated cells or organoids (Negative control; NC) and cells or organoids treated 

with vehicles of the compounds (CTRL) have been included as negative controls.  

In CTRL condition, DMSO and EtOH 96% were prior diluted in PBS (1:10 or 1:4, respectively) as the 

corresponding compound and then added to the media at the appropriate final volume. 

The Glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021 (SML1046; purity ≥ 98%; Sigma-Aldrich, 

Milan, Italy) was dissolved in DMSO to obtain a stock solution of 4mM and used as a positive control 

for Wnt signaling activation at a final concentration of 2.5 µM.  

 

For the inhibition of the proteasome in HEK293STF cells, MG132 ( Sigma-Aldrich) was added at a final 

concentration of 10µM, 4 hours prior the end of the treatment, directly into the media containing the 

different treatment conditions.  

 

3.5 Molecular Evaluation of Wnt and mTOR activation 

3.5.1 Assay  

FIT+, FAP and CRC-organoids were seeded 1:4 into a 24-well plate as previously described (3.2.3) and 

treated following the protocol previously described (3.4). For each conditions 6 wells were seeded to 

achieve a sufficient volume of organoids for the following analysis. 

HEK293STF, HCT116, HT29 and SW480 were seeded into 6-well plate (4x105 cells/well) as previously 

described (3.3.1) and treated following the protocol previously described (3.4). Three wells for each 

conditions were seeded to achieve a sufficient volume of cells for the following analysis. 

Each experiment was repeated at least three times. 
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3.5.2 Organoids and Cells Harvesting 

• Organoids Harvesting 

After treatment, organoids were washed with cold D-PBS. Ten volumes of Cultrex™ Organoid 

Harvesting Solution (R&D, #3700-100-01) were added in each well and incubated at 4°C for 1h on an 

orbital shaker to depolymerize Matrigel, according to the manufacturers’ instructions. The final 

volume of Cultrex™ Organoid Harvesting Solution is calculated on the volume of Matrigel: 50µL 

Matrigel correspond to 500µL Cultrex™ Organoid Harvesting Solution.  

Once the Matrigel was completely depolymerized, organoids released from the 6 wells were collected 

together in a 15mL tube and centrifuged for 5 minutes, 500 g, at 4°C. Organoids were washed in 10mL 

cold D-PBS and centrifuged for 5 minutes, 500 g, at 4°C. The organoids’ pellet was resuspended in 1mL 

cold D-PBS: 750µL were transferred in a new 1.5mL tube for proteins extraction and 350µL were 

transferred in a different 1.5mL tube for RNA extraction. Organoids were further centrifuged 3 

minutes, 7500 rpm, at 4°C. All the supernatant was discarded and the pellets were quickly frozen in 

liquid nitrogen and then stored at -80°C until protein/RNA extraction.  

 

• Cells Harvesting 

After treatment, adherent cells were washed with cold PBS and dissociated with 500 µL/well of 

Trypsin-EDTA 1X (Sigma-Aldrich; #T2601) for 5 minutes at 37°C and 5% CO2. After dissociation, 1.5 mL 

of cold PBS was added to stop the enzymatic reaction. Trypsinized-cells from 3 wells were collected in 

a 15 mL tube and centrifuged for 5 minutes, 1500 rpm, at 4°C. The pellets were resuspended in 2 mL 

cold PBS: 1 mL was transferred in a new 1.5 mL tube for Cytosolic and Nuclear protein extraction, 750 

µL were transferred in a new 1.5 mL tube for proteins extraction and 350 µL were transferred in a 

different 1.5 mL tube for RNA extraction. Cells were further centrifuged 3 minutes, 7500 rpm, at 4°C. 

All the supernatant was discarded and the pellets were quickly frozen in liquid nitrogen, and then 

stored at -80°C until protein/RNA extraction. 

 

 

 

 

https://www.sigmaaldrich.com/US/en/product/sigma/t2601
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3.5.3 Protein expression analysis 

3.5.3.1 Protein extraction  

• Total Protein 

Pellets containing organoids or cells were thawed on ice and resuspended in an appropriate volume 

(15-20 µL for organoids’ pellets and 25 µL for cells’ pellets) of cold RIPA Buffer solution (50 mM Tris-

HCl (pH 7.4), 150 mM NaCl, 1mM EDTA, 1% NP-40, 1% Na-deoxycholate, 0.1% SDS, sterile-filtered) 

with 1:10 phosphatase and protease inhibitors, and 1 mM DL-Dithiothreitol (DTT). Pellets were 

vortexed twice for 20 seconds, incubated on ice for 15 minutes and finally centrifuged for 15 minutes, 

13.000 g at +4°C. The extracted protein were collected into a new 1.5mL tube and stored at -80°C. 

 

• Cytosolic and Nuclear protein extraction 

Nuclear and cytoplasmic extracts were obtained using the NE-PER Nuclear and Cytoplasmic Extraction 

Kit (Thermo Fisher Scientific™, #78833) according to the datasheet’s instructions for 1 X 106 cells. The 

nuclear and cytoplasmic protein extracts were collected into a new 1.5 mL tube and stored at -80°C. 

 

All the protein lysates were quantified by Lowry-Assay performed with DC Protein Assay kit (Bio-Rad, 

#5000116) according to the manufacturer’s instructions in a 96 well-plate. 750 nm absorbance was 

acquired in the multimode microplate reader Spark® (Tecan Trading AG, Switzerland).  

 

3.5.3.2 SDS-PAGE and Western Blotting 

Thirty micrograms of cell’s total proteins (fifteen micrograms for organoids) and fifteen micrograms of 

nuclear and cytoplasmic extracts for each sample were separated on a 4-12% NuPAGE™ Novex Bis-

Tris gels (Invitrogen™; Thermo Fisher Scientific) by using the NuPAGE™ MOPS SDS Running buffer 

(Invitrogen™; Thermo Fisher Scientific) and transferred onto nitrocellulose membrane. Membranes 

were blocked with 5% non-fat milk solution and then incubated overnight at +4°C with the following 

primary antibodies: APC (1:1,000, Cell Signaling Technology, CST #2504), AXIN1 (1:500, CST#2087), 

phospho-β-Catenin (1:500, CST #9561), Non-phospho (Active) β-Catenin (1:2,000, CST #9561), β-

Catenin (1:2,000, CST #9562), phospho-GSK-3β (Ser9) (1:500, CST #9323), GSK-3β (1:4,000, CST 

#9315), phospho-mTOR (Ser2448) (1:1,000, CST#2971), mTOR (1:1,000, CST #2983), phospho-p70S6 

https://www.bing.com/ck/a?!&&p=378f974c7cb76993JmltdHM9MTY5ODQ1MTIwMCZpZ3VpZD0wOGVmYjlmMC00NThlLTZlNjYtMzYzNi1hYjBmNDQ1NTZmMmEmaW5zaWQ9NTI0Ng&ptn=3&hsh=3&fclid=08efb9f0-458e-6e66-3636-ab0f44556f2a&psq=DTT+reagent+for+protein+concentration&u=a1aHR0cHM6Ly9hZ3NjaWVudGlmaWMuY29tL2Jsb2cvZGl0aGlvdGhyZWl0b2wtZHR0LWFwcGxpY2F0aW9ucy5odG1s&ntb=1
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Kinase (Thr389) (1:1,000, CST#9234), p70 S6 Kinase (1:2,000), phospho-S6 ribosomal protein 

(Ser235/236) (1:2,000, CST #2211), Cleaved and full-length PARP (1:2,000, CST #9542), Survivin 

(1:1,000, CST #2808), GAPDH (1:6,000, CST #2118), Lamin B1 (1:1,000, CST #12586).  GAPDH was used 

as loading control for total protein and cytoplasmic extracts, while LAMINB1 was used as nuclear 

loading control.  After the incubation with the primary antibody, membranes were washed and then 

incubated with the secondary antibody ECL™ anti-rabbit IgG (1:1,000; AmershamTM; NA934VS ECLTM 

Peroxidase labelled anti-rabbit antibody) for 1 hour at room temperature.  All antibodies were 

incubated in dried non-fat milk 5% diluted in PBS 1X with 0.05% Tween® 20. Signals were detected 

with WESTAR ECL chemiluminescent substrates (Cyanagen, #XLS0142 and #XLS075) and images were 

acquired with Chemidoc XRS+ (Bio-Rad Laboratories). Prior to re-probing with different antibodies, 

the membranes were stripped with Restore Western blot stripping buffer (Thermo Fisher Scientific, 

#21059), washed in PBS 1X with 0.05% Tween® 20 and blocked in non-fat milk 5% solution. 

