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CHAPTER 1: CANCER HETEROGENEITY 

The only certain way  

to avoid cancer  

is not to be born: 

 to live is to incur the risk 

(Robbins SL) 

1.1 CANCER EPIDEMIOLOGY 

Tumors in general are growing as the leading cause of death and an important barrier to increasing 

life expectancy in every country of the world. According to World Health Organization (WHO) 

estimates, in 2019 (1) cancer represents the 1st or 2nd leading cause of death before the age of 70 years 

in 112 of 183 countries and ranks 3rd or 4th in a further 23 countries. Cancer’s rising prominence as a 

leading cause of death partly reflects marked declines in mortality rates of stroke and coronary heart 

disease, relative to cancer, in many countries (2). Overall, the burden of cancer incidence and 

mortality is rapidly growing world-wide; this reflects both aging and growth of the population as well 

as changes in the prevalence and distribution of the main risk factors for cancer, several of which are 

associated with socioeconomic development. 

Female breast cancer represents the most commonly diagnosed cancer worldwide, in both sex (11.7% 

of total cases), followed by lung (11.4%), colorectal (10.0%), prostate (7.3%), and stomach (5.6%) 

cancers. Lung cancer is the leading cause of cancer death for both sex (18.0% of the total cancer 

deaths), followed by colorectal (9.4%), liver (8.3%) stomach (7.7%), and female breast (6.9%) 

cancers. In women, breast cancer is both the most commonly diagnosed cancer and the leading cause 

of cancer death, followed by colorectal and lung cancer for incidence, whereas by lung and colorectal 

for mortality. In men, instead, the most frequently occurring cancer and the leading cause of cancer 

death is represented by lung cancer, followed by prostate and colorectal cancer for incidence and liver 

and colorectal cancer for mortality (3). 

 

1.2 CANCER HETEROGENEITY DEFINITION 

The coexistence of different biological, morphological, phenotypic and genotypic profiles is defined 

as “tumor heterogeneity”, and can be both inter-tumor (between tumors of the same kind) and intra-

tumor (within the same tumor). Tumor heterogeneity exists at multiple levels and may be present 

within different tumor regions or between primary cancer and metastases (spatial heterogeneity), or 

during the disease progression (temporal heterogeneity). The tumor microenvironment (TME), 

defined as the complex ecosystem in which cancer cells interact with non-cancerous cells, represents 

an additional source of intra-tumor heterogeneity. The TME includes proliferating tumor cells, the 
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tumor stroma, surrounding blood vessels, and immune cells. In particular, the dynamic interplay 

between cancer and immune cells has become an issue of great interest. There is growing recognition 

that immunoediting, the process whereby the immune system can both counteract and promote tumor 

development, contributes to cancer heterogeneity and represents a potential source of biomarkers (4). 

Heterogeneity can be achieved through selection and expansion of tumor clones, which dynamically 

evolve with a branched evolution and confer growth advantage within a specific individual 

microenvironment. Tumor heterogeneity can be explained from an ecological perspective that focuses 

on interactions of organisms with their environment and among each other (5). When applying an 

ecological perspective to human tumors, sub clonal populations of tumor cells that differ in heritable 

traits are considered as distinct “species,” whereas infiltrating normal cells, extracellular matrix, 

vessels, are considered the environment. A major implication of the ecological perspective is that co-

existence of phenotypically distinct clonal populations of tumor cells should inevitably lead to the 

formation of a network of biological interactions, which could be either direct or mediated by the 

tumor microenvironment. Four key interactions are likely to exist among distinct tumor clones: 

1. Competition, the strongest and most important biological interaction between tumor cells. 

The role of competition is strengthened by the limited nature of resources: while, under tissue 

culture conditions, tumor cells are capable of limitless exponential growth, clonal expansion 

within tumors is severely constrained by the limited availability of oxygen, nutrients, growth 

factors, and space. Limited resources intensify competitive interactions between interacting 

cancer sub clones) (6). 

2. Amensalism, namely an interaction in which one interacting party is inhibited by the other 

without being affected itself. As tumors grow under conditions of limited resources, 

amensalistic interactions can provide a competitive advantage to a clone that can inhibit other 

clones while being resistant, like the plant “Juglans nigra”, whose root secrete a compound 

that kills or damage surrounding plants. The existence of this type of interaction has also been 

documented among distinct tumor clonal populations, both in cell culture and in vivo, 

although the exact mechanisms are unclear (7).  

3. Commensalism, a positive interaction in which one interacting party benefits the other 

without itself being affected, like what has been shown in a human xenograft model, where 

an “instigator” tumor cell line augmented the proliferation and metastasis of genetically 

distinct “indolent” tumors that were incapable of forming macroscopic outgrowths on their 

own (8). 
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4. Mutualism (cooperation), a positive interaction in which both interacting parties can benefit 

from each other. Positive interactions between species have been widely documented in 

natural ecosystems. Mutualistic interactions between distinct tumor clones can play an 

important role in tumor evolution by maintaining the survival and proliferation of tumor cells 

until one of the clones achieves a “full deck” of malignant mutations required for clonal 

dominance and full-blown malignancy (9).  

Of note, most of the biological interactions are not mutually exclusive, and the net outcome for the 

interacting species will depend on the net sum of the different interactions.  

 

1.3 CANCER HETEROGENEITY-RELATED ISSUES 

The existence of tumoral heterogeneity brings several issues in the comprehension of the natural 

history of cancer, which are strictly connected with the actual gold standard for tumor monitoring: 

the tissue biopsy. Tissue biopsy has proven extremely useful in cancer care, but shows different 

limitations (10):  

 It is a medical procedure that involves risks (hemorrhage, perforation of adjacent structures), may 

cause stress, pain, and discomfort for the patient, and its performance remains challenging for 

specific tumor locations that are particularly troublesome to reach (11). 

 Samples issues:  

o if a small region of the tumor is taken, it may not be informative about the clonal 

composition of the tumor as a whole; 

o if the tumor specimen is too large, most methods will only provide an average picture, 

usually reflecting the dominant clone: a large numbers of cells pooled will quench the 

“noise” and the signal from minor subpopulations will be lost.  

Furthermore, it is hard to get samples from metastasis sites: spatial heterogeneity remains 

unsolved. 

 As an invasive procedure, it can hardly be repeatedly performed to monitor disease progression 

and treatment response: temporal heterogeneity remains unsolved. 

 

1.4 OVERCOME CANCER HETEROGENEITY 

1.4.1 Liquid Biopsy  

The term “Liquid biopsy” (liquid biopsy) refers to the sampling and analysis of non-solid biological 

tissues, in particular bio fluid as blood, but also cerebrospinal fluid (12), urine (13), saliva (14). A 

blood sample for a liquid biopsy analysis include different circulating bio-markers, among which the 
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main ones are Circulating Tumor Cells (CTC), Cell-Free DNA (cfDNA), Extravesicles (EV). 

Although sensu strictu the concept of "biopsy" refers only to CTC samples, it has also been extended 

and accepted with reference to cfDNA and EV.  

1. Circulating Tumor Cells (CTCs) are cells detached from the primary tumor mass to enter 

in the systemic circulation through direct extravasation into blood vessels or after transit 

through the lymphatic system. The first news of the presence of CTCs dates back to a study 

of 1869, (15) but the use of the same in research protocols dates back to the early 2000s. 

Studies performed on animal models, to investigate metastatic progression in the liver and 

lung, show that the least efficient steps in the survival of neoplastic cells are not the earliest 

ones, which involve survival in the circulation, arrest and escape from the blood vessels. 

neoplastic cells, but rather the later ones, which concern the failure of the growth of solitary 

cells and micrometastases: metastatic inefficiency (16). Contrary to the traditional view, 

which wants metastases as a late event of tumorigenesis, numerous studies show how the 

dissemination of tumor cells can also occur in early neoplastic lesions (17). These works 

support a model of metastasis according to which it is the CTCs that detach earlier that remain 

dormant in the secondary sites, eventually evolving into overt metastasis. According to this 

model, primary and metastatic cancers progress independently of each other, and maintain 

different genetic characteristics (18). This model also supports the idea of “self seeding”, 

namely that CTCs can return to the site of the main tumor, increasing the malignancy of the 

previous one or causing a tumor reappearance (19). Complementary model to this is the one 

hypothesized by Paget with the theory of “seed and soil”. This theory was formulated 

following the observation that different types of cancer metastasize in an organ-specific way 

(colon to liver and lung, breast to bone, brain, liver and lung). According to this theory, 

metastases occur only if the CTC (the "seed") has a specific affinity for the microenvironment 

("soil") (20). This specificity can manifest itself as specificity in the surface markers of CTC 

(21), specificity of the CTC response tissue-specific chemotactic agents, (22) or response to 

tissue-specific growth conditions (20).One of the most difficult challenges in CTC research 

concerns their detection, being present in very low numbers, about 1 per 105-7 mononuclear 

cells (23). The techniques used differ mainly according to the method of separation and 

identification of the CTC. Separation from peripheral blood can occur in different ways, 

mainly on an EpCAM-dependent (24) or EpCAM-independent basis (25). Epithelial Cell 

Adhesion Molecule (Epithelial Cell Adhesion Molecule) is an adhesion molecule present on 

epithelial cells and absent on other histotypes; this feature made EpCAM as one of the best 
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marker of CTC identification in carcinomas (26), and has been implemented as a capture 

antigen in CellSearch® (Menarini Silicon Biosystems, Bologna) (27), gold standard in the 

automated research of CTC, one and only approved device by the FDA (Food and Drug 

Administration) in metastatic breast (28), prostate (29) and colorectal cancer (30). CTCs are 

heterogeneous, and there is ample evidence that some CTCs undergo EMT (Epithelial-to-

Mesenchymal Transition), causing acquisition of a mesenchymal phenotype and consequent 

loss of epithelial characteristics such as the expression of EpCAM, making the methods based 

on the detection of EpCAM+-CTC useful only for certain types of CTC (31). EpCAM-

independent approaches, on the other hand, exploit the differences in physico-morphological 

characteristics existing between CTC and blood cells. ParsortixTM (ANGLE Plc), for example, 

is based on the passage of the collected blood through a membrane with pores with a diameter 

of ≤10 µm, which allow the CTC, whose diameter is greater, to be retained inside (32). 

