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1. INTRODUCTION 

 

1.1 The role of the aneuploidy in cancer 

 

Aneuploidy is described as an alteration in number of chromosomes (at whole chromosome or 

chromosome arm level). It is well known its implication in tumorigenesis as a defective 

segregation mechanism during cell division and, even though it is the oldest cancer alteration 

found and described by Theodor Boveri (Boveri, 1902) around one century ago, nowadays, it 

is still unknown if aneuploidy is a direct cause of cancer or malignant transformation. 

Theodor Boveri between 1904 and 1014 induced multipolar spindles during mitosis 

(multipolar spindle formation with three or four poles) in sea urchins. The progeny of treated 

urchins showed aneuploidy. This observation suggested that tumours originated from normal 

cells with aneuploidy or aberrant chromosomal distribution as effect of aberrant mitosis 

(Weaver et al., 2006). The Figure 1 show the aberrant mitosis and their effects on the cell 

progeny. The Boveri´s theory was the first one about causal connection between aneuploidy 

and cancer. The scientific data reveals that aneuploidy occur in solid tumours, even thought, 

less commonly of tumours with near-diploid karyotypes(Weaver et al., 2006).  

 

Figure 1. Mechanism generating aneuploidy (Weaver et al., 2006) Copyright © 2006 Elsevier Ltd. All 

rights reserved. 
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Aneuploidy is an intrinsic feature of tumour cells for four important reasons: 1) it precedes 

cell transformation 2) it is observed in pre-cancerous lesions of many different cancer types 

such as cervix (Duensing & Münger, 2004; Ried et al., 1999), head and neck (Ai et al., 2001), 

colon (Cardoso et al., 2006; Ried et al., 1999), oesophagus (Doak et al., 2004) and bone 

marrow (Amiel et al., 2005) 3) it is observed in premalignant lesions in experimental animals 

such as breast (Medina, 2002) and skin (Dooley et al., 1993) 4) it modifies the transcription 

equilibrium bringing to both upregulation of those genes promoting cell growing and 

proliferation, and to downregulation of those genes controlling and reducing the cell growth.  

In general, the cells have an innate mechanism to ensure a correct chromosome segregation 

through the so-called mitotic checkpoint. Mutation and alteration in this mechanism can lead 

to chromosome instability, nondisjunction errors and  near-diploid aneuploidy in which copies 

of one or a few replicated chromosomes are deposited in the same daughter (Weaver et al., 

2006). The most important genes component of the mitotic checkpoint are Mitotic checkpoint 

serine/threonine-protein kinase (BUB family) and MAD genes in which a mutation, 

alteration, elimination lead to aneuploidy and chromosome mis-segregation (Weaver et al., 

2006).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

Any nonconformity from the 2n normal karyotype of any region in the genome is a copy 

number alteration (CNA). Historically, gains or losses of whole chromosomes have been 

called aneuploidy or whole-chromosome-aneuploidy, while gains or losses involving 

chromosomal arms or large chromosomal regions have been generally called 

partial/segmental/structural aneuploidy (Ben-David & Amon, 2020). 

Generally, CNAs refer to post-zygote alterations and then in somatic cell and they are termed 

as somatic copy number alterations (SCNA). While CNAs occurring in the germline, are 

better termed as copy number variants (CNVs) and they are inheritable. Summarizing, 

amplifications of chromosomal portions, entire chromosomal arms or entire chromosomes, 

are generically called gains, while deletions of portions / arms / entire chromosomes are 

called losses. The cancer chromosomal aberrations (amplifications or deletions) can be 

subdivided into focal (small size < 10% of a chromosomal arm) and broad (whole-

chromosome or arm-level aberrations), and it was suggested that focal and broad Copy 

Number Aberrations (CNAs) can have different consequences for tumour biology (Mermel et 

al., 2011). In contrast to focal CNAs, few arm-level CNAs show high changes (>3) in copy 

number (Mermel et al., 2011). The cancer phenotype and cancer progression are 

consequences of disequilibrium in transcript levels correlated to gene dosage effect 

(Condorelli et al., 2018). Broad Copy Number Aberrations (BCNAs) is another term to 
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collectively indicate a special type of chromosomal aberrations including classical numerical 

aneuploidy (i.e. an incorrect number of one or more chromosomes like monosomy, trisomy, 

or tetrasomy), and structural or segmental aneuploidy (gains or losses of chromosomal arm as 

well as of large chromosomal segments with a size > 50% chromosomal arm) (Mermel et al., 

2011; Zack et al., 2013). It is supposed an important role of BCNA in cancer progression 

although, the majority part of cancer research is focused on focal CNAs (Condorelli et al., 

2018). An important concept in tumorigenesis regards abilities and capabilities that cancers 

acquired and that are shared by all tumours type is about the hallmarks of cancer. The first 

authors to review these topics were Douglas Hanahan and Robert A Weinberg in their articles 

“The hallmarks of Cancers” (Hanahan & Weinberg, 2000) and “Hallmarks of Cancer: The 

Next Generation” (Hallmarks of Cancer: The next Generation, 2011).  

 

Figure 2 Hallmarks of Cancer. Copyright © 2022 Elsevier Inc. (Hanahan & Weinberg, 2000; Hallmarks of 

Cancer: The next Generation, 2011) 

The figure 2 shows the hallmarks and the emerging hallmarks and enabling characteristics. 

Among the hallmarks tumours development we found 1) insensitivity to growth-inhibitory 

(antigrowth) signals 2) evasion of programmed cell death (apoptosis) 3) self-sufficiency in 

growth signals 4) sustained angiogenesis 5) limitless replicative potential and 6) tissue 

invasion and metastasis. Other emerging hallmarks (not yet validated) are: 6) avoiding 

immune destruction 7) tumor-promoting inflammation 8) deregulating cellular energetics 

(reprogramming of cellular metabolism) 9) genome instability and mutation.  

Usually the normal cells may go through a genetic transformation getting random mutations, 

which do not provide any contribution to the acquisition of cancer hallmarks. Such mutations 

are called passenger mutations. However, the same process can randomly generate other 

mutations, called driver mutations, that carry cells to a cancer progression with the 

activation of cancer hallmarks. 
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The driver mutations are usually the same in different patients, the passengers are all 

different, so it is believed that those are neutral, and they play no role in cancer.  