Densitometric analyses were performed with the Image-Lab software (Bio-Rad Laboratories). Each 

signal intensity was normalized on GAPDH (or LAMINB1 for nuclear proteins) and then compared to 

CTRL to quantify fold differences in protein expression.  

 

3.5.4 Gene expression analysis 

3.5.4.1 RNA extraction  

Total RNA was extracted from cell lines and organoids using the TRIzol® reagent (Invitrogen™; Thermo 

Fisher Scientific) according to the manufacturer’s instructions. RNA quantification and purity 

evaluation was performed by using NanoDrop spectrophotometer (Thermo Fisher Scientific). 

Absorbance (optical density, OD) at 260 nm in relation to the absorbance at 280 nm (OD 260/280) or 

230 nm (OD 260/230) was measured to evaluate respectively protein or ethanol contamination.  

 

3.5.4.2 RNA to cDNA reverse transcription 

Two micrograms of RNA were retrotranscribed using the High-Capacity cDNA Reverse Transcription 

Kit with RNase Inhibitor (Applied Biosystems; #4374966), according to the manufacturer’s 

instructions. The reverse transcription reaction was performed in an GeneAmp PCR 9700 Thermal 
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Cycler (Applied Biosystems, Thermo Fisher Scientific) as follow: 10 minutes at 25°C, 37°C for 120 

minutes, 85°C for 5 minutes, and 4°C. At the end of the cycle, cDNAs were stored at -20°C until use. 

 

3.5.4.3 Quantitative real-time PCR (qPCR) 

cDNA were diluted 1:5 with sterile H2O and 2 µl were used to performed the qPCR by using the 

TaqMan™ Fast Advanced Master Mix (Applied Biosystems™; Thermo Fisher Scientific, #4444965) and 

TaqMan™ Gene Expression Assays (Life Technologies, Monza, Italy) in a final volume of 20 µL 

following manufacturers’ instructions. TaqMan™ Gene Expression Assays include: AXIN1 (Assay ID: 

Hs00394718_m1), AXIN2 (Assay ID: Hs00610344_m1), MYC (Assay ID: Hs00153408_m1), CCND1 

(Assay ID: Hs00765553_m1), LGR5 (Assay ID: Hs00969422_m1), RPS6 (Assay ID: Hs03044100_g1), 

KRT20 (Assay ID: Hs00300643_m1), GAPDH (Assay ID: Hs03929097_g1).   

The qRT-PCR reaction was performed in a MicroAmp™ Fast Optical 96-Well Reaction Plate on a 

QuantStudio5 thermal cycler (Applied Biosystems™; Thermo Fisher Scientific) as follow: 50°C for 2 

minutes for Uracil-DNA Glycosylase (UDG) incubation, 95°C for 10 minutes for TaqMan™ Fast 

Advanced enzyme activation followed by 40 cycles of denaturation at 95°C for 15 seconds and 

annealing/extension at 60°C for 1 minute. Reactions were performed in triplicate.  

Fold induction levels for each gene were obtained using the 2-ΔΔCt method by normalizing against 

GAPDH used as endogenous control. Fold changes values were compared to the healthy mice group. 

 

3.6 Organoids and Cells viability assay    

• Organoids Viability Assay 

Organoids viability was measured using the CellTiter-Glo® 3D Cell Viability Assay (Promega, #G9681), 

a luminescent metabolic assay based on quantitation of the ATP produced by cells. The amount of 

ATP is directly proportional to the number of viable cells present in culture. For this assay, organoids 

were dissociated into single cells (3.2.3) and 10.000 cells/well were seeded in a 96-well plate. After 4 

days, growing-organoids were treated for 48h and the organoids viability was analyzed by CellTiter-

Glo® 3D Cell Viability Assay according to the manufacturer’s instructions. Each condition was 

evaluated in five different wells. Luminescent signals were measured by the multimode plate reader 

Spark® (Tecan Trading AG, Switzerland) (integration time 1,000 ms). Organoids viability was expressed 
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as percentage of the ratio of the mean luminescence of treated organoids/median luminescence of 

CTRL. Each experiment was repeated at least three times. 

 

• Cells Viability Assay 

10x103 cells/well were seeded into 96-well plate and after 24 hours were treated with EGCG (60 µM), 

DHA (150 µM) and Rapamycin (20 nM) individually or in combination for 24 hours. Cell viability was 

assessed by using alamarBlue™ Cell Viability Reagent (Invitrogen, Thermo Fisher Scientific, #DAL1025) 

following the manufacturer’s instructions. The alamarBlue™ Cell Viability Reagent is a Resazurin-

based dye, whose fluorescent color intensity is influenced by the reducing environment of viable cells. 

The fluorescence color changes and intensities were detected using the multimode plate reader 

Spark® (Tecan Trading AG, Switzerland) (Fluorescence Ex/Em = 530/580). To evaluate background 

signals, blank wells containing only the medium or tested compounds individually or in combination 

were introduced in each assay. Background fluorescence signals have been subtracted for 

normalization from the corresponding negative controls and treated samples during the analysis 

process. A positive control containing 100% of reduced alamarBlue™ reagent without cells has been 

also included in each assay. The experiments were performed independently three times in 

quadruplicate. Cell viability was expressed as percentage 

  

fluorescence of treated cells − fluorescence of background controls

fluorescence of vehicles controls − fluorescence of background controls
 𝑥100 

 

3.7 Cells apoptosis assay 

HCT116 were seeded 2,500 cells/well in a 96-well plate in Eagles MEM with low riboflavin 

(Microgem). After 24 hours cells were treated with EGCG (60 µM), DHA (150 µM) and Rapamycin (20 

nM) individually or in combination for 24 hours and co-stained with the Incucyte® Caspase-3/7 Red 

Dye for Apoptosis (1:500, Sartorius, #4704) and Incucyte® AnnexinV Green Dye (1:200, Sartorius, 

#4642). Cells were directly incubated in Incucyte® Live-Cell Analysis System (Sartorius, Essen 

BioScience) at 37°C and 5% CO2. Cell growth and the kinetic activation of apoptosis in the two 

different fluorescent channels  were  monitored for 36 hours using live cell imaging, and quantified 

using the Incucyte® Live-Cell Analysis System according to the manufacturer’s instructions. The 
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apoptotic index were calculated on Incucyte® Live-Cell Analysis System using the Incucyte® Cell-by- 

Cell Analysis Software Module (Sartorius, #9600-0031) according to the manufacturers’ instructions.  

 

3.8 Statistical Analysis 

Data were reported as mean ± SD of at least three independent experiments. Unpaired T-test was 

used to analyze differences between RDE and CTRL or CHIR. One-way ANOVA followed by Dunnett's 

test was used to compared differences between the mean of each single treatment or RDE and the 

mean of CTRL to analyze the contribution of each individual compound in the final effect of RDE. 

Statistical analysis was performed using GraphPad 8.0 software (GraphPad Software Inc., La Jolla, 

CA). P values < 0.05 were considered statistically significant. 
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4. RESULTS 

4.1  RDE inhibits the mTOR pathway in a tissue-type independent manner.  

In this study, we selected organoids and cell lines with different mutational settings to investigate if 

the effect of RDE was influenced by different statuses of Wnt/β-catenin or PI3K/mTOR activation, 

with a focus on APC-mutated settings. Due to the limited material in organoids’ experiments, we used 

representative cell line models to investigate the contribution of the single compounds (Rapamycin, 

DHA, and EGCG). HEK293STF was used as a wild-type model; SW480 as Wnt/β-catenin dysregulated 

only (mutation in APC), HT-29 as Wnt/β-catenin and PI3K/mTOR (mutation in APC and PI3KCA) 

mutated, and HCT116 as Wnt/β-catenin and PI3K/mTOR (mutation in PI3KCA) dysregulated, but 

without APC gene mutations (mutation in CTNNB1). We also included CHIR99021 2.5 µM (CHIR), a 

GSK3β inhibitor, usually used as a positive control to monitor Wnt/β-catenin signalling induction.  