Following the separation of cells from whole blood, different methods were used to confirm 

whether the isolated cells are indeed CTCs. Immunological staining, i.e. with antibodies 

conjugated with fluorescent markers, is the most commonly used technique to confirm the 

presence of epithelial or tumor markers on cells. The CellSearch system involves a labeling 

for CD45 (leukocyte surface marker), cytokeratin (surface markers of epithelial cells), and 

DAPI (nuclear dye that shows the presence of a nucleus, to differentiate cell debris and 

apoptotic cells): cells were defined as CTC when they showed positivity for different isoforms 

of cytokeratin (CK8, 18, 19) and DAPI and negativity for CD45 (33). Other post-enrichment 

identification strategies involve the use of RT-PCR and FISH (fluorescent in situ 

hybridization) for the identification of mutations on target genes (34). 

2. Circulating free DNA: the discovery of the presence of freely circulating DNA not associated 

with cells (cfDNA) dates back to 1948 (35). The potential applications of cfDNA in cancer 

diagnosis and prognosis were subsequently demonstrated when elevated cfDNA values were 

detected in the serum of cancer patients (36). Subsequently, some tumor-associated oncogene 

mutations, but also a profile of methylation consistent with that of primary cancer have been 

discovered in DNA from plasma or serum of patients with carcinoma. These findings confirm 

that a fraction of cfDNA is actually circulating tumor DNA (ctDNA) being derived from 

cancer cells (37). Numerous studies have shown the presence of cfDNA even in healthy 

individuals, reporting, however, an average concentration 10 times higher in patients with 

different types of neoplasia (38). ctDNA can originate following the lysis of CTC or 

micrometastases (39), due to necrosis process (40), or by active release from live tumor cells 
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(41). The modality that gives the greatest contribution to the total DNA in circulation seems 

to be instead the DNA release from apoptotic cells (42), as suggested by the fact that most of 

the cfDNA fragments have a length of about 180-200bp, typical of the apoptotic process. The 

concentration of cfDNA is generally low in healthy individuals, as it is rapidly removed from 

the circulation by phagocytosis (43), but a higher amount of ctDNA can be accumulated in 

bloodstream of cancer patients. ctDNA can provide the same genetic information of the cell 

of origin such as point mutations (EGFR, KRAS), arrangements (EML4-ALK), 

amplifications (HER2, MET), methylation (GALT) and aneuploidy. ctDNA analysis shows 

some limitations including, due to the modest quantity and high fragmentation of the DNA, 

the not easy execution of a rapid, efficient and reliable isolation of ctDNA, and often the 

measurement it is not perfectly reproducible (44, 45). The basis for successful ctDNA 

detection is the selection of an isolation method that ensures that sufficient ctDNA is extracted 

(45, 46). Molecular analysis of ctDNA can be used to verify the presence of tumor-specific 

genetic and epigenetic alterations, linked to the development of resistance to certain drugs or 

that can drive the use of personalized therapies (46, 47). Liquid biopsy can be used also in 

screening programs: ctDNA alterations are already present 5 to 14 months before clinical 

diagnosis in patients who later developed cancer (37). ctDNA analysis can provide 

information from single mutation to Whole-Genome Amplification (WGA). PCR-based 

methods (48) have been applied since the early 2000s for the detection of mutations in serum 

and plasma, and some assays are available as approved kits for clinical use, but still show 

limited sensitivity. Droplet digital PCR (ddPCR) is a highly sensitive quantitative method, 

extensively used to quantify ctDNA levels (49). The multiplexing capacity of these assays lies 

in the different binding affinity between mutant and wild type allele and, since in most cases 

it requires specific primers and probes for a known and defined mutation, it has limited 

applicability. The assays are set up to search for a small number of mutations and are often 

used for the analysis of known mutations. 

3. Extracellular Vesicles: identification of extracellular vesicles (EV) dates back to 1940, with 

the discovery in the plasma of the presence of subcellular factors capable of promoting blood 

clotting Chargaff (50). The discovery that gave the decisive impetus recently concerned the 

identification of the tissue factor functionally active in the supernatant of monocytes 

stimulated with lipopolysaccharide (51). The tissue factor, initiator of coagulation, functions 

only if bound to the cell membrane. This meant that the stimulated cells are able to release 

biologically active parts of the membrane to which the tissue factor is bound. The further 
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discovery that EVs contain RNA and microRNA, has increased interest in these particles, 

identifying them as mediators of intercellular communication (52). EVs and their contents 

therefore represent a class of potential therapeutic targets, due to their ability of modulating 

the tissue regeneration and the immune response. EVs are a heterogeneous group of particles 

that can be mainly divided into three groups: exosomes, microvesicles and apoptotic bodies 

(53). This classification is made in relation to particle size, lipid composition and density (54): 

 Exosomes are the smallest vesicles, with a diameter between 40-100 nm and generally 

homogeneous in size. They originate from the formation of multivesicular 

compartments at the cytoplasmic level, which are released into the extracellular 

environment by fusion with the plasma membrane (55). 

 Microvesicles (MV) have an irregular shape with a maximum diameter of 1000nm and 

a density not well determined. MV are released into the extracellular space by budding 

from plasma membrane, as a consequence of activation mainly due to cellular stress, 

an increase in intracellular calcium or a decrease in cholesterol levels of the cellular 

plasma membrane (56). 

 Apoptotic bodies (AB) are the largest vesicles, with a diameter between 50-4000 nm 

and greater density than the other two classes. AB show an extremely irregular shape 

and this makes their morphological discrimination very complex. As for the lipid 

composition, mass spectrometry experiments, in vesicles isolated from different cell 

lines, have identified the presence of different classes of lipids characterized by 

phosphoglycerides, sphingolipids and steroids (57). AB are released during the 

terminal stages of apoptosis and originate from apoptotic cells by fragmentation (58). 

The particular lipid composition of each category helps to determine their stiffness and 

transport efficiency. Moreover, all the vesicles show the presence of residues of 

phosphatidylserine more or less exposed according to the type of vesicles (59). There is not 

yet a standard process to separate EVs from biological fluids, nor to count them or to extract 

nucleic acid or protein from EVs, due to the biological complexity of the medium in which 

they are contained. The difficulties in vesicle detection and isolation partly explain the 

differences in classification criteria and exposes one of the main problems that has to be solved 

to increase EVs use as information tool. In the majority of the studies, EVs are purified using 

differential centrifugation protocols, in which centrifugal force is used, at increasing 

accelerations, to settle the particles. A high centrifugal acceleration of 100,000 to 200,000g 

can cause vesicle fusion and contamination of the pellets with proteins, thus hindering 
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proteomics studies or co-precipitation together with soluble protein vesicles or free miRNA 

(60). Furthermore, the functional properties of EVs may change during isolation: 

centrifugation may increase phosphatidylserine exposure and strengthening the vesicles' 

ability to promote clotting (61). In addition to ultracentrifuge, other methods of EV separation 

require the use of dedicated commercial kits according to the type of analysis to be 

subsequently carried out on the sample. 

In summary, liquid biopsy is a minimally invasive procedure, allowing the serial monitoring of the 

molecular changes that occur along the course of the disease and the evaluation of temporal 

heterogeneity. Liquid biopsy can also be used to track spatial heterogeneity, because analytes can 

represent the entire tumor and metastasis, providing a “snapshot” of the status of the disease. In 

addition, it avoids possible adverse events related to tissue biopsy. The information provided by liquid 

biopsy offer unique opportunities for understanding the biology of the tumor, its evolution and 

therapeutic efficacy and resistance to therapy (62). 

 

1.4.2 Single Cell analysis 

Single-cell analysis is an alternative to bulk sequencing to explore tumor evolution (63). In theory, 

sequencing individual cells removes the time bias inherent to bulk sequencing, as all genetic 

mutations within the sequenced cell should be detectable irrespective of when the mutations arose. 

Clonal identity also becomes evident, removing the need for allelic copy number correction. 

However, calling a “single-nucleotide variant” (SNVs) in single-cell sequencing remains challenging 

owing to the level of noise and missing data. Combining information from multiple cells addresses 

this issue (64), although at the cost of losing single-cell resolution. By contrast, copy number 

aberrations (CNAs) can be reliably identified in single cells (65); however, because the background 

CNA rate is still not well understood, drawing inferences about temporal evolutionary dynamics from 

these data is not straightforward. Nevertheless, single-cell sequencing offers a powerful route to 

learning how CNAs accrue, because sequencing individual cells means that some newly born cells 

can be analyzed before the effects of selection, informing the background CNA mutation rate. Single-

cell sequencing of cells from a large cancer risks sequencing many cells that are ‘evolutionary dead 

ends’ and would not contribute to future disease progression. Simply sequencing large numbers of 

cells would abrogate this issue and moreover gives a direct means to detect and characterize negative 

selection on CNAs (66), which cannot be identified by bulk sequencing. 

Other than the research for genomic mutations, single cell can be analyzed to explore transcriptomic, 

to determine what genes are being expressed in each cell. The transcriptome is often used to quantify 
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the gene expression instead of the proteome because of the difficulty currently associated with 

amplifying protein levels (67). There are three major reasons gene expression has been studied in 

single cell: to study gene dynamics, RNA splicing, and cell typing. Gene dynamics are usually studied 

to determine what changes in gene expression effect different cell characteristics. RNA splicing 

studies are focused on understanding the regulation of different transcript isoforms. Cell typing 

represents the identification of a single cell type based on genes expressed in the cell. The main goal 

in cell typing is to determine the identity of cells that don't have known genetic markers (67). 

In addition, the proteome can be studied from single cell, to better understand the activity of cells at 

the single cells level. Understanding the proteome of single cell may provide the best understanding 

of how a cell operates, and how gene expression changes in a cell due to different environmental 

stimuli. Respect transcriptomic, that can be easier than proteomics, the latter has more accuracy in 

determining the actual kind of protein expressed, taking into account post-transcriptional regulation 

(68). Transcriptomic is anyway still important to study the difference between RNA levels and protein 

levels and therefore provide insight on which genes are post-transcriptionally regulated. 