While the strategy for distinction between cancer driver and passenger mutations is relatively 

well-established for single-gene or oligo-gene mutational events (such as single nucleotide 

substitutions, small indels, gene fusions, focal high level amplifications, and focal epigenetic 

modifications), the task is more difficult for broad genomic aberrations that simultaneously 

affect several adjacent genes by copy-number dependent mechanisms (Somatic Broad Copy 

Number Aberrations: BCNAs). In the context of the classical two-hit mechanism for 

inactivation of tumor suppressor genes (TSG), providing that the first allele has been 

inactivated by a single-gene mutational events (inactivating point mutation or small focal 

deletion), the remaining functioning allele can be removed by a broad genomic loss (for 

instance a chromosome monosomy). Along this line of reasoning, the accompanying 

hemizygous loss of several genes contained in the same genomic segment can be considered 

as passenger mutations, i.e. neutral for the evolution towards a cancer phenotype. In contrast 

with this simple view, it is conceivable that the simultaneous loss or gain of several genes 

contained in broad deleted or amplified chromosomal regions can also exert positive (driver) 

or negative (deleterious) effects for cancer phenotype selection (Roy et al., 2016; Solimini et 

al., 2012). The main role of BCNAs, and genes related to them, is better clarified from three 

relevant inactivation mechanisms of TSGs: haploinsufficiency (monoallelic inactivation) and 

biallelic inactivation (Davoli et al., 2013). In general TSGs need a second hit (biallelic 

inactivation) to produce cancer phenotype. Even so, a monoallelic inactivation of TSGs could 

induce a phenotypic modification independently by a second hit by haploinsufficiency 

(Condorelli et al., 2018). If more than one TSG show haploinsufficiency there is a cumulative 

haploinsufficiency effect which is enough to develop cancer. It has been suggested that a large 

majority of TSGs involved in sporadic cancer are haploinsufficient (Davoli et al., 2013). A 

similar approach can be applied to the so called “triplosensitivity”, indicating the increment of 

gene copies (oncogenes) due to a contextual increment of chromosomal portion or whole 

chromosome (Davoli et al., 2013). 
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1.2 Numerical and structural chromosomal aberrations 
 

Historically, from a cytogenetics point of view, the chromosomal aberrations are classified in 

two large groups: numerical and structural aberrations. A Numerical chromosomal aberration 

refers to a change in the normal number of chromosomes as a missing (monosomy) or gaining 

(trisomy, tetrasomy) of portions (p and q chromosomal arm) or whole chromosomes. A 

structural chromosomal aberration refers to a change in the structure or shape of 

chromosomes. The most known numerical chromosome aberrations include Monosomy X 

(Turner´s syndrome), Monosomy 5p (Cri du chat syndrome), 1p36 Monosomy syndrome, 

Trisomy 18 (Edward’s syndrome) and Trisomy 21 (Down syndrome). The structural 

chromosomal aberrations are several types including: 1) Deletions: loss of genetic material 

involving a single missing base pair or piece of the chromosome 2) Inversion: Segment of 

chromosomes come up against a double strand breaking, followed by a turning around and a 

reattaching to itself. On the base of the breaking point around the centromere, the inversions 

are classified in pericentric and paracentric. As rule parents can pass on inversions to their 

offspring, but they don’t always result in syndrome or birth defects. 3) Translocation: 

exchange of chromosomal portions or entire arms belonging, mainly, to different 

chromosomes (non-homologous exchanges). Translocations can be reciprocal with portions of 

chromosomal arms exchanged and resulting in two different derived chromosomes, or non-

reciprocal where the transfer of chromosomal material between the arms is unbalanced. If no 

genetic material is acquired or lost, it is called a balanced translocation, in contrast to 

unbalanced translocations in which the gain and / or loss of genetic material is observed. 4) 

Rings chromosome: A chromosome bends and fuse together, forming a circular ring. 

Sometimes rings chromosome shows a loss of genetic material, in other instances they do not.  

Chromosomal translocations are very common phenomena in human cancer, particularly in 

hematopoietic and lymphoid tumours (Mitelman et al., 2007). Most common structural 

chromosomal alterations found in human carcinomas and hematopoietic tumours are 

inversions (pericentromeric or centromeric ruptures), translocations, deletions and gains 

(Ferguson et al., 2001). In oncogenic chromosomal translocations, rearrangements can alter 

the original positions of proto-oncogenes, i.e. those genes that contribute to stimulating cell 

proliferation and division, through two main modes: 1) Generating oncogenic fusion proteins 

2) Transferring proto-oncogenes in proximity of cis-regulatory elements (promoters, 

enhancers) (Zheng, 2013).  
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Usually, when the translocation generates oncogenic fusion proteins it is possible to justify 

the pathogenesis of cancer, but in many other cases the translocation does not produce any 

aberrant products and it is difficult to understand the exact biological role in the pathogenesis 

of cancer. Since no alterations of single genes have been revealed at or near the breakpoint 

junctions of several unbalanced chromosomal aberrations, there is a wide consensus that 

gene-dosage transcriptional effects are playing a role in tumorigenesis and cancer progression. 

As it will be discussed later this is the case of the derivative (1,16) in breast cancer.  

 

1.3 The cancer genome atlas (TCGA)  
 

Nowadays many studies are trying to clarify the role of aneuploidy in tumorigenesis and to 

investigate the possibility to develop tumour-specific aneuploidy models. Studies reveal that 

~90% of solid tumours show aneuploidy with a different percentage in according to the 

tumour type (Taylor et al., 2018). A milestone in the understanding cancer aneuploidy and 

chromosome arm-level aneuploidy is the method proposed by Alison M. Taylor et al. (Taylor 

et al., 2018) by performing a pan-cancer computational analyses on 10.522 tumors of 33 

cancer types deposited in the Cancer Genome Atlas (TCGA) database. The 10.522 samples 

were analyzed for somatic DNA copy number by Affymetrix SNP 6.0 arrays, for expression 

values by Illumina mRNA sequencing platform and for mutations by whole-exome DNA 

sequencing platform. Thanks to a bioinformatics approach to manipulate chromosomes, 

Taylor group calculated the ploidy and absolute total copy number of each chromosome (p 

and q arm) and each segment in the genome. In general, they considered deleted, neutral or 

amplified a segment with a copy number smaller, equal or greater than sample’s ploidy 

respectively. While, for the alterations (amplifications/deletions), segments were considered 

altered if deletion or amplification was more than 20% of the chromosomic length. 