 After selecting sub-cytotoxic concentrations of Rapamycin (20nM), DHA (150µM), and EGCG (60µM), 

we treated patients-derived organoids and cell lines respectively for 48 and 24 hours. We found that, 

after 48 hours of treatment, compared to CTRL, RDE significantly inhibited the pathway, by 

downregulating the phosphorylation of the downstream proteins P70S6K (p-P70S6K) (p<0.0001, T-

test vs CTRL, FIT+ NM; FAP NM, FAP A; CRC NM, CRC K) and S6 ribosomal protein (p-S6R) (p<0.0001, T-

test vs CTRL, FIT+ NM; FAP NM, FAP A; CRC NM, CRC K) in all organoids in a mutations-independent 

manner (Fig.4.1 A-C). The expression of RPS6 gene was not significantly affected by RDE treatment in 

most of the organoids (p=0.0286 T-test vs CTRL, FIT+NM; p=ns (non-significant) T-test vs CTRL, FAP 

NM, FAP A; CRC NM, CRC K); confirming that the modulation of mTOR occurred mainly at a post-

translational level (Fig.4.1 D).  
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Figure 4.1. (A-C) Effect of RDE on mTOR down-stream target proteins expression p-P70S6K and p-S6R in 
intestinal organoids evaluated by Western Blot. p-P70S6K was normalized on the expression of total P70S6K 
protein; p-S6R was normalized to GAPDH protein. (D) Effect of RDE on RPS6 mRNA expression assessed by qRT-
PCR. RPS6 mRNA expression was normalized to GAPDH mRNA expression. Proteins and RNA mean values 
relative fold changes were calculated using CTRL as reference sample. Data are expressed as means ± SD. 
Statistical significance was tested using unpaired T-test. FIT+ n=6; CRC NM n=6; FAP NM n=9; FAP A n=6; CRC K 
n=6. NC = Negative Control; CTRL = Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling 
positive control.  *P<0.05; **P<0.010; ***P<0.001; ****P<0.0001. 

 

Similar results on P70S6K and S6R phosphorylation were also observed in HEK293STF (p-P70S6K 

p=0.0175;  p-S6R p<0.0001, RPS6 ns,  T-test vs CTRL), HCT116 (p-P70S6K p<0.0001;  p-S6R p<0.0021, 

RPS6 ns, T-test vs CTRL) and SW480 (p-P70S6K p<0.0002;  p-S6R p<0.0001, RPS6 p=ns, T-test vs CTRL) 

cell lines after 24 hours of treatment (Fig.4.2 A-D).  

A 
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Figure 4.2. (A-C) Effect of RDE and the single treatments on mTOR down-stream target proteins expression p-
P70S6K and p-S6R in HEK293STF, HCT116 and SW480 cell lines evaluated by Western Blot. p-P70S6K was 
normalized on the expression of total P70S6K protein; p-S6R was normalized to GAPDH protein. (D) Effect of 
RDE on RPS6 mRNA expression assessed by qRT-PCR. RPS6 mRNA expression was normalized to GAPDH mRNA 
expression. Proteins and RNA mean values relative fold changes were calculated using CTRL as reference 
sample. Data are expressed as means ± SD. Statistical significance was tested using unpaired T-test. HEK293STF 
n = 5; HCT116 n= 3; SW480 n = 4. NC = Negative Control; CTRL = Control with vehicles; RDE = treatment; CHIR = 
Active-Wnt signalling positive control.  *P<0.05; **P<0.010; ***P<0.001; ****P<0.0001. 

 

Interestingly, HT-29 was more resistant to the treatment, and only S6R protein phosphorylation (p-

S6R p=0.0061, T-test vs CTRL) was modulated by RDE in a Rapamycin-dependent manner (data not 
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shown; ns= non-significant Dunnett's test vs CTRL). Rather than the simultaneous mutations in APC 

and PI3KCA, this finding has reason to be attributed to the mutation in BRAF (V600E), well known to 

confer tumor resistance to mTOR inhibitors treatment, such as Everolimus (He K. et al, 2016). 

As expected, we found that Rapamycin, as a target inhibitor of mTOR, led to the inhibition of the 

pathway and its downstream targets in all the cell lines compared to CTRL [HEK293STF (p-P70S6K, R 

p=0.0420; RDE p=0.0487; p-S6R, R p<0.0001; RDE p<0.0001); HCT116 (p-P70S6K, R p=0.0253; RDE 

p=0.0020; p-S6R, R p<0.0109; RDE p<0.0094); SW480 (p-P70S6K, R p<0.0001; RDE p=0.0002; p-S6R, R 

p<0.0122; RDE p<0.0016)] (Fig.4.2 A; Fig.4.3 A-B). EGCG and DHA are also known to inhibit the 

PI3K/mTOR pathway (Van Aller G.S. et al., 2011; Vasudevan A. et al., 2014; Oh S. et al., 2014), 

however, we at the selected treatment condition we did not found a significant contribution to the 

downregulation of p-P70S6K and p-S6R.   

 

Figure 4.3. (A-B) Effect of RDE and single compounds on mTOR down-stream target proteins expression p-
P70S6K and p-S6R in HEK293STF, HCT116 and SW480 cell lines evaluated by Western-Blot. P-P70S6K was 
normalized on the expression of total P70S6K protein; p-S6R was normalized to GAPDH protein. Proteins mean 
values relative fold changes were calculated using CTRL as reference sample. Data are expressed as means ± 
SD. Statistical significance was tested using One-Way ANOVA and the Dunnett’s test for multiple comparisons 
vs CTRL.  HEK293STF n = 5; HCT116 n= 3; SW480 n = 4. NC = Negative Control; CTRL = Control with vehicles; E = 
EGCG; R = Rapamycin; D = DHA; RDE = treatment; CHIR = Active-Wnt signalling positive control. *P<0.05; 
**P<0.010; ***P<0.001; ****P<0.0001. 

 

Interestingly, we found that CHIR and RDE shared a similar inhibition of the PI3K/mTOR pathway in a 

mutation-independent manner (Fig.4.2 A; Fig.4.3 A-B). Indeed, it has been described that CHIR 
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treatment induced significant reduction in the phosphorylation of Akt and downregulated mTOR 

through TSC2/Rheb in a beta-catenin independent manner (Rethineswaran V. K. et al., 2021). 

 

4.2  Wnt/β-catenin pathway modulation is influenced by genetic backgrounds.  

The canonical Wnt/β-catenin and PI3K/mTOR pathways regulate each other through several 

mechanisms that define a wide cross-talk, usually associated with the occurrence of drug resistance. 

Thus, we decided to evaluate several genes and proteins involved in the Wnt/β-catenin functions and 

regulations.  

In addition, it is well established that normal-mucosa (NM) -human-intestinal organoids require 

several growth factors, including Wnt3A and R-spondin1, to sustain ex-vivo growth and proliferation 

(Pleguezuelos-Manzano C. et al., 2020). After verifying that Wnt-supplement removal did not affect 

organoids viability and morphology for 48 hours, we treated the organoids in an essential culture 

media to better understand the RDE-dependent effects on the Wnt/β-catenin pathway, without the 

interference of exogenous Wnt signals (e.g. Wnt3A or R-spondin1).  

After 48 and 24 hours we found that RDE treatment modulated the Wnt/β-catenin pathway 

differently among organoids and cell lines, respectively. 

 

4.2.1 In FIT+- and CRC-NM wild-type organoids RDE induces activation of the Wnt/β-

catenin pathway. 

The healthy FIT+-NM organoids represented an appropriate wild-type setting to study the response to 

the treatment in the absence of aberrations involving the two pathways.  

In this model, we found that compared to CTRL, RDE inactivated GSK3β by increasing the 

phosphorylation in Ser9 (p-GSK3β) (p=0.0263, T-test vs CTRL), affecting the functionality of the 

degradosome (Figure 4.4 A). As a result, we found an increase in non-phosphorylated (Active) (p=ns, 

T-test vs CTRL) and total β-catenin protein expression (p=ns, T-test vs CTRL) (Figure 4.4 B), which led 

the transcription of the Wnt/β-catenin target genes AXIN2 (p=0.0222, T-test vs CTRL), CCND1 

(p=0.0006, T-test vs CTRL) and C-MYC (p=0.0016, T-test vs CTRL), confirming the activation of the 

pathway (Figure 4.4 C-D).  