Single-cell technologies have advanced rapidly in the past several years. Currently available protocols 

vary in cell capture method, library preparation chemistry and throughput. Most protocols require 

single-cell suspension, so the first critical consideration is optimizing tumor dissociation to generate 

a cell suspension that is fully representative of the intact tumor in terms of cell populations, their 

frequencies and expression programs.  

Among different devices for single cell capture, the DEPArray™ (Menarini Silicon Biosystems) have 

been used to identify different singe cell population from FFPE samples (69) or CTCs (70). The 

DEPArray is based on dielectrophoresis (DEP), an electrokinetic principle by which, creating a non-

uniform electric field, it is possible to exert forces on neutral particles such as cells. The electric field 

is created inside a microfluidic chip (DEPArray™ cartridge) containing cells suspended in a liquid, 

where it forms DEP “cages” around cells trapping them. The DEPArray™ is equipped with a six-

channel fluorescent microscope and a CCD camera that captures images and identifies cells by their 

fluorescence labelling and morphological characteristics. The instrument offers the possibility to 

analyze the collected images with the CellBrowser™ software, that allows for multiple parameters 

from fluorescence and bright field images for cell selection, and recover them in a tube for further 

analyses, through opening and closing the DEP cages. 

The DEPArray system allow single cell isolation for different further purpose, such as Whole Genome 

Amplification or DNA methylation. 
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CHAPTER 2: EPIGENETICS 

2.1 HISTORY AND DEFINITION 

The term "epigenetics" derives from the union of the Greek suffix "" (with the meaning of 

"beyond", "above") and "γενετικός" (which means "relative to birth", here with reference especially 

to genetics), assuming the meaning of "what is beyond genetics". The concept of epigenetics, and the 

definition itself, have changed several times since, in the late 1930s, Conrad Hal Waddington, 

referring above all to its implications in embryonic development, proposed the first:  “the causal 

interactions between genes and their products that lead the phenotype to manifest”(71). With the 

discovery of the implications of epigenetics in various biological processes, the previous definition 

has been made more complete by the one from Shikhar Sharma: “the study of heritable variations in 

gene expression that occurs independently of changes in the primary DNA structure.”(72) 

 

2.2 EPIGENETICS MECHANISMS  

Chromatin is the form in which nucleic acid are found in eukaryotic cells. Chromatin is made up of 

repeating units of nucleosomes that consist of approximately 146 base pairs of DNA wrapped around 

an octameric core of four histone proteins (H3, H4, H2A and H2B)(73). Protein H1, on the other 

hand, binds to each nucleosome by coming into contact with the DNA and proteins of the core by 

changing the path of the DNA itself that emerges from the nucleosome. 

Three primary epigenetic codes have been well studied, and are listed below:  

 DNA methylation 

 Histone modifications  

 Non-coding RNA (ncRNAs) 

All these mechanisms work together to regulate the functioning of the genome by altering the 

dynamic structure of chromatin, particularly through the regulation of its accessibility to transcription 

factors and compactness. The interaction of these mechanisms creates an epigenetic substrate that 

regulates how the genome manifests itself in different cell types, in the different stages of 

development, and in different stages of various diseases, including cancer (74). 

 

2.2.1 DNA Methylation  

DNA methylation is the most important epigenetic mechanism that has been intensively investigated. 

There are different DNA methylation modifications, such as 5-methylcytosine (5mC), N6-

methyladenine (6mA) and 4-methylcytosine (4mC)(75). While 6mA and 4mC are commonly found 
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in prokaryotic genome, 5mC is the most widely distributed methylation type in eukaryotes, and the 

most studied and understood DNA modification pattern overall (76). There are many conventional 

techniques to analyze the approximate or exact methylation contents of DNA. Bisulfite modification 

is the foundation for the majority of DNA methylation assays, which converts cytosine to uracil in 

single-stranded DNA but does not affect 5mC (77). 

DNA methylation results in the stable silencing of a gene, and has a very important role in regulating 

gene expression and chromatin architecture, in association with changes in associated histone or non-

histone proteins. DNA methylation occurs mainly through addition of a methyl group (CH3) to a 

cytosine contained within CG dinucleotides series, which are not uniformly distributed in the genome, 

but are concentrated in small tracts of CpG-rich DNA, called "CpG islands" and in regions of widely 

repeated sequences (centromeric repeats, retrotraceable elements, rDNA) (78). CpG islands are 

preferentially located at the 5' end of a gene and occupy about 60% of the promoter sequence (79). 

Most CpG islands remain unmethylated during development and in differentiated tissues, 45 although 

some are, resulting in long-term silencing. The inactivation of one of the two X chromosomes in 

women and the existence of imprinted genes are classic examples of the existence of methylated CpG 

islands during development (80). Repetitive genomic sequences scattered throughout the genome are 

heavily methylated to prevent the occurrence of chromosomal instability by silencing non-coding 

DNA and transposable elements (81). DNA methylation leads to gene silencing by both preventing 

(blocking the access of transcription factors to the target site) and promoting (providing binding sites 

for proteins with methyl-binding domains, which can mediate gene repression by interacting with 

histone deacetylases) the recruitment of DNA regulatory proteins. 

The DNA methylation pattern in the genome is generated and inherited through the coordinated 

activity of de novo DNA methyltransferases (DNMT3A and 3B), which act independently of 

replication and show equal affinity for both unmethylated and hemimethylated DNA (methylated 

only on a strand), and is kept by maintenance DNA methyltransferase (DNMT1), which acts during 

replication mainly by methylating the hemimethylated DNA (81). 

 

2.2.2 Histone modifications  

Histone proteins, which include the nucleosomal core, have a c-terminal domain with  a globular 

structure and an unstructured N-terminal one (74). The N-terminal tail can undergo numerous post-

transcriptional covalent modifications, such as methylation, acetylation, ubiquitination, 

SUMOylation, and phosphorylation on specific residues. These modifications regulate critical 

cellular processes such as transcription, replication and repair (82). The various modifications serve 
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to preserve the epigenetic memory in a cell in the form of a "histone code" that determines the 

structure and activity of the various chromatin regions (83). 

Histone modifications work both by modifying the accessibility to chromatin and by recruiting or 

inhibiting the non-histone effector proteins that decode the message contained in the pattern of 

modifications. 

The mechanism by which the histone code is inherited is still far from being fully understood. Unlike 

DNA methylation, histone modifications can lead to both activation and repression of transcription, 

based on the type of modification present and where it occurs: acetylation of lysine correlates with 

transcriptional activation, while methylation of lysine can lead to both activation (such as 

trimethylation of lysine 4 on histone 3 - H3K4me3) (84) and repression (trimethylation of lysine 9 or 

27 on histone 3 - H3K9me3 and H3K27me3) (83).  

Specific patterns of histone modifications are present in different cell types and appear to play a key 

role in determining cell identity, such as embryonic stem cells have divalent domains consisting of 

activating (H3K4me3) and inhibitory (H3K27me3) modifications, which serve to maintain cellular 

plasticity; instead the differentiated cells lose this ambivalence and show a more rigid chromatin 

structure (85). 

Histone modifications are regulated by histone acetyltransferases (HAT) and histone 

methyltransferases (HMT) which add acetyl and methyl groups respectively, whereas deacetylases 

(HDAC) and histone demethylases (HDM) remove them. 

The DNA and histone methylation processes interact with each other to better determine the state of 

greater or lesser repression of a gene; for example, several HMTs can drive DNA methylation either 

by directly recruiting DNMTs (86) or by stabilizing DNMTs themselves (87). In turn, DNMTs can 

recruit HDACs and HMTs to increase the transcriptional repressive state of chromatin (88). 

 

2.2.3 Non coding RNA 

Only 2% of the genes contained in the human genome encode proteins, while the remaining 98% are 

non-coding DNA, initially thought to be “junk DNA” (89). With the advancement of knowledge 

about the genome, this DNA, transcribed below form of non-protein coding RNA (ncRNA), has been 

found to be responsible for regulating and modulating the expression of numerous "protein coding" 

genes. Among the ncRNAs with a regulatory function, there are: 

 miRNA (miRNA): small RNA molecules, of about 19-25 nt, which target and bind to a 

specific sequence of 8 nucleotides (“seed” region) in mRNA and inhibit its translation; 

Tesi di dottorato in Scienze biomediche integrate e bioetica, di Francesco Picardo, 
discussa presso l’Università Campus Bio-Medico di Roma in data 16/06/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 Piwi-interacting RNA (piRNA): the most expressed ncRNA class in vertebrates. piRNA 

typically range from 25 to 33nt, and play a key role in spermatogenesis, protecting germ cells 

from the action of transposons by selectively silencing them (90). piRNAs are found in 

conserved clusters across the genome, although the piRNAs themselves all internal of these 

clusters are not. A single cluster can code for a number of individual piRNAs ranging from 

ten to over a thousand. 

 Small nuclear RNA (snoRNA): they are usually 60-200nt large, but only small portions 

participate in the recognition of the target mediated by antisense interactions. In mammals, 

they originate from introns of pre-mRNA transcripts. SnoRNAs cause a wide range of post-

transcriptional modifications of ribosomal RNA (rRNA) and transfer RNA (tRNA) (91). 

 Long non coding RNA (lncRNA): the longest class of ncRNA, they are composed, on average, 

of at least 200 nt. These transcripts are capped and polyadenylated suggesting their potential 

role within the cell. Overall, there are five coding modes for lncRNAs:(92) 

o Transcription from protein coding genes: for example, exon and promoter of the XIST 

gene (X Inactive-Specific Transcript), originate from Lnx3; (93) 

o Gene recombination 

o As an effect of a retrotransposition that generates both a functional transcription gene 

and a non-functional pseudogene 

o Sequences repeated in tandem, such as the transcripts of XIST and Kcnq1ot1 

o Transposable elements are inserted within the genes 

LncRNAs are involved in chromatin remodeling, in direct control of both transcription and 

post-transcription. 