Successively, they clustered tumours in aneuploid and non-aneuploid and for each 

chromosome they have assigned a value to calculate the number of altered arms: -1 if lost, 0 if 

non-aneuploid, +1 if gained, and “NA” if other. The values so assigned were then summed 

and for each tumor were assigned an score, the so called aneuploidy score  which ranged from 

0 to 39 (see Figure 3B) (the max value corresponds to all arms altered both long and short 

arms for each non-acrocentric chromosome, and only long arms for chromosomes 13, 14, 15, 

21, and 22) (Taylor et al., 2018). The Figure 3 is a summary of the bioinformatics analysis of 

the specific aneuploidy pattern of cancer types (Figure 3A) by using the Pearson´s method in 

a hierarchical clustering. For each arm (p e q) of each chromosome is visualized the 
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corresponding mean arm alteration value (blue = -1/loss, white = 0/neutral and, red = 

+1/gain). In Figure 3C is a graphic representation of the sum of Aneuploidy score with the 

blue colour are identified the tumours not doubled, with green colour the genome with one-

fold genome doubling and with red the genome more than one fold genome doublings). The 

33 cancers type (Figure 3C) are ordered from the one with less aneuploidy (THCA) to the 

one with the most aneuploidy (TGCT).  

 

Figure 3: A) Hierarchical clustering showing the mean arm alteration in each chromosome (p and q arm) 

and for each cancer type B) the schema to attribute the value -1, 0, +1 to calculate the aneuploidy score. C) 

Graphics representation of the tumours ranked from the one with less aneuploidy (THCA) to the one with 

the most aneuploidy (TGCT) (Taylor et al., 2018).  

The figure 3C show how aneuploidy rate varies across cancer types. For example 26% of 

thyroid carcinomas show arm-level alteration, glioblastomas (99%), uterine carcinosarcomas 

(96%) and testicular germ cell tumours (99%) (Taylor et al., 2018). Undoubtedly, Taylor´s 

results convince on the role of aneuploidy in cancer and on the existent of a cancer-type-

specific chromosome arm-level aneuploidies patterns. Proof of this, Colorectal (COAD-
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READ), non-squamous oesophageal (ESCC), stomach (STAD), and pancreatic (PAAD) show 

gains of chr8q, chr13q, and chr20 (Taylor et al., 2018). In Ovarian cancer (OV), lung 

adenocarcinoma (LUAD), breast cancers (BRCA), and liver hepatocellular carcinoma (LIHC) 

show gain of 1q  with high sCNAs (Taylor et al., 2018).  Low grade glioma (LGG), 

glioblastoma (GBM), uveal melanoma(UVM), renal clear cell carcinoma (KIRC), and renal 

papillary cell carcinoma (KIRP) show gain of chr7 with few sCNAs (Taylor et al., 2018). In 

lung squamous cell carcinoma (LUSC) co-occur loss of chr3p (80% of tumours) and gain of 

chr3q (60% of tumours)(Taylor et al., 2018).  

The aneuploidy produce consequences on the driver genes such as the cancer hallmark genes, 

instead, when 3p which is deleted across TCGA samples, the cancer hallmark sets of cell 

cycle (E2F targets/G2M Checkpoint), epithelial mesenchymal transition, interferon gamma 

response, and TNFa signalling are upregulated (Taylor et al., 2018) . The association between 

mutational state and aneuploidy was as well exploited. In general, cancers with low 

aneuploidy scores have high mutational rate(Taylor et al., 2018). In COAD and uterine corpus 

endometrial carcinoma (UCEC) low aneuploidy cancers with high mutation rate is associated 

with POLE mutation and microsatellite instability(Taylor et al., 2018).  

Even if the Taylor´s study has clarified many aspects of cancer biology, many questions 

remains unsolved. For example, what is the selective pressure which select the cancer with 

aneuploidy? Which is the role of the stroma interaction in aneuploidy? These and other 

unsolved questions need to be exploited through single cells analysis, cellular modelling, as 

well as a massive and productive computational approach.  
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1.4 Experimental design to investigate aneuploidies  
 

An experimental design to investigate the broad copy number alterations (BCNAs) (arm-level 

or whole chromosome aneuploidy) and their effects on transcriptomic profile in cancer is 

proposed in Condorelli et al. 2018 (Figure 4). The model aim is based on 1) identification of 

BCNAs in a specific type of cancer 2) Grouping the tumour samples with a specific 

chromosome aberrations (gain or loss of a chromosomal- arm or a whole chromosome) to 

determinate the so called “selected CRC group” 3) Grouping  the tumour samples not bearing 

that specific chromosome aberration to determinate the so called “Control groups” 4) 

Grouping the normal colon mucosae samples 5) Performing computational analysis to 

identify significant differential expressed genes (DEGs) between selected CRC group and 

corresponding control CRC group (this comparison determines a group of genes called OverT 

or UnderT) or between selected CRC group and normal colonic mucosae group (to determine 

UpT and DownT genes). The consecutive steps regard 6) the evaluation of transcript levels of 

a given transcript class by the parameter “Chromosomal Distribution Index” (CDI) and 7) 

Biological function analysis(Condorelli et al., 2018). 

Figure 4: Model to investigate aneuploidies in cancer (Condorelli et al., 2018). 
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The model discussed was developed to investigate BCNAs in Colon cancer (COAD), 

nevertheless it is applicable to any cancer type. In this PhD thesis the model was improved by 

using a normalized chromosomal distribution index (NCDI) instead of an only Chromosomal 

distribution index (CDI) which takes into account the number of transcripts enriched in a 

specific “transcript class” but normalized as percentage of transcripts respect to the total 

number of transcript in one chromosome as better described in material and method section. 

The computational analysis was much improved developing a bioinformatics pipeline 

applicable to each cancer type. The range of data has been extended by considering RNA-seq 

data, SNP-arrays data and mutational data such as whole-exome sequencing.   
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1.5 Aneuploidies in Breast Cancer  
 

Breast cancer displays recurrent genome copy number aberrations as demonstrated in 

combined studies of genome copy number and gene expression profiling. In particular 

recurrent chromosome aberrations regards the gain of  1q, 8q e 16p and the loss of 16q e 17p 

(Chin et al., 2006; Ried et al., 1999).  As reported in the Mitelman Database of Chromosome 

Aberrations and Gene Fusions in Cancer (https: //mitelmandatabase.isb-cgc.org/, accessed on 

1 August 2020) as well as in multiplicity studies (Dutrillaux et al., 1990; Farabegoli et al., 

2004; Kokalj‐Vokac et al., 1993; Muthuswami et al., 2013; N. Pandis et al., 1994; Nikos 

Pandis et al., 1992, 1995; Russnes et al., 2010; Rye et al., 2015; Teixeira et al., 2002; 

Tsarouha et al., 1999), in breast cancer, the most common cytogenetics abnormalities refer to 

1) the derivative chromosome der(1;16) (q10;p10) 2) the isochromosome 1q (i(1q)) and the 

deletion of del(16q). The der(1;16) (q10;p10) is considered to be the consequence of a 

centromere-close translocation t(1;16) and it consists in a gain of long arm of chromosome 1 

and a loss of long arm of chromosome 16(Figure 5-6). The i(1q) consists in a loss of the 

entire short arm (p) of chromosome 1 with subsequent duplication of the entire long arm (q) 

of chromosome 1 (Figure 5-6). The del(16q) consists in a deletion of 6q-long arm 1 (Figure 

5-6). 