 

https://pubmed.ncbi.nlm.nih.gov/?term=Rethineswaran+VK&cauthor_id=33946516
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Figure 4.4. (A-B) Effect of RDE on GSK3β and β-catenin protein expression in FIT+ NM and CRC NM intestinal 
organoids evaluated by Western-Blot. P-GSK3β was normalized on the expression of total GSK3β protein; non-
phosphorylated (Active) β-catenin was normalized to total β-catenin protein; total β-catenin protein was 
normalized to GAPDH protein. (C-D) Effect of RDE on CCND1 and c-MYC mRNA expression assessed by qRT-PCR. 
CCND1 and c-MYC mRNA expression was normalized to GAPDH mRNA expression. Proteins and RNA mean 
values relative fold changes were calculated using CTRL as reference sample. Data are expressed as means ± 
SD. Statistical significance was tested using unpaired T-test. FIT+ n=9; CRC NM=9. NC = Negative Control; CTRL = 
Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive control. *P<0.05; **P<0.010; 
***P<0.001; ****P<0.0001 

 

CRC-NM organoids were derived from NM tissues collected at a 5 cm distance from the corresponding 

tumors. We verified the absence of somatic mutations in the tissues through NGS analysis, thus we 

included this subset of organoids in the wild-type setting. Compared to CTRL we found that RDE 

induced Wnt/β-catenin signalling activation similar to FIT+-NM organoids, but with a more significant 

upregulation of β-catenin (p=0.0354, T-test vs CTRL) (Figure 4.4 A-D).  

Despite the inactivation of GSK3β, the activation of the signalling in both FIT+-NM and CRC-NM 

organoids  did not alter AXIN1 protein expression. 

With a particular focus on CRC-NM organoids, compared to RDE, we found that CHIR despite GSK3β 

inactivation preserved an intact AXIN1 complex, whose function resulted unchanged. Indeed, we 

observed an increase in phosphorylated β-catenin (Ser33/37/Thr41) compared to RDE (p=0.0354, T-

test RDE vs CHIR) and a reduction in the total β-catenin (p=0.0041, T-test RDE vs CHIR), and CCND1 
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(p=0.0003, T-test RDE vs CHIR) and C-MYC (p=0.0002, T-test RDE vs CHIR) target genes (Figure 4.4 A-

D). These results were not surprising considering that the selected CHIR concentration (2.5 µM) is 

normally used in some media formulations for ex-vivo intestinal organoids cultures to support 

proliferation in a physiological manner. 

 

Figure 4.5. Summary of the effect of RDE on the Wnt/β-catenin and mTORC1 pathway in the wild-type 
organoids FIT+-NM and CRC-NM.  
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4.2.2 In HEK293STF wild-type cells RDE reduces CTNNB1 expression and partially 

inactivated the Wnt/β-catenin pathway. 

We used the HEK293STF as a wild-type cell line model to explore the effects of RDE and the single 

compounds after 24 hours. We found that similar to FIT+ and CRC-NM organoids, RDE induced GSK3β 

phosphorylation (Ser9) compared to CTRL (p=ns, T-test vs CTRL). Rapamycin and DHA were mainly 

involved in the regulation of GSK3β (Fig.4.6 A) (p=ns, Dunnett’s test vs CTRL). In addition, we found 

also that Rapamycin together with EGCG showed a trend in downregulating AXIN1 protein expression. 

Even if this result is not significant (p=ns, Dunnett’s test vs CTRL) (Fig.4.6 B), it suggests a more severe 

dysregulation of the β-catenin destruction complex, which contributed to the accumulation of both 

cytoplasmic and nuclear β-catenin compared to CTRL (p=ns, Dunnett’s test vs CTRL; p=ns, T-test RDE 

vs CTRL)(Fig.4.6 F-G). Despite the accumulation of active-β-catenin, we observed a significant 

downregulation of  total β-catenin expression in RDE-treated HEK293STF (p=0.0453, T-test vs CTRL) 

(Fig.4.6 C-D).  

We noticed that the modulation of both PI3K/mTOR and Wnt/β-catenin pathways was mainly post-

translational. Indeed, both RPS6 (encoding for S6R protein) and AXIN1 gene transcripts were not 

altered by RDE compared to CTRL. In contrast, the protein expression of p-S6R and AXIN1 was 

significantly downregulated (p<0.0001, T-test vs CTRL; p=0.0072, Dunnett’s test COMB vs CTRL) 

(Fig.4.6 B). We therefore hypothesized that the suppression of total-β-catenin induced by RDE was 

related more to post-translational mechanisms too.  



64 
 

 

Figure 4.6. (A-B) Effect of RDE on GSK3β and AXIN1 protein expression in HEK293STF evaluated by Western 
Blot. P-GSK3β was normalized on the expression of total GSK3β protein; AXIN1 was normalized to GAPDH 
protein. (C-D; F-G) Effect of RDE on β-catenin protein expression in HEK293STF evaluated by Western-Blot. 
Non-phosphorylated (Active) β-catenin was normalized to total β-catenin protein;  total and cytosolic β-catenin 
protein was normalized to GAPDH protein expression. Nuclear β-catenin protein was normalized to LAMINB1. 
(E) CTNNB1 RNA expression assessed by qRT-PCR. GAPDH was use as reference gene. Proteins and RNA mean 
values relative fold changes were calculated using CTRL as reference sample. Data are expressed as means ± 
SD. Statistical significance was tested using unpaired T-test and One-Way ANOVA and the Dunnett’s test for 
multiple comparisons vs CTRL. HEK293STF n = 3. NC = Negative Control; CTRL = Control with vehicles; E = EGCG; 



65 
 

R = Rapamycin; D = DHA; RDE = treatment; CHIR = Active-Wnt signalling positive control. *P<0.05; **P<0.010; 
***P<0.001; ****P<0.0001. *P<0.05; **P<0.010; ***P<0.001; ****P<0.0001  

 

Due to its key role in the regulation of the β-catenin protein into the canonical Wnt/β-catenin 

pathway, we started investigating the proteasome ubiquitination system to test this hypothesis. We 

treated HEK293STF with MG132 at 10 µM for 4 hours to inhibit the proteasomal degradation of 

ubiquitinated proteins and, as expected, we observed increased total β-catenin protein expression 

following the accumulation of phosphorylated β-catenin protein in MG132 treated samples compared 

to the non-treated ones. However, despite the proteasomal inhibition, we found that RDE still 

suppressed total β-catenin protein compared to the corresponding CTRL+MG132. Interestingly 

MG132 rescued AXIN1 protein in RDE treated cells compared to the non-MG132-treated ones, 

preventing its degradation also in CTRL+MG132 compared to CTRL (Fig.4.7), without impairing the 

phosphorylation of GSK3β (data not shown). Moreover, we found a significant induction of c-MYC 

expression in MG132-treated samples compared to the non-treated ones. Taken together these 

results suggested that the suppression of β-catenin protein was related to alternative mechanisms ad 

it was independent from AXIN1 and GSK3β protein dysregulation in the degradosome. 

 

Figure 4.7. Effect of the proteasomal inhibition (MG132 10µM treatment) in HEK293STF. Evaluation of AXIN1 
and β-catenin protein expression by Western-Blot. Phosphorylated (Inactive) and non-phosphorylated (Active) 
β-catenin were normalized to total β-catenin protein; total β-catenin and AXIN1 proteins were normalized to 
GAPDH protein. Proteins values relative fold changes were calculated using CTRL as reference sample. Data are 
expressed as means ± SD. Statistical significance was tested using unpaired T-test. HEK293STF n = 3. NC = 
Negative Control; CTRL = Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive control. 
WNT3A was used as exogenous signals to monitor Wnt signalling. *P<0.05; **P<0.010; ***P<0.001; 
****P<0.0001. 
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Thus, we evaluated through qPCR the expression of CTNNB1 gene, encoding β-catenin, and we found 

that RDE suppressed CTNNB1 gene expression. Apparently, EGCG was mainly involved in this 

mechanism (Fig.4.6 E).  