 

2.2.4 Epigenetic in cancer 

The development of a tumor may found its origins on genetic and epigenetic foundations. Clonal 

genetic alterations are common in tumors and account for genetic changes in both blood (especially 

chromosomal rearrangements) and solid cancers (mutations in gatekeepers genes). Epigenetic 

alterations, on the other hand, are ubiquitous and function as "surrogates" of genetic alterations 

(activation of oncogenes, silencing of tumor suppressors), mimicking their effects, as happens for 

example in silencing/hypermethylation of SFRP (Secreted Frizzled-Related Protein) gatekeepers in 

CRC (94) or VHL (Von Hippel-Lindau protein) in renal cell carcinomas (95), or BCL2 activation / 

hypomethylation (B-cell CLL / lymphoma 2) in B-cell leukemia (96). Epigenetic changes occur very 

early in the tumorigenesis process, and are found in healthy tissues before cancer arises. Epigenetic 
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alterations in stem progenitors play a decisive role not only in predicting the risk of cancer, but also 

in the progression and final heterogeneity of the tumors that arise from these cells: epigenetic 

alterations set the stage for genetic alterations. Furthermore, early epigenetic variations may explain 

most of the heterogenic properties commonly associated with tumor growth, invasive and metastatic 

phenotype. 

The epigenetic-stem model, therefore, predicts the onset of the tumor in a three-phasic process: 

 Genetic alterations in progenitor cells lead to a polyclonal population of cells able to become 

a neoplasm. These cells represent the main target of environmental, genetic and age-

dependent exposure. Epigenetic alterations can alter the normal balance between 

undifferentiated progenitors and committed cells within a given anatomical compartment, 

both in number and in their aberrant differentiation capacity 

 A mutation within the subpopulation of epigenetically altered progenitors in the early stages 

of a tumor can be considered the first step towards the formation of a tumor (97). These 

mutations are tumor specific, such as the mutations of APC / β-catenin in CRCs or 

chromosomal rearrangement of BCR – ABL in CML. As mentioned above, an epigenetic 

alteration can replace a genetic mutation with the same meaning. 

 Genetic-epigenetic plasticity is the ability to modify the phenotype and transmit it stably, both 

on a genetic and epigenetic basis. In many cases, the basis underlying the increase in genetic 

plasticity are well known, as happens, for example, in the case of telomerases. These enzymes 

are expressed only in stem cells and are used to synthesize telomeres, the structures in the 

terminal 5 'region of chromosomes, which shorten with each cell division in the absence of 

telomerases. Telomere erosion reaches the point where the 5' end can no longer be protected 

by a polyadenosine cap and a dicentric chromosome is created which interrupts the anaphase, 

blocking cell replication. In tumors, however, telomerase synthesis is re-established and 

telomeres no longer shorten, resulting in perpetual cell division (94). 
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CHAPTER 3: -1,4-GALACTOSYLTRANSFERASE  

β1,4-galactosyltransferase (β4GALT1) is a type II membrane-bound glycoprotein involved in several 

functions, among which, of particular interests, is the direct interaction with EGFR. Particularly, 

β4GALT1 interacts directly with Epithelial Growth Factor Receptor (EGFR), inhibiting the 

dimerization of the receptor and the tyrosine phosphorylation and its activation in human 

hepatocellular carcinoma cells, suggesting an inhibitory role of β4GALT1 in EGFR signaling 

pathway. β4GALT1 has been demonstrated to be specifically downregulated, due to an 

hypermethylation of the promoter in different tumors, such as in colon cancer. 

 

3.1 β4GALT1 STRUCTURE AND TRANSCRIPTION 

The β4GALT1 gene belongs to a family of 7 genes that code for a family of proteins involved in 

galactosylation mechanisms. These genes encode membrane-bound glycoproteins (98). Due to the 

similarity between the different strutture-4-GALT protein structures, they are divided into four 

groups: β4GALT1 and β4GALT2 belong to the first group, β4GALT3 and β4GALT4 to the second 

group, to the third β4GALT5 and β4GALT6, and to the fourth group β4GALT7. The main function 

of these enzymes is to add galactose to an N-acetylglucosamine. However, β4GALT1 is unique in 

the family, as it encodes an enzyme that is involved in both glycoconjugation and lactose biosynthesis. 

For glycoconjugation, β4GALT1 adds galactose to an N-acetylglucosamine residue, which is both a 

monosaccharide and the non-reducing end of a glycoprotein chain of carbohydrates. The biosynthesis 

of lactose, on the other hand, is restricted to the tissues of the breast-feeding mammary gland. Two 

different isoform of β4GALT1 are responsible of the different functions. The two enzymatic forms 

are the result of an alternation of the transcription start site and post-translational changes. The 

transcription of the longest mRNA (4.1 Kb) begins upstream of the two ATG codons and encodes a 

protein of 399 amino acids (Long form). The transcription of the shortest RNA (3.9 Kb), which is 

also the most abundant one, starts between the two ATG codons and encodes a protein of 386 amino 

acids (Short form). The only difference between the two protein forms is represented by an extension 

of 13 amino acids present in the long form at the N-terminal end compared to the short form. The 

longer transcript encodes the protein involved in glycoconjugation, the shorter one encodes the 

protein involved in lactose synthesis. The β4GalT1 gene contains two promoter sequences with 

numerous putative regulatory sequences, such as the response elements to SP1, AP1, glucocorticoids 

and CTF / NF1. Positive regulatory regions acting in -cis are located distal and proximal to the 

transcription initiation sites of Long and Short transcripts, while negative regulatory regions acting 

in-cis repress transcription from the proximal site. In addition to the regulation of the transcription, it 
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has also been hypothesized that the Long form can be translated by virtue of a secondary structure 

stable at 5' of the transcript (99). 

 

3.2 β4GALT1 FUNCTIONS 

The diverse biological functions of surface β4GALT1 indicate that it is capable of interacting with 

multiple extracellular ligands or other intracellular proteins. On the cell surface, the catalytic region 

of β4GALT1 is exposed. Therefore surface β4GALT1 can recognize and bind to terminal GlcNAc 

residues, which are found in a variety of extracellular and cell surface glycoproteins and glycolipids, 

such as laminin1, zona glycoprotein ZP3 and E-cadherin (100).  

The β4GALT1 molecule present on the cell surface contributes to the metastatic and invasive 

phenotype. β4GALT1 causes a rapid induction of the activity of caspase-3, one of the effector proteins 

of the apoptosis pathway, and stimulates the cut of PARP. The release of cytochrome C from 

mitochondria also increases thanks to the action of β4GALT1.  

 

3.3 β4GALT1 INTERACTIONS WITH EGFR 

 EGFR is a transmembrane glycoprotein, part of the tyrosin kinase receptor, and is involved in 

apoptosis inhibition (trough activation of Pathway PI3K/AKT) and to cell cycle regulation (trough 

activation of MAP-chinasi Pathway). Tang et al. showed that β4GALT1 interact with EGFR both in 

vitro and in vivo (101). The interaction between β4GALT1 and EGFR occurs through the [3H] 

galactosylation of EGFR in the presence of UDP [3H] galactose. This association leads to a marked 

reduction of the autophosphorylation of the Tyr1068 residue, which inhibits the phosphorylation and 

activity of EGFR, as also shown, inversely, by the fact that a downregulation of β4GALT1 increases 

the activity of EGFR (102). Phosphorylation of the Tyr1045 residue of EGFR, which leads to 

ubiquitination and degradation of the receptor, however, undergoes no significant changes (103).  

Tyr1068 residue is one of the major EGFR autophosphorylation sites, as it provides a direct binding 

site for Grb2, which, together with Sos, activates Ras through the exchange of a GDP for a GTP, and, 

in cascade, the activation of the effectors of the MAPkinase cascade and PKB / AKT pathways (104). 

Both pathways are involved in promoting cell survival, and lead to inactivation of Bad and Bax, key 

proteins of apoptosis, through serine phosphorylation mediated by PKB/Akt or ERK. (105).   

Bad and Bax are present in the cytoplasm of healthy cells but translocate to the mitochondria to allow 

the release of cytochrome C following proapoptotic stimuli. The release of cytochrome C into the 

cytosol activates caspase 3, with the consequent irreversible triggering of cellular apoptosis. The 
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overexpression of β4GALT1 causes a marked increase in the levels of mitochondrial Bax and Bad 

and, therefore, of apoptosis.  
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CHAPTER 4: OBJECTIVES  

In the perspective to better understanding intra tumor heterogeneity, both in solid and liquid 

compartment, we first aimed to analyze methylation level of β4GALT1 in primary and metastatic 

tissue, and successively in blood. The hypothesis of finding the same epigenetic alterations present 

in the primary tumor in ctDNA and in CTC is confirmed by several previous studies. In particular, 

β4GALT1 has shown a good frequency of methylation and a 54% sensitivity and a 91.7% specificity 

(106). Furthermore, β4GALT1 showed a 0% of methylation in normal mucosa, in addition to the 

important role in regulation and inhibition of the EGFR pathway and its possible implications for 

target therapy. In addition to our cohort, we have analyzed other cohorts from five GEO public data 

repositories.  

The second part of the project unravels from the concept of tumor heterogeneity in primitive tissue, 

namely the evaluation of tumor heterogeneity in samples of formalin-preserved primitive tissue 

(FFPE). In order to evaluate the heterogeneity at the single-cell level through the use of DEPArrayTM 

and Ampli1 (Menarini Silicon Biosystems), samples of different carcinomas have been obtained from 

University of Siena. The DNA extracted from tumoral tissue, resulting from FFPE samples collected 

in different years from 2015 to 2020, will be analyzed using the “DEPArray QC kit” to determine the 

quality and integrity of the DNA. This latter work has been planned in two steps: the first one had the 

purpose to define and identify the feasibility of retrospective studies with Low Pass analysis on Single 

Cell from FFPE samples, thus allowing the access to single cell data of patients who already has a 

clinical follow up. Sample characteristics, such as year of preparation, size of the sample, type of the 

tumor, preservation, have been collected and correlated to QC score. FFPE features may also be used 

to indicate which are the settings where the Low Pass on Single Cell may be performed at its best. 