 

Figure 5: A model for generation of der(1;16) (q10,p10). 
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However, their exact role in determining the cancer phenotype is still largely unknown. There 

is a wide consensus that gene-dosage transcriptional effects are playing a role in 

tumorigenesis of breast cancer by gaining extra copies of chromosome 1.  

 

Figure 6: Schematic drawings of main cytogenetic aberrations in breast cancer and corresponding copy 

number changes. Left panel top: single copy of der(1;16) (q10;p10). Left panel bottom: 3 copies of 

der(1;16). Right panel top: isochromosome 1q (i(1q)), a chromosome formed by two long arms of chr1. 

Right panel bottom: deletion of long arm of chr16. 

Though the frequent association of 1q-gain and 16q-loss suggests a cooperation between 

those aberrations, it has been also reported that breast cancers can bear only 1q-gains or only 

16-q losses (Curtis et al., 2012; Farabegoli et al., 2004). Through a comparative genomic 

hybridization (CGH) studies, Farabegoli et al, have individuated 1q23-q32 and the loss of 

16q12-qter as chromosomal region involved in the der(1,16) in breast cancer as well as minor 

amplification events in 7p21-22, 20p11.2 and 20q12-13.1 chromosomal regions (Farabegoli et 

al., 2004). The breast cancer is classifiable in two large intrinsic subtype the invasive ductal 

(IDC) and the invasive lobular carcinoma (ILC). The 1q gain is typically present at every 

stage of carcinoma, while, 16q loss aberrations is detected in differentiated carcinomas or 

invasive lobular carcinoma (Farabegoli et al., 2004). Considering the molecular classification, 

breast cancer is subdivided in 5 intrinsic molecular subtypes: Luminal A, Luminal B, Her2, 

Basal-like and Normal-like, according to the PAM50 intrinsic subtypes classification 

(Picornell et al., 2019) (Gnant et al., 2014) (Dowsett et al., 2013). The frequency of this 1q 

gain/16q loss is higher in Luminal A related to HER2-enriched or basal-like. (Rye et al., 

2015). 
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1.6 Breast cancer classification 
 

Breast cancer is a biologically and phenotypically heterogeneous disease with various 

morphological and molecular patterns which bring to molecular and histological 

classifications (Nascimento & Otoni, 2020).  

 

1.6.1 Molecular classification 

According to the PAM50 (Prediction Analysis of Microarray 50) intrinsic subtypes 

classification (Picornell et al., 2019) (Gnant et al., 2014) (Dowsett et al., 2013) is based on a 

gene expression study screening 9000 genes. A list of 550 genes were identified as crucial to 

discriminate the phenotype of individual tumours (Perou et al., 2000) (Sørlie et al., 2001). In 

particular, the expression patterns of these genes allow to divide breast tumours in 5 intrinsic 

molecular subtypes which are Luminal A, Luminal B, Her2, Basal-like and Normal-like.  

Tumors can be classified according to ER status in ER+ and ER-. A further classification is 

given by the expression of the HER2/erbB2/neu receptor protein, i.e. a tyrosine kinase 

receptor involved in the regulation of cell growth, expressed by about 10-15% of tumors 

(Russnes et al., 2017). Immunohistochemistry (IHC) techniques also allow to evaluate the 

expression of estrogen receptors (ER) and progesterone (PgR) and it has been found that 

about 75% of breast cancers express these receptors (Russnes et al., 2017)  

The subtypes Luminal A and Luminal B are dominated by ER positive (ER+) and by genes 

expressed in luminal breast epithelial cells , cells surrounding the duct lumen (Mueller et al., 

2018). The subgroup Luminal B has generally a high expression of gene involved in cell 

proliferation and mitosis (Russnes et al., 2017). The group called Basal-like, are characterized 

by genes typically expressed in myoepithelial or basal epithelial cells. Basal-like subtype are 

ER negative, PgR negative and Her2 negative and known as triple-negative breast carcinoma 

(TBNC) (Russnes et al., 2017). 

From a clinical outcome, tumours ER+ and PR+ have a favourable prognosis, giving the 

likelihood of a better response to endocrine therapy. Meanwhile tumours with the expression 

of HER2 are more aggressive, have poor prognosis and low response to chemotherapy, 

because this receptor is related to growth factor inducing cellular proliferation (Moasser, 

2007). On the other hand, the basal-like tumours, specifically triple negative and ER-, have 

the worst short-term prognosis, even though is less frequent than the other two previously 

described.  
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1.6.2 Histological Classification   

Tumours used to be generally classified by histopathologic analysis on the base of tubule 

formation, mitotic counting and the degree of nuclear pleomorphism (Russnes et al., 2017). 

The most frequent is the invasive ductal carcinoma (IDC) (not otherwise specified), due to 

lack of sufficient characteristics. The second most frequent is the invasive lobular carcinoma 

(ILC). Other minor types of breast cancer are apocrine, cribriform and mucinous carcinoma so 

classified according to the growth patterns.(Weigelt et al., 2008). In figure 7 it is reported a 

classification of the main breast cancer histotypes. 

 

Figure 7: Schema about the main histological subtype. 

The histological special types (ST) show a more homogeneous phenotype than no-special 

type (NST). Many of these tumours are treated with neoadjuvant and chemotherapy but for 

the secretory and apocrine carcinoma, which represents only 1% and 1-4 % of breast invasive 

carcinoma special type apocrine carcinoma, there is any efficacy therapy. The secretory 

carcinoma was originally observed in children and has been referred to as 'juvenile carcinoma' 

but it can occur at any age. The clinical course is usually excellent, even in case of nodal 

involvement or metastasis. 