 

As a consequence of the reduction of the amount of total β-catenin, we found in RDE-treated 

HEK293STF a significant downregulation of CCND1 gene expression (p=0.0047, T-test vs CTRL), 

compared to CTRL and wild-type organoids, but similar to organoids RDE still increased expression of 

C-MYC gene (p=0.0138, T-test vs CTRL). These evidence suggested that the RDE-dependent induction 

of C-MYC gene may not be directly related to the amount of β-catenin. 

In addition, similar to NM organoids, CHIR did not impair AXIN1 protein level (Fig.4.6 C), and, despite 

the downregulation of CTNNB1 gene expression, increased phosphorylated (Ser33/37/Thr41), active-, 

and total-β-catenin compared to RDE (p=0.0308, T-test CHIR vs RDE) (Fig.4.6 C-G). Indeed, we 

observed a higher accumulation of both cytoplasmic and nuclear β-catenin as well as induction of 

AXIN2 (p=0.0041, T-test RDE vs CHIR) and CCND1 gene transcription (p=0.0018, T-test RDE vs CHIR), 

compared to RDE, confirming a more post-translational regulation and induction of the pathway 

dependent on the inhibition of GSK3β.  

 

Figure 4.8. Summary of the effect of RDE on the Wnt/β-catenin and mTORC1 pathway in the wild-type cell line 

HEK293STF. 
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4.2.3 In FAP NM and ADENOMAS APC-mutated organoids RDE induces hyperactivation 

of Wnt/β-catenin pathway 

FAP-NM organoids carried a single-hit-germline-mutations in the APC gene and FAP-ADENOMAS (A) 

organoids were characterized by the occurrence of somatic APC mutations, thus representing 

important genetic settings to investigate the role of the APC gene dysregulation in influencing the 

ability of RDE to target the Wnt/β-catenin pathway.  

In FAP-NM and -A organoids, we found that RDE regulated the Wnt/β-catenin pathway similar to  FIT+ 

and CRC-NM organoids, enhancing GSK3β inhibition (p=0.0126, T-test vs CTRL) (Fig.4.9 A), β-catenin 

stabilization (Fig.4.9 B), and the expression of AXIN2 (p=0.0044, T-test vs CTRL), CCND1 (p=0.0044, T-

test vs CTRL) and C-MYC (p=0.0093, T-test vs CTRL) genes compared to CTRL (Fig.4.9 C-D). The 

hyperactivation of the Wnt/β-catenin pathway was found to be more significant in FAP-A organoids, 

which showed a significant accumulation of total β-catenin (p=0.0086, T-test vs CTRL) and increased 

expression of CCND1 (p<0.0001, T-test vs CTRL) and C-MYC compared to CTRL (p=0.0004, T-test vs 

CTRL) (Fig.4.9 C-D), resulting from the APC protein inactivation and the basal higher activation of the 

pathway compared to the corresponding NM or the wild-type organoids. Despite the inactivation of 

GSK3β and the partial or complete dysregulation of APC protein function due to mutations, we also 

observed a contrasting increase in AXIN1 protein expression (p=0.0328, T-test vs CTRL).  



68 
 

 

Figure 4.9. (A-B) Effect of RDE on GSK3β and β-catenin protein expression in FAP NM and FAP ADENOMA (A) 
intestinal organoids evaluated by Western-Blot. p-GSK3β was normalized on the expression of total GSK3β 
protein; non-phosphorylated (Active) β-catenin was normalized to total β-catenin protein; total β-catenin 
protein was normalized to GAPDH protein. (C-D) Effect of RDE on CCND1 and c-MYC mRNA expression assessed 
by qRT-PCR. CCND1 and c-MYC mRNA expression was normalized to GAPDH mRNA expression. Proteins and 
RNA mean values relative fold changes were calculated using CTRL as reference sample. Data are expressed as 
means ± SD. Statistical significance was tested using unpaired T-test. FAP NM n=10; FAP A n=9. NC = Negative 
Control; CTRL = Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive control. *P<0.05; 
**P<0.010; ***P<0.001; ****P<0.0001 

 

In addition, it is to note that FAP organoids carried different germline mutation in the APC gene and, 

among all the organoids selected, two patients (FAP04 and FAP09) had a milder form of the syndrome 

referred to as attenuated FAP (AFAP). Interestingly, among all FAP organoids, in FAP03, RDE displayed 

a distinctive modulation in both NM and ADENOMAS with increased RNA expression of AXIN2, CCND1 

and C-MYC, but suppressed AXIN1 and total β-catenin protein expression (Fig.4.10 A-D).  
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Figure 4.10. Graphical representation of how different germline-mutations of APC in FAP patients influence the 
response to RDE. (A-B) Western-Blot analysis of AXIN1 and β-catenin protein expression. AXIN1 and total β-
catenin protein were normalized to GAPDH protein. (C-D) Effect on CCND1 and c-MYC mRNA expression 

assessed by qRT-PCR. CCND1 and c-MYC mRNA expression was normalized to GAPDH mRNA expression. 
Proteins and RNA mean values relative fold changes were calculated using CTRL as reference sample. Data are 
expressed as means ± SD. Statistical significance was tested using unpaired T-test. FAP01 n=2; FAP03 n=3; 
FAP04 n=3; FAP09 n=3. NC = Negative Control; CTRL = Control with vehicles; RDE = treatment; CHIR = Active-
Wnt signalling positive control.   

 

FAP03 organoids were the only carrying a non-sense germline mutation in the APC gene (c.847C>T 

(p.R283X)) compared to the other FAP organoids tissues carrying frameshift mutations. We tried to 

established organoids from other FAP tissues with non-sense mutations but after few passages the 

organoids started to die (data not shown). Thus, we hypothesized that the location and significance of 

the germline mutation is relevant to influence the response to RDE. 

However, this feature appeared less important in influencing Wnt/β-catenin after CHIR treatment and 

despite a higher inactivation of GSK3β (p=0.0068, T-test RDE vs CHIR) we found that CHIR significantly 

downregulated the total-β-catenin compared to RDE (p=0.0009, T-test RDE vs CHIR), suppressing 

CCND1 (p<0.0001, T-test RDE vs CHIR) and C-MYC gene transcription (p<0.0001, T-test RDE vs CHIR) in 
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all FAP-A organoids and in most of the FAP-NM organoids (Fig.4.9 A-D). The only exception was 

represented by FAP09-NM organoids, which nevertheless shared the same germline mutation with 

FAP04-NM organoids. 

 

 

Figure 4.11. Summary of the effect of RDE on the Wnt/β-catenin and mTORC1 pathway in the APC-mutated 

pre-cancerous organoids FAP-NM and FAP-A.  
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4.2.4 RDE downregulated Wnt/β-catenin pathway in APC-mutated CRC-Cancer organoids 

and CRC cells. 

Considering the effects of RDE in the APC-mutated FAP organoids, we further explored the treatment 

in APC-mutated CRC cancer (K) organoids. As previously described, we treated organoids derived from 

two different cancer tissues (PT13CRC-K and PT16CRC-K) with additional mutations in TP53 and/or 

PI3K gene. Compared to CTRL, we found that RDE in CRC-K organoids increased the phosphorylation 

of GSK3β protein (p=ns, T-test vs CTRL) and C-MYC RNA expression (p=0.0087, T-test vs CTRL) as for 

FAP and wild-type settings, but downregulated AXIN1 protein (p=ns, T-test vs CTRL) (Fig.4.12 A-B). We 

expected a more severe upregulation of Wnt/β-catenin pathway, in contrast we found that the total 

β-catenin was downregulated compared to CTRL (p=ns, T-test vs CTRL) (Fig.4.12 C).  

To further investigate the effects of RDE in CRC APC-driven tumoral settings, we selected the cell lines 

SW480 and HT-29, characterized by TP53 and/or PI3K gene mutations too. Also in these models we 

found that RDE contributed to AXIN1 downregulation (p=ns, T-test vs CTRL) (Fig.4.12 B) and total β-

catenin protein expression was suppressed too (SW480, p=0.0048, T-test vs CTRL; HT-29, p=ns, T-test 

vs CTRL) (Fig.4.12 C), with a significant decrease in nuclear β-catenin compared to CTRL (SW480, 

p=0.0253, T-test vs CTRL; HT-29, p=0.0002, T-test vs CTRL) (Fig.4.12 D). However, compared to 

HEK293STF, CTNNB1 gene expression was barely involved, suggesting the occurrence of a more post-

translation modulation in these mutated genetic backgrounds. Thus, we hypothesized that also in 

these genetic backgrounds RDE contributed to enhance alternative mechanisms involved in β-catenin 

degradation. As a result of degraded β-catenin, we found that CCND1 gene expression was 

downregulated compared to CTRL, however we observed c-MYC RNA expression increased, as for the 

wild-type, FAP, and CRC-K organoids, suggesting a direct involvement of C-MYC gene transcript in 

mediating the response to RDE (SW480, p=ns, T-test vs CTRL; HT-29, p=0.0147, T-test vs CTRL). 