The second step consisted in analyze single cell from FFPE samples with adequate QC score sorted 

with DEPArray, to define single cell features. This second step has been postponed due to the spread 

of Covid-19 pandemic.  
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CHAPTER 5: MATHERIALS AND METHODS  

5.1 PATIENTS ENROLMENT 

109 patients with metastatic CRC have been evaluated for the analysis of β4GALT1 in tissue and 

blood from different health facilities (Università “Campus Bio-Medico” (UCBM) – Roma, IT; 

IRCCS “Casa Sollievo della Sofferenza” (CSS) – San Giovanni Rotondo (FG), IT; Complejo 

Hospitalario Universitario de Santiago de Compostela (CHUS), ES. CHUS has provided two cohorts 

that have been evaluated independently) and a total of 102 FFPE samples of different tumor from 

University of Siena (UNISI) have been analyzed for the evaluation of the DEPArray™ FFPE QC Kit 

(Menarini Silicon Biosystems).  

All the CRC solid tissue for β4GALT1 evaluation (tumoral, matched normal and metastatic) of all 

the cohorts derived from FFPE tissue. The anamnestic and pathologic data of the patients included 

pTNM classification, tumor grading, histologic subtype, intra colic localization, metastasis site and 

stage at diagnosis. All the materials used have been collected accordingly to Ethical Committee 

guidelines of the respective institution.  

As negative control for ctDNA, has been used 22 samples of cfDNA obtained from plasma of healthy 

donor from CHUS (10 samples) and from a collaboration with National Institute for Infectious 

Disease “Lazzaro Spallanzani” (10 samples) with same procedure of patients’ blood drawn. 

 

5.2 DNA EXTRACTION PROCEDURE FOR FFPE SAMPLES 

The solid tissues have been included in paraffin. From each paraffin block, one 5µm-slide was 

prepared and colored with hematoxylin and eosin to identify the quantity of tumor cell and highlight 

the tumor area: 

 Tumor with >70% of tumor cell were directly used for DNA extraction 

 Tumor with <70% of tumor cell have been microdissected and scraped to enrich tumor cells 

Additional 10 μm sections have been cut for DNA extraction, with the following procedure: 

1. Paraffin tissue or scraping-obtained tissue were added to an Eppendorf tube with 1mL of xylene  

2. Pipetting to dissolve the tissue and gently vortex  

3. Cover the tubes with parafilm and incubate at 65°C for 15’, then gently vortex for 30’’ 

4. Take off parafilm and centrifuge 5’ at 13000 rpm. 

5. Discard supernatant preserving the pellet  

6. Repeat point 1 - 5  

7. Discard supernatant 
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8. Add 1 ml of 100% EtOH 

9. Vortex 30”  

10. Centrifuge 5’ at 13000 rpm e remove supernatant 

11. Dry the pellet 15-20’  

12. Add 333μl of a solution of 270μl TE-9, 33μl 10X SDS/PK, 30μl di PKa; 

13. Overnight incubation at 48°C, adding 15-20μl PK if needed; 

14. Prepare a new 2ml Eppendorf tube with 300μl of phenol-chloroform (Sigma-Aldrich) and add the 

sample 

15. Vortex 20’’ and centrifuge at 13000 20’; 

16. Prepare a new 2ml Eppendorf tube with 300μl of phenol-chloroform (Sigma-Aldrich) and add the 

aqueous phase of the sample 

17. Vortex 20’’ and centrifuge at 13000 20’ 

18. Prepare a new 1,5 Eppendorf tube including: 

 Aqueous phase of the sample 

 150µl of Ammonium Acetate 7,5 M 

 1ml of cold EtOH 100%  

19. Vortex 20’’ and centrifuge at 13000 60’ at 4° C 

20. Discard supernatant 

21. Wash the pellet with 1 ml EtOH 70% and centrifuge 10’ a 13000rpm 4° C 

22. Discard supernatant 

23. Centrifuge 2’ 13000rpm to remove all residual EtOH  

24. Discard supernatant and dry the pellet 

25. Resuspend in 22µl of LoTE buffer and store at -20°C  

 

5.3 DNA EXTRACTION PROCEDURE FOR PLASMA SAMPLES 

The protocol used for plasma DNA extraction was the following: 

1. Add to 1ml of plasma: 

 50µl (in proportion to plasma volume) SDS al 25%  

 30µl (in proportion to plasma volume) PK (20mg/ml) 

2. Incubate at 55°C for 16h 

3. Add 1mL (in proportion to plasma volume) of PC8 and gently vortexing 

4. Centrifuge Maxtract high density Column (Qiagen®) for 1-2’ 1500g 

5. Transfer the sample solution in the column and centrifuge at 3500g room temperature for 10’ 
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6. Transfer the supernatant in a new 2ml Eppendorf tube and add PC8 in proportion 1:1 with the 

supernatant and vortex 

7. Transfer the solution in the previously prepared Maxtract high density Column and centrifuge 10’ 

3500g at room temperature 

8. Transfer the supernatant in a new 2ml Eppendorf tube and add EtOH and ammonium acetate in 

proportion 1:10 with the supernatant 

9. Incubate O.N. -20°C 

10. Centrifuge 35’ a 5200g a 4°C 

11. Discard supernatant and dry the pellet 

12. Resuspend DNA in 50µl LoTE and store at -20°C 

 

5.4 CTC EXTRACTION PROCEDURE  

The CTCs have been captured with Dynabeads® (Thermofisher) and separated from blood at CHUS, 

with the following procedures and then sent to our laboratory for DNA extraction (procedure was the 

same of FFPE tissue). The Dynabeads® protocol used was the following: 

1. Add 250µl Dynabeads® at 5 mL of whole blood 

2. Incubate at 30’ 2-8°C gently mixing the tube  

3. Insert the tube in the magnet for 2’  

4. While the tube is in the magnet, carefully discard the supernatant  

5. Remove the tube from the magnet and add 5mL of Buffer 1 

6. Vortex 2–3”  

7. Insert the tube in the magnet for 2’  

8. Repeat the steps 4-7 twice 

9. Resuspend the cell bond to the beads in 200µL of Buffer 3 preheated at 37°C 

10. Add 4µL of Release Buffer  

11. Incubate 15’ at room temperature gently mixing the tube 

12. Pipetting with a 100-200µL tip to the bottom of the tube for at least 5–10 times to maximize 

cellular release, avoiding foam formation 

13. Insert the tube in the magnet for 2’ and transfer the supernatant with the released cells in a 

preheated (37°C) tube 

14. Resuspend the fraction with the beads in 200µl of Buffer 3  

15. Repeat once the steps 12–14 

16. The cell are now beads-free and ready to be frozen at -80 or for subsequent applications. 
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5.5 DEPARRAY QC SCORE ANALYSIS IN FFPE SAMPLES 

The “QC score” obtained with the “DEPArrayTM QC kit” (Menarini Silicon Biosystems) is a “quality 

control (QC)” of the DNA integrity of an FFPE sample. The QC score value range from 0 to 1, with 

1 representing the most intact DNA. This score allows predicting the outcome of NGS library 

preparation, providing a useful tool to infer the minimum recommended number of cells to obtain a 

given NGS performance level. The assessment consists in a qPCR amplification of two DNA 

fragment of different length (long amplicon of 32bp and a short amplicon of 54bp) at serial dilution 

to generate a standard curve. The score is then calculated as 1/2Δ𝐶q, where ΔCq = mean Cq obtained 

by long amplicon assay – mean Cq obtained by short amplicon assay. The qPCR reaction has been 

prepared according to manufacturer’s instructions. 

 

5.6 SODIUM BISULFITE TREATMENT  

DNA methylation is one of the most studied epigenetic phenomena, which has, as its final effect, the 

non-transcription of the methylated gene. It almost exclusively affects the cytosine residues contained 

within the CG-rich areas (known as CpG island). They are usually collected in areas of the promoter 

with a gene expression regulatory function. 

The incubation of DNA with Sodium Bisulfite determines a conversion of the non-methylated 

cytosine residues into uracil, leaving the methylated cytosine residues unchanged, allowing to have a 

different DNA sequence (107): a random sequence of non methylated DNA, such as “N-C-G-N-C-

G-N-C-G-N” after bisulfite treatment, will become “N-U-G-N-U-G-N-U-G-N”; the same sequence 

“N-C-G-N-C-G-N-C-G-N”, with methylated cytosine, would remain unmodified after bisulfite 

treatment. 

Bisulfite treatment has been performed with EpiTect® Kit (Qiagen), and the protocol used was the 

following: 

1. Measure DNA concentration with Nanodrop®  

2. Prepare new eppendorf 0.2ml tubes with: 

 1,5µg of DNA and up to 20µl with RNAsi Free water 

 85 µl of Bisulfite solution mix;  

 35 µl of Protect Buffer.  
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3. Insert the tube in a thermal cycler with the following reaction condition:: 

Step Duration Temperature 

Denaturation 5’ 95° C 

Incubation 25’  60° C 

Denaturation 5’ 95° C 

Incubation 85’ 60° C 

Denaturation 5’ 95° C 

Incubation 175’ 60° C 

Hold indefinite 20° C 

4. Briefly centrifuge and transfer the solution in 1,5ml tube 

5. Add 310µl of BL buffer (loading buffer) containing 10µg/ml of RNA carrier and vortex 

6. Add 250µl of EtOH 100% and vortex 

7. Centrifuge 1’ 12000rpm 

8. Transfer the solution in the Epitect column  

9.  Centrifuge 1’ 12000rpm and discard the outflow liquid 

10. Add 500µl of BW buffer (washing buffer) to the column  

11. Centrifuge 1’ 12000rpm and discard the outflow liquid  

12. Add 500µl of BD buffer (desulphonation buffer) in the column 

13. Incubate 15’ at room temperature 

14. Centrifuge 1’ 12000rpm and discard the outflow liquid  

15. Add 500µl of BW buffer (washing buffer) to the column  

16. Centrifuge 1’ 12000rpm and discard the outflow liquid  

17. Repeat once steps 15-16  

18. Insert the column in a new 2 ml tube 

19. Centrifuge 1’ 12000rpm and discard the outflow liquid  

20. Insert the column in a new 1,5 ml Eppendorf tube 

21. Add 22µl of EB buffer (elution buffer) in the center of the column membrane 

22. Incubate 2’ at room temperature  

23. Centrifuge 1’ 12000 rpm  

24. Store the tubes at -20°C o -80°C 
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5.7 METHYLATION ANALYSIS  

Based on the type of starting sample, two different methodologies have been used for the 

determination of methylation levels of β4GALT1, which are: the qMSP for DNA obtained from solid 

tissue (primary tumor, normal, or metastatic) and the ddQMSP, developed by us, for DNA obtained 

from plasma and CTCs 

5.7.1. Quantitative Methylation Specific PCR 

For the identification of methylated DNA in solid tissue (primary tumor, normal, or metastatic), we 

used qMSP (Quantitative Methylation Specific PCR). The qMSP is a technique based on Real Time 

PCR, specific, however, for methylated DNA sequences and exploits Taqman technology (108). In 

qMSP, bisulfite-treated DNA is used as a substrate for the amplification in separate reactions of a 

methylated target promoter and a reference sequence (β-actin – ACTB - gene). 