The secretory carcinoma shows a tubular, solid and/or microcystic architecture and abundant 

colloid-like extracellular secretion. The secretory carcinomas show particular gene feature, 

the ETV6-NTRK3 fusion gene (Pareja et al., 2021). This chimeric gene derived from the 

t(12;15)(p13;q25) translocation that involves the dimerization domain of the transcriptional 

regulator (ETV6)(located on chromosome 12) and the  membrane receptor tyrosine kinase 

(NTRK3) (also known as TRKC and located on chromosome 15) (Knezevich et al., 1998) 

producing a potent tyrosine kinase with high transforming effect (Q. Liu et al., 2000; Wai et 
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al., 2000) (Wai et al. 2000, Liu et al. 2000). ETV6-NTRK3 expression actives two effector  

pathways of wild-type NTRK3 which have an impact for cell proliferation and survival in 

breast cancer:  1) the Ras-MAP kinase (MAPK) mitogenic pathway and 2) the phosphatidyl 

inositol-3-kinase (PI3K)-AKT pathway mediating cell survival (Tognon et al., 2001; Wai et 

al., 2000). In particular, ETV6-NTRK3 leads to a constitutive activation of membrane 

receptor of tyrosine kinases. This observation focus the attention on the NTRK signaling, also 

known as Trk signaling, to be used as targets for new cancer therapies (Euhus et al., 2002) as 

well as to hypothesize a genetic target.. 

Instead, a screening of chemical libraries to find inhibitor of trk signaling, have identified the 

drug known as Entrectinib, as inhibitor of TRK. (Doebele et al., 2020).  

Undoubtedly these results, open the perspective to new cancer therapies as well as to new 

biomarker discovery for those minor breast cancer types (i.e. secretory carcinoma) for which 

there are no effective chemotherapy and reliable genomic diagnosis.  
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1.7 Aneuploidies in Colon Carcinoma 
 

Colon cancer is one of the most common human malignancies and is a leading cause of death 

worldwide. Incidence of colorectal cancer ranks third, behind prostate cancer and lung cancer, 

in males, and behind breast cancer and lung cancer in females (Ferlay et al., 2015). The vast 

majority (over 95%) of the cancers that origin in the colorectal region are classified as 

adenocarcinomas (Hamilton et al., 2010). At least two forms of genomic instability have been 

described in colorectal adenocarcinomas: chromosomal instability (CIN) and microsatellite 

instability (MSI). CIN is characterized by numerical and structural chromosomal aberrations 

and is present in the large majority of tumors (about 85%). MSI is identified by somatic 

changes in the number of repeating units of microsatellite repeats due to defects in the DNA 

mismatch repair genes. Although MSI and CIN have been considered mutually exclusive, it is 

now clear that MSI tumors also show-varying degrees of CIN and that a percentage of the 

tumors can be considered positive for both form of instability (Grady, 2004). In an early study 

involving 172 colon-rectal samples (40 samples early-stage adenomas, 40 adenomas and 92 

carcinoma), allelic deletions of chromosomes 5, 17, and 18 are found. Loss of chromosome 5 

was found in 26-35% of adenomas and carcinoma. Loss of a portion of chromosome 18 was 

deleted in 78 percentage of carcinoma, in 47 percentage of late-stage carcinomas and 11-13 % 

in carcinoma, while loss of chromosome 17p in 75% of carcinomas (Vogelstein et al., 1988). 

In colon cancer biology the increase of chromosomal number of copies (chromosomal gain) is 

a critical topic of considerable interest. Chromosome 20 amplification are common 

chromosome aberration, as demonstrated by sequencing a cohort of 401 carcinomas and 

founding a 20q gain in 37% of samples and a 20q amplification in only 7% of samples 

(Ptashkin et al., 2017). Hotspot mutations in KRAS and BRAF were well documented in 

literature and they are found in 10% of colorectal carcinoma bearing 20q amplification and in 

45% of colorectal carcinoma bearing 20q gain, and 72% of colorectal carcinoma no bearing 

aneuploidy of 20q (Ptashkin et al., 2017). It has been observed a causal correlation between 

increase of chromosomal number of copies and high gene expression because these genes are 

more dosage sensitive than low-expressed genes (Fehrmann et al., 2015). Taylor et al (Taylor 

et al., 2018) have studied a negative correlation between hotspot mutations and colorectal 

carcinoma (COAD and READ), founding a high level of MSI or POLE mutation in samples 

with low aneuploidy rate, demonstrating how aneuploidy is a sufficient aberration for 

tumorigenesis. A pattern of aneuploidy was proposed by performing a hierarchical clustering 

with Pearson's correlation. The results showed a co-occurring alteration of chr7p, chr7q, 
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chr8q, chr13q, and chr20q (Taylor et al., 2018) . In Condorelli et al. by analysing Broad Copy 

Number Abnormalities (BCNAs)(aberration in at least 25% of chromosome length) in 46 

colon samples and 26 normal mucosae an high frequency of gains (chr20q, chr8q, chr18, 

chr7q, chrXq, chr9q)  and losses (18q, 8p, 17p, 15q) were found (Condorelli et al., 2018). The 

main results concerning the association between up-regulated driver cancer genes and the 

gene dosage effects due to gains of chromosomal number copies.  
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1.8 Aneuploidies in Glioblastoma 
 

Glioblastoma multiforme (GBM) is a common type of malignant cerebral tumour. Based on 

the study conducted by The Cancer Genome Atlas Research Network (TCGA) and published 

on the Cell Journal (2013) with the title “The somatic Genomic Landscape of Glioblastoma”, 

common chromosomal amplifications in GBM involve the chromosomes 1, 4, 7 and 12 by 

analysing 543 CGH samples data and performing a GISTIC interrogation (Brennan et al., 

2013). Glioblastomas is characterized by isocitrate dehydrogenase 1 (IDH1) mutation in 12% 

of GBM patients. The glioblastomas without IDH mutations are characterized by 

chromosomal aberrations, such as gain of chromosome 7 and loss of chromosome 10 

(Brennan et al., 2013). The chromosome 7 is specific feature of GBM and undergoes to a gain 

of the entire chromosome 7 (7-gain) alone or in combination with a focal amplification (FA) 

located on the cytogenetic band 7p11.2 (7p-FA), a region including the EGFR gene (Brennan 

et al 2013). In addition to focal amplification (7-PA), another EGFR mutational condition is 

defined as Regional gain in comparison to the Euploid definition which does not show 

alteration in EGFR region. Moreover, focusing on the role of the EGFR and its mutation with 

or without the 7-gain alteration, its genomic alterations are correlated with the specific 

molecular subtype of GBM. According to Brennan et. al 2013 and Verhaak et al., 2010 

classifications(Brennan et al., 2013; Verhaak et al., 2010), GBM is divided in 4 subtypes 