Indeed, we tried to evaluated the protein expression of this marker, but any significant variations had 

been detected (data not shown).   
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Figure 4.12. (A-D) Effect of RDE on AXIN1, GSK3β and β-catenin protein expression in CRC K organoids, SW480 
and HT-29 cell lines evaluated by Western-Blot. P-GSK3β was normalized on the expression of total GSK3β 
protein; non-phosphorylated (Active) β-catenin was normalized to total β-catenin protein; AXIN1 and total β-
catenin protein were normalized to GAPDH protein. Nuclear β-catenin was normalized to LAMINB1. Proteins 
mean values relative fold changes were calculated using CTRL as reference sample. Data are expressed as 
means ± SD. Statistical significance was tested using unpaired T-test. CRC K organoids n=6; SW480=4; HT-29=4. 
NC = Negative Control; CTRL = Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive 
control.   

 

Importantly, RDE showed a stronger effect compared to the single compounds, suggesting a synergic 

reaction between Rapamycin, DHA and EGCG which contributed to the inhibition of the Wnt/β-

catenin pathway. Since both SW480 and HT-29 carry also KRAS (G12D) and BRAF (V600E) mutations, 

respectively, these results suggested that RDE by activating the Wnt/β-catenin signaling succeeded in 

inhibiting more both the pathway in cancer settings when APC-mutated tumors had acquired 

additional mutations in genes involved in the regulation of the PI3K/mTOR pathway and TP53.  
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Conversely, CHIR showed less effectiveness in inhibiting the Wnt/β-catenin pathway and showed a 

huge variation among the CRC cells and CRC K-organoids, suggesting that targeting GSK3β was not 

sufficient to stably hyperactivate the signaling and enhance β-catenin degrading mechanism in the 

presence of additional mutations that influenced the PI3K/mTOR pathway.  

 

 

Figure 4.13. Summary of the effect of RDE on the Wnt/β-catenin and mTORC1 pathway in the APC-mutated 

CRC-K organoids, and APC-mutated CRC cell lines SW480 and HT-29.  
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4.2.5 RDE suppressed β-catenin protein expression and downregulated Wnt/β-catenin 

pathway in the non-APC-mutated HCT116 cell line. 

To better investigate the relevance of APC mutations in mediating the suppression of β-catenin 

protein by RDE, we selected HCT116 CRC cell line. This CRC model is characterized by PI3K and KRAS 

mutations and  β-catenin is constitutively activated due to a mutation in the β-catenin allele in exon 3 

that deletes the GSK3β phosphorylation site, leading to the accumulation of Non-phosphorylated- 

(Active)-β-catenin in the cytoplasm and its nuclear translocation. Despite this characteristic, 

compared to CTRL we found that RDE significantly suppressed β-catenin protein expression (p<0.001, 

T-Test vs CTRL) and its nuclear translocation, without affecting CTNNB1 gene transcription, as 

previously described for SW480 and HT-29 cells (Fig.4.14 C-E), supporting the hypothesis of a post-

translational regulation of the pathway independent from the degradosome and APC-mutations. 

Interestingly, among all the settings analysed, in HCT116 RDE resulted less effective in enhancing p-

GSK3β (Fig.4.14 A) or c-MYC, which exhibited a very modest increase compared to CTRL. The trend of 

these two markers induced by RDE was found to be consistent among the different genetic settings, 

including the non-mutated ones, thus we excluded the involvement of CTNNB1 mutation in leading 

this attenuated response. HCT116 among the selected cells represent the only model with 

microsatellite instability (MSI), thus we speculated that this genetic feature could be responsible for 

these distinctive outcomes.  

In contrast, the CTNNB1 mutation seemed to impact the ability of CHIR to inhibit GSK3β compared to 

RDE (p<0.0001, T-Test RDE vs CHIR) and we observed accumulation of total- β-catenin (p=0.0038, T-

Test RDE vs CHIR) and active Wnt/β-catenin signalling (Fig.4.14 A,C,D). However this seemed not to be 

enough to activate the same alternative mechanism enhanced by RDE or in FAP-A organoids.  

Thus these results showed the RDE-effectiveness in inhibiting both the pathway resulted from the 

synergic action of all the three compounds, as for SW480 and HT-29. 
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Figure 4.14. (A-D) Effect of RDE on GSK3β, AXIN1 and β-catenin protein expression in HCT116 cells by Western- 
Blot. P-GSK3β was normalized on the expression of total GSK3β protein; non-phosphorylated (Active) β-catenin 
was normalized to total β-catenin protein; AXIN1 and total β-catenin protein were normalized to GAPDH 
protein. Nuclear β-catenin protein was normalized to LAMINB1. (E) Effect of RDE on CTNNB1 mRNA expression 

assessed by qRT-PCR. CTNNB1 mRNA expression was normalized to GAPDH mRNA expression. Proteins and 
RNA mean values relative fold changes were calculated using CTRL as reference sample. Data are expressed as 
means ± SD. Statistical significance was tested using unpaired T-test. HCT116 n=4. Negative Control; CTRL = 
Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive control. 
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Figure 4.15. Summary of the effect of RDE on the Wnt/β-catenin and mTORC1 pathway in the Non-APC-
mutated CRC cell lines HCT116. 
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4.3 RDE affected stemness, differentiation and cell viability 

4.3.1 RDE suppressed LGR5 expression and induced differentiation in organoids.  

We treated the organoids in a growing phase and with small dimension to better understand the 

influence of RDE in growing tissues. Under this conditions neither CTRL nor non-treated organoids 

(NC) were found to develop budding, due to the short experimental timing. After 48 hours of 

treatment RDE mediated the downregulation of organoids viability approximately 20% and CRC-K 

organoids were the more sensitive to the treatment compared to CTRL (Fig.4.16 A-B). Considering 

that most of the organoids treated were normal tissue-derived, a suppression in cell viability of 

around 20% appeared as non-cytotoxic and safe. However, we also observed a significant suppression 

in LGR5 gene expression, even in organoids with increased Wnt/β-catenin signaling activation. 

Suppression of LGR5 was followed by an increase in KRT20 gene expression, suggesting a reduction in 

stemness in favour of a shift toward tissue differentiation compared to both CTRL and CHIR 

(p<0.0001, T-test RDE vs CHIR) (Fig.4.16 C-D). The latter, showed an opposite trend and despite the 

activation or inhibition of Wnt/β-catenin significantly increased LGR5 and suppressed KRT20 gene 

expression, suggesting the occurrence of a more direct regulation between GSK3β and LGR5.  
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Figure 4.16. (A-B) Effect of RDE on organoids viability. (C-D) Effect of RDE on LGR5 and KRT20 mRNA expression 

assessed by qRT-PCR. LGR5 and KRT20 mRNA expression was normalized to GAPDH mRNA expression. Proteins 
and RNA mean values relative fold changes were calculated using CTRL as reference sample. Data are 
expressed as means ± SD. Statistical significance was tested using unpaired T-test. NC = Negative Control; CTRL 
= Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive control. Relative fold changes 
were calculated using CTRL as reference sample. Data are expressed as means ± SD. Statistical significance was 
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tested using unpaired T-test. FIT+NM n=6; CRC NM=6. FAP NM=9; FAP A = 6 CRCK=6. Negative Control; CTRL = 
Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive control. 

 

4.3.2 RDE suppressed LGR5 gene expression and activated HCT116 cell apoptosis with a 

mechanism independent of Caspase 3/7 activation.  

We confirmed that after 24 hours RDE targeted LGR5 expression also in cell lines and resulted more 

significant in HE293STF and in HCT116 (p<0.0001, T-test RDE vs CHIR). We found that Rapamycin 

drove the inhibition of LGR5 in RDE-treated HEK293STF; meanwhile, in HCT116, all the three 

compounds co-participated synergically in the final effects of RDE. Interestingly, in APC-mutated cell 

lines DHA was the main leader in suppressing LGR5 expression. This results suggested a slightly 

involvement of Wnt/β-catenin signaling in the significant suppression of LGR5, since it didn’t 

recapitulate the expression of the β-catenin protein and its translocation.  