The reactions are conducted with respect to a predetermined threshold, based on the construction of 

standard curves deriving from serial dilutions of methylated DNA in vitro and subjected to treatment 

with bisulfite with the same protocol described above used for the samples. The resulting fluorescence 

is converted into numerical data related to a predetermined standard curve, and calculating the range 

of the value of the target promoter with respect to the reference sequence. This number is an absolute 

value in fluorescence units and theoretically reflects the value of a methylated sequence contained in 

a given sample. This number can vary over a wide range depending on the prevalence of methylated 

CpG in the target sequence. The reference sequence is used to normalize DNA samples and determine 

the quality of the bisulfite conversion.(98) 

The QMSP has been set up for β4GALT1 and ACTB gene, and the following couple of primers and 

fluorogenic probe have been used: 

 β4GALT1 ACTB 

Forward primer (5’-3’) TAGGAAACGGGTTTCGACG TGGTGATGGAGGAGGTTTAGTAAGT 

Reverse primer (3’-5’) CGGTAAAGAAAGTGGACGG AACCAATAAAACCTACTCCTCCCTTAA 

Probe (5’-3’) CGTTAAACAACGAAATCCAACCGAA ACCACCACCCAACACACAATAACAAACACA 

The amplification reaction has been performed in triplicate in a volume of 25µL constituted by: 

 600nM of each primer 

  200nM of probe  

 0.75 units of Platinum Taq polymerase (Invitrogen, Carlsbad, Ca) 

 200µM of each dNTPs (dATP, dGTP, dCTP, dTTP) 
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 16,6 mM of Ammonium Sulphate 

  67mM of Trizma 

 6,7mM of MgCl2  

 10mM of Mercaptoethanol  

 0,1% of DMSO 

The amplification reaction has been obtained in a plate of 384 well in a fast 7900 real-time (Applied 

Biosystem, Foster City, CA). The PCR conditions were the following: 

 one step at 95°C 2’  

 40 cycles at 95°C 15’’ and 60° C for 1’ 

 hold at 98 10’ 

A calibration curve for the β4GALT1 gene, patient DNA samples, positive controls (CpGenomeTM 

Universal Methylated DNA, Serologicals Corp., Norcross, GA), and multiple negative controls were 

included in each plate. The relative level of methylated DNA was determined by the ratio of "Quantity 

Mean" β4GALT1 / "Quantity Mean" β-actin multiplied by 1000 for a simpler tabulation 

5.7.2. Droplet digital quantitative methylation specific PCR 

For the identification of methylated DNA in plasma and CTCs, we used the " droplet digital 

quantitative methylation specific PCR" (ddQMSP). 

The droplet digital PCR (ddPCR™) (BioRad) system allows an extremely sensitive and precise 

analysis of nucleic acids, allowing the detection of very rare events that differ even for a single 

nucleotide. This system provides absolute quantification of target DNA molecules in the presence of 

a high wild type DNA background. We have developed a specific assay for the analysis of 

methylation in digital PCR which we have called "quantitative methylation specific droplet digital 

PCR"; in this assay we exploited the possibility of considering the transformation of unmethylated 

cytosine into thymine as if it were a mutation. The analysis platform used, the QX100, consists of 

two components, the droplet generator and the droplet reader. The Droplet generator has the function 

of dividing the sample, containing the DNA to be amplified, into 20,000 droplets of nanoliter size. 

The division has the function of reducing the competition between the target DNA and the wild type 

DNA, increasing the specificity and sensitivity of the analysis. In this way, the relative abundance of 

methylated DNA compared to the wild type increases. The number of target ctDNA molecules present 

can be calculated from the fraction of positive reactions at the end-point, using the Poisson statistic 

according to the equation: λ = -ln (1-p), where "λ" is the mean number of target DNA molecules 

replicated per reaction and “p” is the fraction of positive reactions at the end-point. Using λ, together 

with the volume of each PCR replication and the total number of replications tested, it is therefore 
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possible to calculate an absolute estimate of the amount of target DNA present. The DNA molecules 

present inside the drops thus generated are independently amplified in a standard thermal cycler with 

the same thermal profile used for qMSP. After amplification, the plate with the amplified drops is 

placed in the QX100 droplet reader, which reads each well of the plate individually. The "QuantaSoft" 

software provides a complete set of tools for analyzing results. Negative drops (without target DNA 

and / or reference) and positive drops (with methylated DNA) are counted. The fraction of positive 

drops in a sample determines the concentration of the target DNA expressed in “copies / µl”. This 

system has a sensitivity of 0.01%. The analysis with the ddQMSP were carried out in collaboration 

with the BioClarma company of Turin 

 

5.8 EXTERNAL DATABASES  

In this thesis, we have also evaluated six different cohorts from two different databases, the “Gene 

Expression Omnibus” (GEO) and “The Cancer Genome Atlas” (TCGA). 

5.8.1. Gene Expression Omnibus 

GEO is a database for Gene expression profiling and RNA methylation profiling managed by the 

National Center for Biotechnology Information (NCBI). These High-throughput screening genomics 

data are derived from Microarray or RNA-Seq experimental data. These data need to conform to the 

Minimum information about a microarray experiment (MIAME) format. The GEO DataSets database 

stores original submitter-supplied records (Series, Samples and Platforms) as well as curated DataSets 

that form the basis of GEO's advanced data display and analysis features, including tools to identify 

differences in gene expression levels and cluster heat maps. GEO Profiles are derived from GEO 

DataSets. The GEO DataSets database can be searched using many different attributes including 

keywords, organism, DataSet type and authors.  

The GEO cohorts are the following: 

 Cohort 1: stage I–III CRC patients (n = 226, GEO accession number GSE14333) (109).  

 Cohort 2: stage II–III CRC patients (n = 130, GEO accession number GSE37892) (110).  

 Cohort 3: stage I–IV CRC patients (n = 557, GEO accession number GSE39582) (110, 111) 

 Cohort 4: stage I–III patients only (n = 125(112), GEO accession number GSE41258) (113) 

 Cohort 5: patients with refractory mCRC (n = 80, GEO accession number GSE5851) (114).  

5.8.2. The Cancer Genome Atlas 

The Cancer Genome Atlas (TCGA) is a project, begun in 2005, to catalogue genetic mutations 

responsible for cancer, using genome sequencing and bioinformatics. TCGA applies high-throughput 
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genome analysis techniques to improve the ability to diagnose, treat, and prevent cancer through a 

better understanding of the genetic basis of this disease. 

TCGA is supervised by the National Cancer Institute's Center for Cancer Genomics and the National 

Human Genome Research Institute funded by the US government.  

The TCGA cohort is the following: 

 Cohort 6: gene-expression and methylation data were downloaded from Illumina HiSeq 

RNAseq and Illumina Infinium HumanMethylation450 platforms of TCGA(115). Stage I–IV 

CRC patients (n=300) were considered excluding mucinous adenocarcinomas. 
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CHAPTER 6: RESULTS 

6.1 PATIENTS COHORTS 

The cohorts have been divided in: 

 CSS cohort: 22 patients, used as training set; 

 UCBM cohort: 27 patients used as validation set; 

 CHUS cohorts: 25 patients have been used as the training set for β4GALT1 detection as 

circulating biomarker; 27, instead, as validation set in the same setting. 

 UNISI cohort: 102 patients with five different cancers (23 cHL, 19 mCRC, 21 mBC, 20 Lung, 

19 mPC) have been used to evaluate the QC score on FFPE samples 

The details of the first four cohorts are in the following table: 

 Cohort 1 

(UCBM) 

Cohort 2 

(CSS) 

Cohort 3T 

(CHUS) 

Cohort 3V 

(CHUS) 

Patients 27 22 25 27 

Tumor Tissue 24/27 19/22 25/25 0/27 

Normal Tissue 7/27 19/22 10/25 0/27 

Metastatic Tissue 27/27 13/22 1/25 0/27 

Perimetastatic normal tissue 15/27 0/22 0/25 0/27 

cfDNA 0/27 0/22 18/25 27/27 

CTC 0/27 0/22 4/25 19/27 

Having different cohorts from different structures provided us the possibility to evaluate over 201 

patients for different analysis. 

 

6.2. Β4GALT1 PROMOTER IS HYPERMETHYLATED IN METASTASES OF MCRC PATIENTS 

The methylation status of the β4GALT1 promoter was analyzed in an initial training set (Group 1) of 

27 CRC patients with liver metastases that underwent surgery at the UCBM. In 24/27 both tumor and 

metastatic lesions were available; for 3/27 patients only metastasis specimens with no tumors were 

retrieved; 16/27 metastases were synchronous and 11/27 were metachronous lesions. The methylation 

analysis was conducted in primary tumors, matched normal colorectal mucosa, and liver metastases. 

The median value of the β4GALT1 /ACTB ratio of the two plates has been used for statistical analyses. 

Furthermore, a validation set (Group 2) of 22 mCRC cases containing liver and lung lesions has been 
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used. Considering the 49 cases of the training (27 cases, fig 6.1A) and validation sets (22 cases, fig 

6.1B), both the tumor and matched metastasis were available for 37/49. 19/37 CRC cases showed 

methylation alteration both in primary tumors and metastasis tissues. The overall concordance 

of β4GALT1 methylation between primary tumor tissues and metastasis samples was 62% (23/37 

patients). For 31/37 cases the data related to the timing of metastasis were available. 20/39 were 

synchronous metastases while 11/31 were metachronous lesions. Noteworthy, considering together 

synchronous and metachronous metastases, 19% of cases (7/37) have shown β4GALT1 methylation 

only in the metastases and no methylation in primary tumors. These data suggest that the methylation 

of this gene could be detected in the circulating compartment even when it is not possible to assess 

the methylation status of this gene in the primary tumor. 