(Classical, Mesenchymal, Neural, Proneural). As a consequence of a gene dosage effect, the 

transcriptional upregulation of some specific genes located in the 7p-FA region or widespread 

to the entire chromosome 7 has been repeatedly observed in the two aberrations, respectively 

(Beroukhim et al 2007, Brennan et al 2013). Other gliomas (Low grade gliomas) are 

characterized by 1p loss and 19q gain correlating with IDH mutation(TCGA, 2015). The co-

gain of chromosomes 19 and 20 is also linked to a more favourable prognosis validated by a 

124 cohort aCGH samples (Geisenberger et al., 2015). It is interesting that in a special type of 

glioma, so called oligodendroglioma, it has been found a co-deletion 1p/19q as the result of 

an unbalanced translocation der(1;19) (q10;p10) and this aberration correlates with a better 

prognosis (Jenkins et al., 2006). Indeed, deletions of 1p and 19q are associated with tumors 

with oligodendroglial components. 

The Epidermal Growth Factor Receptor (EGFR) gene, Cyclin-dependent kinase 6 (CDK6) 

gene and MET Proto-Oncogene Receptor Tyrosine Kinase (MET), which are known to be 

putative oncogenes or tumour suppressor genes, are located on chromosome 7.   
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2. AIM OF THE THESIS 
 

The present work of thesis proposes a comprehensive cytogenetics, genomics, and 

transcriptomics analysis of broad copy number alterations (BCNA) in the large cohorts of 

20.000 tumour samples divided 33 cancer types proposes in The Cancer Genome Atlas 

(TCGA) project. The aim is to investigate the cancer aneuploidies in order to understand their 

crucial role in the mechanisms of cancer initiation and progression.  

Currently, the analysis and experiments reported in the present thesis are focused on Breast 

Invasive Carcinoma (BRCA), Colon Carcinoma (COAD) and Glioblastoma multiforme 

(GBM). The BRCA has been explored both bioinformatically and experimentally in-vitro, 

respectively while for the cohorts of COAD and GBM pre-analysis and post-analysis ending 

in biological functional analysis have been performed. For the rest of the TCGA cohort pre-

analysis has been performed by applying the experimental model and the bioinformatics 

pipeline in R language refer to chr7, chr8, chr13, chr18 and chr20 already applied for COAD. 

This thesis shows only the results refer to BRCA, COAD and GBM. 

The main goal of BRCA project regards the following steps 1) the exploration of the most 

frequent chromosomal aberrations as reported in the Mitelman Database of Chromosome 

Aberrations and Gene Fusions in Cancer (https: //mitelmandatabase.isb-cgc.org/, accessed on 

1 August 2020) which are the derivative chromosome der(1;16) (q10;p10), formed by the 

short arm of chr16 and the long arm of chr1 and the isochromosome 1q, i(1q), formed by two 

long arms of chr1. 2)  classification of BRCA tumours in so-called 1,16 chromogroups by the 

combined analysis of cytogenetics (SNP-arrays), transcriptomics (RNA-seq) and mutational 

(WES) data in order to  investigate the chromosomal aberrations and their biological role 3) 

identifying new driver genes that can represent novel molecular targets for therapy  4) 

validating the bioinformatics results and the 1,16 chromogroups features by exploiting the 

Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) cohort 

composed from about 2509 invasive breast cancer samples, paired with 548 samples of 

normal breast tissue 5) evaluating of the prognostic significance of chromosomal aberrations 

bearing the 1,16 chromogroups in the TCGA series and performing a comparison with the 

same cytogenetics groups obtained from METABRIC cohort 6) identification of suitable 

breast cancer cell culture bearing the chromosomal aberration der(1;16)(q10;p10) and the 

other 1.16 chromogroups features by investigating 978 Copy Number Variation (CNV) cell 

lines data (Affymetrix SNP6.0) with 37279 gene coverage and 1047 RNA-seq cell lines data 

(counts data) with 20213 gene coverage retrieved from Cell Model Passport. 7) In-vitro 
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validation of the results obtained from previously steps on, mainly, CAL-148 (bearing the 

der(1;16) aberration) , CAL-51 (not bearing the cytogenetics aberrations) and the control cell 

group (MCF7, MCF10, MDA-MB-231) by performing drug-treatment and siRNA 

interference.  

Other minor questions about the prognostic role of ETV6-NRTK3 fusion protein in secretory 

breast carcinoma, the immunohistochemistry (IHC) verification of HER2 expression protein 

and the triplonegativity of hormone receptors in CAL148, CAL51 and MCF10A have been 

explored.  

The main goal of COAD project regards 1) The explorations of the main broad copy number 

gains (BCNGs) in those chromosomes resulting to be the most aberrant in COAD (chr7, chr8, 

chr13, chr18 and chr20) by analysing 433 colon adenocarcinoma (COAD) samples (data 

obtained by Affymetrix SNP 6.0 array) and expression profiles of 480 COAD samples and 41 

mucosal normal samples (n=521) retrieved from GDC Data Portal 2) analysis of those 

tumours showing Chromosomal INstability (CIN) (233 tumours) and MicroSatellite 

Instability (MSI) (60 tumours) 3) Differential Expression Analysis of those genes up-

regulated (PositiveT) and downregulated (NegativeT) in comparison to mucosal normal 

samples and those genes over-expressed (OverT) and down-expressed (DownT) in 

comparison to control tumours groups not bearing that specific BCNG 4) Biological and 

functional analysis of driver genes associated to BCNG and significantly enriched among 

Gained Variant Enhancer Loci Transcript (VEL-T) (identified by high resolution 

H3K27acChIP-seq profiling) as well as those genes  required for cancer cell fitness (Fitness-

genes) (identified by genome-scale CRISPR-Cas9 screening) 5) Pathways analysis of Over-

Positive T and Fitness-OverT.  