In all cell lines models we observed a co-suppression of both Wnt/β-catenin and PI3K/mTOR 

pathways, but we found reduced 50% cell viability only in HCT116. APC-mutated CRC cells HT-29 and 

SW480 were barely influenced, with a reduction in cell viability around 20% and 15% respectively as 

for APC-mutated CRC-K organoids (Fig.4.17 A).  

Thereafter, we tested HCT116 for apoptosis by staining the cleaved (active) PARP by Western-Blot 

analysis, but we did not detect any protein expression. However, we found a significant decrease in 

SURVIVIN protein, an antiapoptotic factor and cell cycle regulator (Fig.4.12 B). We co-stained cells 

with Incucyte® Caspase-3/7 Dye and Incucyte® Annexin V Dye and we monitored cells for 36 hours. 

We found that RDE induced apoptosis after 3 hours of treatment with a mechanism independent 

from Caspase 3/7 activation. EGCG was the only compound that drove this mechanism, and neither 

Rapamycin nor DHA was found to activate apoptosis (Fig.4.17 B).  
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Figure 4.17. (A-B) Effect of RDE on HCT116 cell viability and Apoptosis. Mean values relative fold changes were 
calculated using CTRL as reference sample. Data are expressed as means ± SD. Statistical significance was 
tested using unpaired T-test and One-Way ANOVA Dunnett’s test for multiple comparison vs CTRL. HCT116 = 3. 
NC = Negative Control; CTRL = Control with vehicles; RDE = treatment; CHIR = Active-Wnt signalling positive 
control. E = EGCG, R = Rapamycin; D = DHA.  
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5. Discussion and Conclusions 

The primary endpoint of this study was to investigate how a combination (RDE) of Rapamycin, ω3-

PUFA Docosahexaenoic Acid (DHA) and EGCG influences the activation of Wnt/β-catenin and 

PI3K/mTOR pathways. After analyzing several different genetic backgrounds, we dissected new 

insights into the cross-talk between the two pathways.  

In the healthy intestinal background constituted by FIT+-NM organoids we could delve into the 

mechanisms of RDE treatment in the absence of aberrations involving the two pathways. Here, we 

found that 48h-RDE significantly inhibited the PI3K/mTORC1 pathway by suppressing the activation of 

mTOR (data not shown) and its final effectors p70S6K and S6R. Concomitantly with the suppression of 

the PI3K/mTORC1 pathway, we found induced activation of the Wnt/β-catenin pathway. Indeed, we 

reported a significant increase in active-non-phosphorylated and total-β-catenin expression that 

enhanced the expression of AXIN2, CCND1 and C-MYC target genes. In accordance with common 

literature, upon Wnt/β-catenin pathway induction, we also found a significant inhibition of GSK3β 

with increased phosphorylation in Ser9, together with a (non-significant) slight decrease of AXIN1. We 

hypothesized that variations in AXIN1 expression levels across organoids and experiments were 

indicative of a partial inhibition of its binding into the degradosome complex, and that 48 hours 

treatment were not sufficient to completely inactivate the functionality of the degradosome, leading 

to a significant decrease shared between all patient-derived organoids tested. Due to the limited 

quantity of proteins available, we were not able to perform co-precipitation assays to confirm this 

information and clarify the integrity and interaction of the proteins into the degradosome. However, 

to partially analyze this mechanism, we tested RDE for 96 hours in FIT13+-NM organoids and we 

found a stronger suppression of both GSK3β and AXIN1 compared to CTRL (data not shown). 

Therefore, these results can preliminarily support our hypothesis and the previously reported findings 

about a time-dependent degradation of the AXIN1 scaffold protein upon Wnt/β-catenin pathway 

activation. Indeed, after the signaling activation, the ubiquitination of phosphorylated β-catenin has 

been reported to be initially blocked within an intact complex, leading to the saturation of the 

degradosome. As a results, newly synthesized non-phosphorylated β-catenin accumulates into the 

cytosol and subsequently translocate into the nucleus where activates the Wnt/β-catenin pathway 

target genes (Li V.S. et al., 2012; Azzolin L. et al., 2014).  
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In this study we found that, similar to FIT+ NM-organoids and despite the single-hit germline mutation 

in APC gene, in FAP NM-organoids RDE enhanced the activation of the Wnt/β-catenin pathway, 

leading to the accumulation of active-non-phosphorylated β-catenin and AXIN1 proteins. On one 

hand, these evidence confirmed that inactivating mutations in only one allele of APC gene are not 

sufficient to significantly impair the Wnt/β-catenin pathway. As a result, response of these tissues to 

treatments that alters the Wnt/β-catenin pathway can be compared in most of the cases to that of 

healthy ones. This is also true for NM in the proximity of sporadic CRC (5cm) tissues, that showed a 

basal enhanced transcriptional activation of the pathway resulting from stimuli released by 

surrounding cancer tissue. On the other hand, this data confirmed the detectability of the 

phenomenon of the saturation of the degradosome upon Wnt/β-catenin signaling induction in 

normal-like intestinal organoids. Although, Li et al. reported this phenomenon as a feature of CRC 

settings that exhibit mutations in Wnt/β-catenin signaling components (Li V.S. et al., 2012). This can 

partially explain why, upon RDE treatment, we found in FAP Adenomas-organoids a higher and 

significant accumulation of both β-catenin and AXIN1 proteins compared to NM-organoids, as a result 

of the complete inactivation of the APC gene. However, the location and the significance of the 

mutations along the APC gene have been associated to distinctive Wnt/β-catenin pathway activation 

statuses and tumor features (Christie M. et al, 2013). Through this study we confirmed that APC 

germline mutation can also influence the responses to treatments that trigger the Wnt/β-catenin 

signaling activation.  

Moreover, opposed to the findings detailed above by Li et al., upon RDE treatment we found in all the 

CRC cell lines and CRC-K organoids in an APC-independent manner a downregulation of AXIN1 protein 

expression, together with suppression of β-catenin protein in both nuclear and cytoplasmatic 

compartments. Thus, we hypothesized that the hyperactivation of the Wnt/β-catenin signaling 

induced by RDE in Wnt-deranged settings lead to the occurrence of alternative post-translational 

mechanisms involved in the β-catenin degradation to counteract the toxicity of a Wnt/β-catenin 

signaling overactivation.  

Through the analysis of the single compounds that composed RDE, we found that EGCG together with 

DHA were mainly involved in the modulation of components of the degradosome and in their protein 

expression. Oh S. et al. proposed a mechanism in which EGCG promoted the degradation of the β-

catenin by inducing its phosphorylation at Ser33/37 residues through a mechanism independent of 
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GSK-3β and PP2A (protein phosphatase 2A). This mechanism has been reported as activated in SW480 

CRC cell lines and promotes β-catenin degradation, resulting in anti-proliferative activity against 

SW480 CRC cells. Through our experiments, we confirmed this EGCG-driven effect in SW480 cell line. 

However, it resulted mostly true referred to EGCG as a single treatment, but not in combination with 

the other compounds that composed RDE. Indeed, Rapamycin and DHA probably interfere with the 

regulation of EGCG by activating further mechanisms that however supported an effective 

dowregulation of the Wnt signalling. Moreover, in the same work, Oh S. et al. reported that EGCG, in 

HEK293, attenuates Wnt/β-catenin signaling by decreasing the β-catenin protein level rather than by 

affecting its gene expression. By contrast, in the non-intestinal wild-type model HEK293, we found 

that RDE downregulated total β-catenin by directly suppressing CTNNB1 gene expression in an EGCG-

dependent manner. Among the regulatory mechanisms proposed for EGCG and involving the Wnt/β-

catenin pathway, we firstly reported within this study a direct inhibition of the CTNNB1 gene 

expression, thus identifying EGCG as a transcriptional regulator of β-catenin. Furthermore, Oh S. et al. 

described HCT116 as resistant to the mechanism. Nevertheless, in the present study we found a 

strong suppression of β-catenin protein driven by EGCG, both as single treatment and in combination, 

resulting in significant anti-proliferative and cytotoxic activities against HCT116.  