 

Fig. 6.1 β4GALT1 Methylation levels in UCBM (A) and CSS (B) Cohorts 

We then tried to analyze if methylation level of β4GALT1 may distinguish between different sites of 

metastasis, but we have not find out any statistically significant difference between metastasis in liver 

and lung (fig 6.2). The samples come from CSS and UCBM cohorts (U di Mann-Whitney, p <0.613). 

 

Fig. 6.2 β4GALT1 methylation level in Liver and Lung metastasis  
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6.3 Β4GALT1 REPRESENTS A POTENTIAL “CANDIDATE BIOMARKER” IN LIQUID BIOPSY 

FOR MCRC 

As a consequence of the results in solid tissue, we have developed a method of methylation analysis 

on a digital platform, the ddQMSP in collaboration with the company BioClarma of Turin. The set-

up of this assay allowed us to conduct methylation analysis in the circulating compartment of patients 

with metastatic colon cancer (cfDNA, CTC) from CHUS. 

First, we tried with the same set up used for qMSP, although to optimize the procedure, some changes 

were needed. We have removed β-mercaptoethanol due to its capability of inhibits the ddQMSP, such 

in figure 6.3A. Then, we have used ddPCR mastermix (BioRad, Pleasanton, CA, USA), to obtain 

amplification of the positive control (methylated DNA).  

Different quantities of control template were also tested, and we found out that 10ng was enough to 

obtain an amplification of the control DNA, about 1/10 of the quantity usually used for qMSP already 

starting from. At quantity greater than 10ng of starting DNA, in fact, the ddQMSP tends to saturate 

and it is not possible to distinguish the amplified from the background drops. 

As compared to the control (chemically methylated DNA), the DNA extracted from paraffin samples 

behaves differently, showing a better resolution of the signal at a quantity of 50 ng, this was then 

assumed in the subsequent experiments (fig 6.4). 

Fig 6.3 ddQMSP with (A) and without (B) β-mercaptoethanol 
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Furthermore, to evaluate the detection limit (LoD) of ddQMSP, we carried out two standard curves 

(STD) with 1:10 serial dilutions of chemically methylated DNA starting from 10ng of initial template, 

both in water and in DNA of a patient previously analyzed and negative result. Both curves showed 

linearity in all four points of the curve (100% -10% -1% -0.1%). From a quantitative point of view, 

no differences are observed between an STD curve prepared in H2O (fig 6.5A) or in unmethylated 

DNA (fig 6.5B). 

 

Fig 6.5 Standard Curve in H2O and DNA sample 

 

Fig 6.4 Ideal DNA quantity for samples in ddQMSP 
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6.4. METHYLATION ANALYSIS OF β4GALT1 PROMOTER IN CIRCULATING 

COMPARTMENT OF MCRC PATIENTS 

Based on the LOD results of QMSP and dd-QMSP, we assessed the discriminatory power of 

the β4GALT1 dd-QMSP in 20 plasma samples of mCRC patients obtained from CHUS and 19 healthy 

donors (HDs) to draw a ROC curve. The AUC value was 0.750 (95% CI: 0.592–0.908, p = 0.008) 

(Fig 6.6). Based on the ROC curve, an optimal cut off value of 0.04 was assessed by maximizing the 

sensitivity and specificity, thereby yielding a 100% specificity and a 50% sensitivity. Methylation 

of β4GALT1 showed a highly discriminative ROC curve profile, clearly distinguishing mCRC 

patients from healthy control subjects.  

 

Fig 6.6 ddQMSP analyses of β4GALT1 in mCRC patient plasmas: ROC curve analysis in the training set of 20 

tumor plasma samples and 19 plasma derived from HD. AUC = 0.750 (95% CI 0.592–0.908, p = 0.008) 

In the training set 9/20 mCRC (45%) displayed β4GALT1 methylation in primary tumors, among 

them 5/9 (56%) showed methylation in tumors and plasma as well, whereas 4/9 (44%) cases showed 

methylation only in the plasma compartment. In a second independent validation set of 26 plasma 

specimens collected from mCRC patients obtained from CHUS, β4GALT1 promoter methylation was 

analyzed only in plasma. According to the 0.04 cut-off value derived from the ROC analysis 12/26 

(46%) mCRC cases of the validation set showed β4GALT1 hypermethylation in plasma. 

In both training and validation set, β4GALT1 shown high methylation level in 8/23 (34,8%) CTC 

cases. In 10/19 (53%) where both ctDNA and CTC were available, the results were concordant, either 

positive (20%) or negative (80%).  

The ddQMSP analysis on plasma samples from HD were always negative (fig 6.7). 
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Fig 6.7 β4GALT1 methylation level in plasma from HD and CRC patients 

 

6.5. DOWNREGULATED EXPRESSION OF β4GALT1 IS ASSOCIATED WITH POOR SURVIVAL 

IN CRC IN GEO AND TCGA DATASET 

We have analyzed the prognostic impact of β4GALT1 gene expression using data of CRC patients 

with stage I–III (cohorts 1–4) from GEO datasets. DFS for cohorts 1 to 3 and CSS for cohort 4 have 

been used as prognostic parameter. In three out of four datasets, Kaplan–Meier curves showed a 

significantly worse survival duration in patients with β4GALT1 low expression than in β4GALT1 

high patients (cohort 1 DFS p = 0.164; cohort 2 DFS p = 0.002; cohort 3 DFS p = 0.003; cohort 4 

CSS p = 0.008) (Figure 6.8 A–D), indicating that the downregulation of β4GALT1 gene expression 

is related to poor prognosis for CRC. These results were confirmed also in GEO dataset cohort 5 (all 

patients have stage IV CRC) and TCGA cohort 6, for which PFS, OS, and DFS data were available 

(Figure 6.8E–G). Only cohort 5 patients (n = 80) received Cetuximab monotherapy. Patients with 

β4GALT1 low expression levels showed a shorter PFS duration than β4GALT1 high patients (p = 

0.02; Figure 6.8E), which may suggest a possible role of β4GALT1 in influencing the Cetuximab 

responsiveness. 
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Fig 6.8 Kaplan–Meier survival curves of β4GALT1 high (red line) and low (blue line) expression groups in GEO 

cohorts 1-5 and TCGA cohort 6. (A) DFS in GEO Cohort 1 (n = 226), (B) DFS in GEO Cohort 2 (n = 130), (C) DFS 

in GEO Cohort 3 (n = 557), (D) cancer-specific survival (CSS) in GEO Cohort 4 (n = 125), (E) PFS in GEO Cohort 

5 (n = 80), (F) OS in TCGA Cohort 6, (G) DFS in TCGA Cohort 6 (n = 300). 

 

Two cohorts have been analyzed separately in details due to the specific information provided: GEO 

dataset cohort 5 for Cetuximab resistance and TCGA dataset cohort 6 to analyze CpG islands.  

 

6.6. DOWNREGULATED EXPRESSION OF Β4GALT1 IS ASSOCIATED WITH CETUXIMAB 

RESISTANCE IN PRIMARY TUMORS OF CRC IN GEO DATASET 

In GEO cohort 5, 110 patients had received Cetuximab monotherapy. For 80/110 cases mRNA 

expression data were available and 70/80 were provided KRAS mutation status information (Fig 

6.9A). In those cases there was no difference in the KRAS mutation rates between the β4GALT1 high 

(38.9%) and low (29.5%) expression groups (p = 0.665). However we found statistical significant 

differences in response to Cetuximab between the two groups, where the PFS was lower in patients 

with downregulation of β4GALT1 (p = 0.01 (Figure 6.8E)). Interestingly, CRC patients with low 

expression levels of β4GALT1 showed indeed a significantly shorter PFS duration than patients with 

high expression levels of β4GALT1 and more so in wild-type (WT)-KRAS patients (p = 0.032 (Figure 

6.9B)) than in KRAS-mutant patients (p = 0.916 (Figure 6.9C)). Furthermore, when we restricted the 

analyses to the group of patients with WT-KRAS the disease control rate (partial remission or stable 

disease) occurred only in patients with β4GALT1 high expression levels (65%) vs. β4GALT1 low 

group patients (30.4%) (p = 0.025). 
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Fig 6.9 Kaplan–Meier survival curves of β4GALT1 high (red line) and low (blue line) expression groups in GEO 

cohort 5 (n = 70) according to KRAS mutational status. (A) PFS in all patients, (B) PFS in wild-type (WT)-KRAS 

patients, (C) PFS in mutant KRAS patients 

 

6.7. HYPERMETHYLATION OF β4GALT1 IS ASSOCIATED WITH POOR SURVIVAL IN 

PRIMARY TUMORS OF CRC IN GEO AND TCGA DATASETS 

In TCGA cohort 6, methylation data were available, thus we performed a Kaplan-Meier curve in four 

different CpG sites that showed a correlation between 3/4 methylated CpGs and clinical outcome. In 

particular, the hypermethylation of cg13834453, cg14829378, and cg14440947 is statistically 

significantly and is associated with a worse DFS (cg13834453 p = 0.0172; cg14829378 p = 0.0184 

(Fig 6.10A and 6.10B, respectively)) and decreased OS (cg14440947 p = 0.0018 (Fig 6.10H)), 

respectively.  

For some CpG (cg21316772, cg13834453 fig 6.10D and 6.10E, respectively) the lack of significance 

may be due to the methylation data that displayed low and, thus, little informative dynamic ranges. 
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Fig 6.10 Kaplan–Meier survival curves of high (blue line) and low (red line) methylated β4GALT1 promoter CpGs in 

TCGA cohort 6 (n = 300). OS in (A) cg13834453, (B) cg144440947, (C) cg14829378, (D) cg21316772; DFS in (E) 

cg13834453, (F) cg144440947, (G) cg14829378, (H) cg21316772 
 

6.8. QC SCORE VALUE IS NOT ASSOCIATED WITH TUMOR TYPE OR YEAR OF SAMPLE 

PREPARATION 

To identify an adequate value for QC score, 102 FFPE Samples have been analyzed in a cohort from 

UNISI. We have analyzed 5 different types of tumor, organized as following: 23 classic Hodgkin 

Lymphoma (cHL), 19 CRCC, 21 Breast cancer, 20 Lung cancer, 19 prostate cancer. The mean QC 

score value was 0,4 and the median 4,1 (fig 6.11). 