The main goal of GBM refers to a massive analysis of the chromosome 7 gain in those 

tumours with a high percentage of this BCNG. A general investigation of the percentage of 

trisomy 7 in 33 TCGA cancer types has been performed by using SNP array data. In TCGA 

the percentages of those tumour types with a high frequency of chr7-trisomy (> 45 %) are: 

GBM (67%), followed by KIRP (55.47%), COAD CIN (46.90%), READ CIN (45.09%). The 

subsequent steps are 1) analysis of cytogenetic SNP array data (592 samples), RNA-seq data 

(174 samples in total subdivided in 128 primary tumour and 5 normal tissue)  and whole 

exome sequencing (WES) data (345 samples) from The Cancer Genome Atlas (TGCA) 2) 

analysis of the role of the Epidermal Growth Factor Receptor (EGFR) gene in association 

with or without the trisomy7 in GBM 3) Subtype classification (Classical, Mesenchymal, 

Neural, Proneural according to (Brennan et al., 2013; Verhaak et al., 2010)) and their 
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association with EGFR mutational status, which are defined as Regional gain, Focal 

amplification and Euploid 4) Other goals are to evaluate the overall survival of the most 

common mutations in EGFR (EGFRvIII, A289D/T/V and G598V/A) as well as to evaluate 

the co-gain chr19/chr20 5) Gene ontologies analysis.  

My thesis effort could be also considered a work of brainstorming to organize and analyse 

large amount of data. Nowadays Big Data in healthcare industries, research, clinical 

application, oncology and so on are fast growing and expanding more and more. The new 

technologies of next generation sequencing and their update represent a significant challenge 

in terms of ability to data management, data analysis and post-analysis. The technologies 

needed to perform massive bioinformatics analysis, such as RNA-seq, SNP-arrays, whole 

exome-sequencing and the more recent single cell-RNAseq (scRNA-seq) produce terabytes of 

data, which requires an informatic background and the ability to organize and manage the data 

as well as the adequate resource to process them. 
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3. MATERIALS AND METHODS 
 

The present work of thesis is focused on three different tumours, Breast invasive carcinoma 

(BRCA), Colon Carcinoma (CC) and Glioblastoma Multiforme (GBM), for which it has been 

performed bioinformatics analysis with a common initial approach based on 1) Data 

Collection of transcriptomics (RNA-seq) and cytogenetics (SNP-array) data 2) Filtering and 

data organization in according to the proposed model 3)  Statistical Analysis   4) Post 

analysis.  

The breast cancer was further explored with the following steps 5) Data Collection and 

analysis of transcriptomics and cytogenetics data refer to the cell lines 6) Cell cultures 7)  

Primers design 8) Grow-curves in MTT assay 9) gamma-secretase treatments 10) Fine-tuning 

the gene-silencing method on breast culture.  

To better understanding in deep each tumours approach, this section is organized in three 

dedicated sub-sections: Breast invasive carcinoma (BRCA), Colon Carcinoma (CC) and 

Glioblastoma Multiforme (GBM).  

 

3.1 BREAST INVASIVE CARCINOMA (BRCA) 

 

3.1.1 Data collection: transcriptomics, cytogenetics and mutational data 

The data about Breast Invasive Carcinoma (BRCA) concerning The Cancer Genome Atlas 

Project, were downloaded from The Genomic Data Commons (GDC) data portal 

(https://portal.gdc.cancer.gov) (Tomczak et al., 2015; Weinstein et al., 2013). The RNA-seq 

data (HTseq counts) are 1222 BRCA-TCGA samples. The Whole Exome Sequencing (WES) 

data (in Mutation Annotation Format (MAF) file which was analysed by SomaticSniper 

algorithms (Larson et al., 2012))  are 976 samples. The cytogenetic data (Affymetrix SNP 6.0 

arrays) were downloaded from cBioPortal for cancer genomics (https://www.cbioportal.org) 

(Cerami et al., 2012; Gao et al., 2013) for a total of 1084 samples. The data were associated to 

the clinical, survival and classification data.  
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3.1.2 Pre-filtering  

The RNA-seq data were filtered with the same method used for COAD samples. In particular 

only 1072 primary tumors (TCGA-##-##-01A only primary tumor as Sample Type and only 

unique Sample ID) samples and 99 normal mammary tissue samples (only TCGA-##-####-

11A Sample ID) were selected. RNA-seq and SNP-arrays were matched together by using the 

corresponding sample id. 1058 tumour samples are shared between RNA-seq and SNP-arrays 

and 946 samples are shared among RNA-seq, SNP-arrays and WES-seq technologies 

(corresponding case ids were used). The Stable ensembl IDs (i.e. ENSG###) were matched 

with the corresponding gene name and additional annotation by using BioMart (Kinsella et 

al., 2011) and GRCh38.p13 genome version (Ensembl Release 99; January 2020). All 

deprecated genes between GRCh37 and GRCh38 genome versions were not considered. 

 

3.1.3 Statistical Analysis: Tools and Approach 

In comparison to the COAD-analysis described in par. 3.1, in BRCA analysis it has been 

introduced background noise removing by excluding low count genes (zero values in 70% of 

samples). The initial number of genes in RNA-seq count files were 60483; after pre-filtering 

we obtained 35923 genes and after removing deprecated genes 35903 genes. The RNA-seq 

BRCA counts were organized in the so called 1,16-chromogroups as described in the result 

section and then normalized as previously described in par. 3.1.3 Statistical Analysis: Tools 

and Approach.  

The fragments per kilobase per million reads (FPKM) were converted in Transcripts per 

Million (TPM) according to the standard procedures. TPM was used to compare gene level 

expression in 1,16 chromogroups. 

 

3.1.4 Post-Analysis: Semi-supervised Hierarchical Clustering, Pathway 

analysis 

The data were organized in 1,16 chromogruops and undergo to the hierarchical clustering 

algorithm (Eisen et al., 1998)[24] in the pheatmap (Kolde, 2012) by using R packages. The 

row values were centred and scaled. The unweighted pair group method with arithmetic mean 

(UP-GMA) was used as linkage agglomeration method to apply at Euclidean distance. 

The pathways analysis to investige the biological significance of the our genes list was 

performed by Metascape (Zhou et al., 2019) and with the Gene set enrichment analysis 

(GSEA)  (Subramanian et al., 2005). The WES-seq data were analyzed by using the Maftools 
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R Package  (Mayakonda et al., 2018). The Venn diagrams analysis were performed  by 

Interactive Venn free software (Heberle et al., 2015) 

 

3.1.5 METABRIC: Molecular Taxonomy of Breast Cancer International 

Consortium.  

The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) is the 

largest cohort of breast carcinomas. In particular, METABRIC includes 2509 samples of 

breast carcinoma and their corresponding 548 samples of normal mammary tissue. 