We therefore hypothesized that RDE enhanced alternative non-canonical mechanisms involved in the 

β-catenin degradation. Among these we found Nur77 and Mule as potential candidate. Nur77 (also 

known as TR3 or NGFI-B), an orphan member of the nuclear receptor superfamily and an immediate 

early response gene, has been described to regulate cancer cell growth and survival, differentiation 

and apoptosis in response to a variety of stimuli such as growth factors, inflammatory stimuli, 

cytokines, peptide hormones, and cellular stress (Safe S. et al., 2008; Zhao Y. and Bruemmer D., 2010). 

Interestingly, Sun Z. et al. reported that cytoplasmic Nur77 inhibits the transcriptional activity of β-

catenin on CCND1 expression by enhancing β-catenin degradation via a GSK3β-independent 

mechanism that involved the proteasomal pathway. They described the effectiveness of Nur77 in 

suppressing β-catenin in both HCT116 and SW620, thus indicating that the regulation of Nur77 was 

not strictly linked to an APC-mutated setting. In addition, several studies provided insight into Nur77 

extranuclear regulatory functions, and in particular Wilson A.J. et al. demonstrated in HCT116 that 

Nur77, in response to pro-apoptotic agents, interacts with the member of the Bcl-2 proapoptotic 

factors BAX, triggering the cytochrome c release from mitochondria and enhancing cellular apoptosis 

https://www.nature.com/articles/onc2011448#ref-CR43
https://www.nature.com/articles/onc2011448#ref-CR60
https://www.nature.com/articles/onc2011448
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(Wilson A.J. et al., 2003). Hence, these results have led to the speculation that RDE and EGCG 

functioned as pro-apoptotic factors that triggered this system in HCT116, consequently explaining 

their anti-proliferative and the higher cytotoxic activities in this CRC setting.  

Conversely, Mule (Huwe1/Arf-BP1) is a E3 Ubiquitine ligase that in intestinal tissues is involved in the 

regulation of Wnt/β-catenin signaling. Mule has been described to modulate several component 

directly or indirectly related to the pathway, influencing the intestinal stem cell compartment. 

Dominguez-Brauer et al. demonstrated that Mule controls the gradient of receptor tyrosine kinase 

EphB3 proteins by enhancing their proteasomal and lysosomal degradation (Dominguenz-Brauer C. et 

al., 2016). In another study, de Groot R.E. et al reported the existence of a negative feedback loop 

that lead to a Mule-dependent ubiquitination of Dvl in a Wnt ligand-dependent manner. More 

importantly, in a recent work, Dominguez-Brauer et al. described a direct interaction between Mule 

and β-catenin which is responsible for the protein degradation under conditions of hyperactive 

Wnt/β-catenin pathway in a phosphorylation-independent manner. Indeed, they demonstrated in-

vitro (including in the HCT116 cell line) and in-vivo that loss of Mule in deranged Wnt/β-catenin 

signalling activation leaded to increased β-catenin protein accumulation, promoting CRC tumour 

onset and progression (Dominguenz-Brauer C. et al., 2017). As a consequence, loss of Mule has been 

also associated to an increased in LGR5 expression. Therefore, according to this model, we 

hypothesized that in CRC settings, RDE leads to the activation of Mule as a results of its activating 

modulatory effect on the Wnt/β-catenin signaling.  

Further, an interaction between c-Myc and Mule has been described. Indeed c-Myc is a direct 

substrate of Mule, which mediates its degradation. Loss of Mule has been associated to c-Myc up-

regulation at both transcriptional and protein level in a Wnt-activation-independent manner 

(Dominguenz-Brauer C. et al., 2016). This appears in contrast to our findings that demonstrated a 

transcriptional up-regulation of c-MYC induced by RDE in a mutated-independent manner. Thus, the 

effect on c-MYC transcriptional levels appears not related to a potential induction of Mule activation 

by RDE. 

Indeed, we speculated that c-MYC was activated as a feed-back mechanism to sustain cell 

proliferation and counteract the effects of RDE on cell viability. Indeed, in HCT116, c-MYC expression 

was not up-regulated and in this model RDE induced 50% reduction in cell viability. Moreover, upon 

Wnt/β-catenin pathway activation, particularly in NM-organoids we expected an increase in cell 
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viability and proliferation. However, we found that RDE suppressed 22% cell viability. Indeed, this 

finding showed a relation with the mild activation of apoptotic mechanisms, which significantly 

induced ANNEXINV expression with a median fold of 1.2 compared to CTRL. Despite the upregulation 

of the Wnt/β-catenin pathway we also reported a significant inhibition in the gene expression of the 

intestinal marker LGR5, in favor of a slightly shift towards activation of the KRT20 intestinal 

differentiation marker. We attributed these results to the mTOR inhibition. Therefore, we speculated 

that the RDE-induced activation of apoptosis occurs as a necessary strategy for healthy NM organoids 

to counteract the increased proliferative stimuli occurring in the stem cell niche, in a context of 

impaired metabolic functions resulting from mTOR inhibition. Thus, the inhibition of mechanisms like 

the protein synthesis cannot support the proliferative stimulus, leading to the partial suppression of 

the stem cell niche. Indeed, we found in the wild-type HEK293STF cells that Rapamycin as individual 

treatment led to a trend toward suppression of LGR5 gene expression (mean fold 0.7, non-significant), 

along with a significant inhibition of cell viability (20%), despite limitations related to the model, 

which include the fact that HEK293 are a human embryonic kidney-derived model instead of an 

intestinal one. Importantly we found a significant inhibition of LGR5 also in FAP-adenomas organoids 

and, even if less potent, in CRC settings. However, our findings about CHIR contrast with this theory. 

Indeed, we observed that CHIR 2.5µM, by selectively targeting GSKβ as part of its inhibitory 

pharmacological mechanism, activated the Wnt/β-catenin pathway and inhibited the PI3K/mTOR 

pathway similar to RDE and Rapamycin. Enhancement of Wnt/β-catenin signaling showed a more 

restrained activation compared to RDE, however CHIR sustained the transcriptional up-regulation of 

LGR5 and did not significantly affect cell viability. Thus, these results suggested that GSK3β more than 

other players may exert a central and direct role in regulating stemness and apoptosis in response to 

RDE, but it still to be clarified. LGR5 has been described as a controverse target, since its play an 

important role during CRC development or progression, but also its presence or ablation has been 

associated with long-term efficacy or failure of current chemotherapeutics. However, the inhibition of 

LGR5 in precancerous and cancerous lesions has demonstrated promising results in promoting the 

effectiveness of common target-therapies in resistant tissues.   

The main limitations of the study include: (i) the use of commercial medium for intestinal organoids 

that does not provide a clear indication of its composition makes it difficult to understand whether 

there are other growth factors (e.g. EGF) that can influence the response to RDE activating or 
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inhibiting cross-talks with other pathways connected with the Wnt/β-catenin or PI3K/mTOR signaling; 

(ii) the limited material available for the development of intestinal organoids did not enable to clarify 

the contribution of the individual compounds in the final effect of RDE in 3D models. Further, the use 

of the 2D-cell line models to hypothesize the effect of the individual compounds limited the 

interpretation of the data, because 2D-cell line models lack more complex information relating to the 

spatial organization and/or the presence of the distinguished stem/differentiated compartments 

compared to intestinal organoids culture; (iii) the wild-type cell model HEK293STF, a non-colon cell 

line has proved not to be a good model for studying and comparing the effects of non-mutated 

models between 2D and 3D lines; (iv) most of the mechanisms hypothesized must be explored and 

investigated in depth. 

 In conclusion, with the combinatorial strategy of RDE we highlighted how the dual inhibition of 

Wnt/β-catenin and PI3K/mTOR is challenging and involved several different regulatory mechanisms in 

a  Wnt-deregulated-dependent manner. However, our approach was found to be effective in CRC cell 

lines and CRC K- organoids through the activation of potential non-canonical mechanisms involved in 

the β-catenin regulation and degradation, contributing to the suppression of both the signaling. While 

in APC-mutated non-cancerous organoids (FAP adenomas) RDE affects markers of intestinal stemness 

and tissue differentiation, suggesting a potential therapeutic approach for both preventive and 

therapeutic strategies against CRC development and progression. 
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