 

Fig 6.11 QC score according to tumor type distribution 
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FFPE samples have been taken from sample of different collection years, ranging from 2015 to 2019, 

as detailed in the table below (fig 6.12): 

 Number of samples QC Score Mean QC Score Median 

2015 18 0.37 0,39 

2016 13 0,42 0,42 

2017 15 0,43 0,46 

2018 21 0,47 0,48 

2019 24 0,42 0,44 

 

 

Fig 6.12 QC score according to sample preparation year 

 

6.9. QC SCORE VALUE IS ASSOCIATED WITH PREANALYTIC PROCEDURES 

To evaluate preclinical features that may influence the DNA fragmentation and QC value, we have 

analyzed different parameters, such as time needed for formalin fixation, storage temperature between 

surgery and fixation. Unfortunately, available data for those parameters were not enough for analysis. 

Interestingly, instead, there were a QC score difference between FFPE samples stored with low 

(45°C) and high (65°) paraffin melting point. This difference may suggest the importance of low 

temperature in maintaining DNA integrity reducing the possibility of fragmentation (fig 6.13). 
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Noteworthy, prostate cancer samples derived from fine needle aspiration biopsy (11 samples) or from 

paraffin block (8 samples) have shown high QC score differences (6.14).  

 

Fig 6.14 QC score differences between PC cancer samples according to material of origin 

 

 

  

 

Fig 6.13 QC Score differences in high and low paraffin melting point 
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CHAPTER 7: DISCUSSION  

Our study aimed to examine the possible use of β4GALT1 as a disease marker in colon cancer. 

Previous works in the literature have shown that the promoter of the β4GALT1 gene appears 

hypermethylated in 50% of CRC cases, with a specificity greater than 90% (106). Furthermore, the 

importance of β4GALT1 in the EGFR pathway (116) makes it a potential objective for the target 

therapy, in order to restore normal functions in inhibiting EGFR signal transduction, restoring the 

pro-apoptotic activity of the proteins Bax and Bad. 

The existing literature data on the specificity and sensitivity of methylated β4GALT1 levels in 

primary tumor tissue constituted the rationale to analyze β4GALT1 values in metastatic tissue, both 

liver and lung. 

The finding of β4GALT1 hypermethylation even in metastatic tissue, in the absence of significant 

differences with respect to the site of metastasis, provided us with the rationale for studying the levels 

of methylation also in the circulating compartment, both as ctDNA and within the CTC. 

In order to be able to analyze small quantities of DNA, such as that extracted from plasma and CTCs, 

we have developed an extremely sensitive method, namely the ddQMSP. Using this technique, we 

found the presence of hypermethylated β4GALT1 in 55% of the plasma of patients with 

hypermethylated β4GALT1 also in tumor tissue. This finding paves the way for a possible use of 

methylated β4GALT1 as a marker of disease in patients with CRC. In addition, of fundamental 

importance is the fact that none of the cfDNA samples extracted from healthy subjects showed 

positive analysis with ddQMSP, noting the sensitivity and usefulness of the β4GALT1 assay. 

In the six cohorts analyzed (1418 cases), the frequency of downregulated expression of β4GALT1 

ranged from 11.6% to 80.5% of CRC patients. Among these cohorts, only five sets provided the data 

related to the stage. In 4/5 groups the patients with a more advanced disease showed lower expressions 

of the β4GALT1 gene, corroborating the hypothesis that the downregulation of the gene may occur 

more frequently in late phases of cancer progression. 

Patients with low expressions of β4GALT1 had worse survival durations in terms of DFS and CSS 

than CRC cases with high expression levels. Nevertheless, in the multivariate analysis the low 

expression status was not significantly related to worse DFS, suggesting that it is not independent of 

other clinical variables. Furthermore, the Kaplan–Meier analysis conducted on the TCGA cohort 

revealed a correlation between methylated CpGs and clinical outcomes. Indeed, despite the fact that 

a large number of CpG sites should be analyzed in order to find a panel of significant CpGs that can 

affect the prognosis (117), we had the chance to analyze a small set of CpGs and we found that 3/4 

aberrantly methylated CpGs (cg13834453, cg14829378, and cg14440947) correlate with a worse 
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DFS and OS. The heterogeneous cellular composition of a tumor altogether with the heterogeneous 

CpG methylation pattern, and the different performances of the analytical platforms available up to 

date to study the aberrant methylation, are all factors that make the assessment of prognostic 

significance of these epigenetic modifications very complex due to its multivariable dependency. So 

a more comprehensively methylation analysis that takes into account a larger number of CpG sites is 

needed to validate the prognostic impact of β4GALT1 hypermethylation in CRC. 

Anti-EGFR monoclonal antibodies, such as Cetuximab and Panitumumab, used alone or in 

combination with chemotherapy, are still the standard treatment for mCRC, and they have shown to 

be more effective in wild-type RAS patients. Despite the patient selection based on the pre-treatment 

assessment of RAS mutational status, 40–60% are still non-responders (118). According to the most 

recent ASCO and ESMO guidelines (119, 120), besides mutations of RAS family members there are 

no recommendations for testing additional genes or proteins, suggesting the urgent need to identify 

additional biomarkers that can be detected in tissue or blood, to predict intrinsic or acquired anti-

EGFR resistance. Several lines of evidence suggest that post-translational modifications of EGFR, 

such as phosphorylation of the cytoplasmic domain (121) or glycosylation can strongly influence the 

EGFR conformation, its activation (122, 123), and the efficiency of antibody-based therapies (124, 

125), paving the way to explore a wide spectrum of enzymes able to regulate the response to antibody-

based drugs. Interestingly, previous works have shown that the ectopic expression of cell surface 

β4GALT1 promotes apoptosis in human hepatocellular carcinoma cells inhibiting EGFR 

dimerization and tyrosine phosphorylation, indicating that β4GALT1 may be an inhibitor of EGFR 

signaling (101). In this perspective, we analyzed the predictive value of β4GALT1 in a clinical trial 

of CRC patients treated with anti-EGFR in monotherapy (114), and we showed that the 

downregulated expression of this gene is significantly associated with poor response to Cetuximab 

therapy, particularly in wt-KRAS cases. Among the selected datasets, only TCGA provided 

methylation data, but due to the lack of Cetuximab response data it was not possible to assess the 

relationship between aberrant β4GALT1 methylation levels and therapy response. 

The use of liquid biopsy to analyze methylated β4GALT1 could therefore have numerous advantages 

in monitoring patients with metastatic CRC. However, further studies are needed to strengthen the 

data on the circulating compartment, both on patients with metastatic cancer and on patients with 

earlier stages of the disease, with the aim of evaluating whether β4GALT1 can also be used in 

screening protocols, included in of a panel of genes to increase sensitivity. 

Through the collaboration with Menarini Silicon Biosystems, owner, between other devices, of the 

DEPArray system, we have been able to evaluate cell heterogeneity at “single-cell” level. The 
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DEPArray is an automated instrument whose technology is based on the ability of a non-uniform 

electric field to exert forces on neutral, polarizable particles, such as cells, that are suspended in a 

liquid. This electrokinetic principle, called dielectrophoresis (DEP), can be used to trap cells in DEP 

“cages” by creating an electric field. When a DEP cage is moved by a change in the electric field 

pattern, the trapped cell moves with it, allowing the isolation and recovery for subsequent analysis. 

In order to evaluate the heterogeneity at the single cell level through the use of DEPArray and Ampli1, 

case histories and samples of different carcinomas have been obtained from University of Siena. A 

Menarini Silicon Biosystems internal survey has shown that a QC score >0,3 may allow LowPass 

analysis on single cell (unpublished data). The DNA extracted from tumoral tissue, resulting from 

FFPE samples collected in different years from 2015 to 2019, have shown a mean of 0,4 and a median 

of 0,41, with no important differences in regard of tumor origin nor year of sample preparation, 

suggesting the possibility to evaluate single cell from several FFPE samples. Important note is given 

from the analysis of the melting point of paraffin used for FFPE preparation, due to the fact that when 

low melting point paraffin was used, QC score was higher. Taken together, those data highlight the 

importance of the preanalytic phase, with the use of low melting temperature paraffin and keeping 

samples in cold to prevent DNA degradation temperature-derived. 
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CHAPTER 8: CONCLUSIONS  

Heterogeneity is an intrinsic feature of the tumor, and an issue for oncologists, pathologists, biologist 

and all the complex galaxy of personnel who have to deal with it to treat the patient over time. 

This work confirms that liquid biopsy may overcome both spatial and temporal tumor heterogeneity. 

The different analytes (CTCs, ctDNA, EVs, and their characterization) available in a liquid biopsy 

sample provide different information that should be integrated to understand the complexity of the 

tumor. We have highlighted how the hypermethylation of β4GALT1 is characteristic of CRCs and 

the biological mechanisms that may partially explain the Cetuximab resistance of wt-KRAS tumor. 

The novel ddQMSP assay from ctDNA and CTCs, once validated in more robust clinical studies, 

may allow the possibility to postpone and reduce solid biopsy to assess β4GALT1 methylation status 

in blood samples. 

On the other hand, single cell analysis may overcome the complexity background of a heterogeneous 

sample, both FFPE or Liquid Biopsy assay, gaining in specificity of evaluating features of an effective 

cancer cell without the background noise of non-cancer population. We have demonstrated the 

importance of using a QC to evaluate DNA integrity before analyzing the sample with the DEPArray 

system. The LowPass analysis from a single cell derived from FFPE samples with adequate QC score 

sorted with DEPArray, has been postponed due to the spread of Covid-19 pandemic.  

Taken together, our data suggest that both approaches may provide a great opportunity to solve the 

puzzle of tumor treatment and drug resistance and deal with the threat of intratumor heterogeneity. 
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