METABRIC study has explored breast cancer from transcriptomics and cytogenetics points of 

view. In addition, it focused on molecular-based taxonomy of breast cancer with the 

determination of 10 integrative cluster subtypes. The cohort also consider the Molecular 

subtype(LumA and LumB) and the Histological subtypes (Ductal and Lobular) (https://ega-

archive.org) (Pereira et al., 2016)(Rueda et al., 2019)(Curtis et al., 2012) (Russnes et al., 2017) 

 

3.1.6 Data collection: CNV METABRIC  

The large data cohort  from the  Molecular Taxonomy of Breast Cancer International 

Consortium (METABRIC) was downloaded from cBioPortal for cancer genomics 

(https://www.cbioportal.org)(Cerami et al., 2012)(Gao et al., 2013). In particular, 2173 CNV 

samples was analysed.  

 

3.1.7 Overall survival (OS)  

The overall survival (OS), the Progression- free survival  (PFS) and the Disease-free survival 

(DFS) data were evaluated by the Kaplan Meier curve in GraphPad Prism software version 

8.0 (GraphPad Software, San Diego, CA, USA, www.graphpad.com). Log-Rank Test was 

used.  

3.1.8 Translation of Bioinformatics results in Cell Model 

In order to translate the 1,16 chromogroups in suitable cell models, an additional 

bioinformatics analysis was performed. Transcriptomics and cytogenetics data were retrieved 

from Cell Model Passport (https://cellmodelpassports.sanger.ac.uk/) (Version data 20191101) 

(Van Der Meer et al., 2019): 1) 978 Copy Number Variation (CNV) cell lines data 

(Affymetrix SNP6.0) with 37279 gene coverage; 2) 1047 RNA-seq cell lines data (counts 

data) with 20213 gene coverage. 

https://ega-archive.org/
https://ega-archive.org/
http://www.graphpad.com/
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Only the cell lines matchable with the two technologies and referred exclusively to breast 

cancer were considered (52 Cell Lines)  

The Cell Lines CNV Data were classified according to the classification in chromogroups 

1,16 proposed in Privitera et al, 2021. The main 1,16 chromogroups are: 1) Group A, bearing 

1q-gain and 16q-loss, 2) Group B, bearing 1q-gain/1p-loss, 3) Group C, bearing 1q-gain and 

normal chr16,  4) Group D, bearing 16q-loss and normal chr1, 5) Control (CTRL) No 

aberrations in chr1 and chr16. 

The groups so composed were then analysed to individuate the differential genes (DEGs) by 

used the bioinformatic pipeline previously described in this section 

.  

3.1.9 Cell Model and Cell maintenance 

The Cell Lines CNV Data were further used to investigate the aneuploidy assessment of cells 

in order to identify the breast cell model bearing the derivate(1;16) (CAL-148) and a control 

cell model (CAL-51) not bearing the aneuploidy.  

To compare the cell models proposed with these two cell lines, CAL-148 e CAL-51, other 

three additional cell lines were used: MCF10A, MCF7 and MDA-MB-231. 

The Table 1 shows the karyotype and the chromosome 1 and 16 status of MCF10A, CAL-51, 

CAL-148, MDA-MB-231 and MCF7.  

The cells maintenance has taken place at the laboratory of Cell Culture in the Department of 

Biomedical and Biotechnological Sciences - Section of Medical Biochemistry c/o Biological 

Tower, Via Santa Sofia n.89, Catania – Sicily – Italy. (Brenner & Aldaz, 1995; Cowell et al., 2005; Debnath et al., 

2003; Zientek-Targosz et al., 2008) 
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Table 1. Karyotype of the cell lines.  

Cell-lines 
1,16 chromogrups 

Classification 
Repositories and literature 

 1p 1q 16p 16q Karyotype References 

MCF10A     

The karyotype is stable and near-diploid, these cells are 

nonetheless cytogenetically abnormal. These cells 

harbor a deletion of the locus containing p16 and 

p14ARF, as well as amplification of MYC. Notably, 

MCF-10A cells express wild-type p53. MCF-10A cells 

are negative for estrogen receptor (ER). MCF-10A 

cells are almost diploid cells with several chromosomal 

abnormalities. MCF-10A cells have a reciprocal 

t(3;9)(p14;p21) translocation and an unbalanced 

translocation from chromosome 5q to the derivative 9. 

Loss of the p16 locus associated with t(3;9) 

translocation is believed to contribute to the 

immortalization of MCF-10A cells. Also, a 

t(6;19)(p25;q12) rearrangement can be seen in MCF-

10A cells. Trisomies of chromosomes 20 and 16, and 

derivative of chromosome 8. 

Debnath et al., 2003 

Cowell JK et al., 2005 

Zientek-Targosz, H et al., 2008 

Brenner AJ et al., 1995 

CAL-51 disomic disomic disomic disomic 

(ISCN notation) 46(45–46), XX 

Human near-diploid karyotype with 28% tetraploidy - 

46<2n>XX, no consistent abnormality detected - rare 

example of tumor cell line with normal karyotype - 

resembles published karyotype 

(Davidson et al., 2000) 

https://www.creative-

bioarray.com 

CAL-148 loss gain gain loss 

Human near-diploid karyotype with 16% polyploidy - 

45-48<2n>XX, +1, +7, -8, -13, +20, add(1)(p36), 

der(1;16)(q10;p10), del(2)(q11q2?2), 

del(13)(q1?1q1?3), der(16)t(1;16)(q12-21 - p11) - 

resembles originator's unpublished karyotype 

https://www.creative-

bioarray.com 

MDA-MB-

231 
loss disomic loss loss 

The cell line is aneuploid female (modal number = 64, 

range = 52 to 68), with chromosome counts in the near-

triploid range. Normal chromosomes N8 and N15 were 

absent.  

 

Most of the chromosomes of the normal complement 

are disomic, but chromosomes No. 2, 6, 14, 15, 18, 19, 

and X are monosomic, whereas chromosomes No. 4, 5, 

17, and 20 are trisomic. Chromosome No. 8 is missing 

in 4 of the 6 metaphases examined and chromosome 

No. 1 is trisomic in 4 out of 6 meta- phases. An 11q 

marker, an isochromosome for llq,i(11) (q ter--~cen--

~q ter), is present.  

 

Copyright 2016 ATCC All 

rights Reserved 

(Satya-Prakash et al., 1981) 

MCF7 loss 
40%loss 

50%gain 

47%loss 

48%gain 

57%loss 

42%gain 

65 (61–72).1×1, der(1)t(X;1), 2×2, der(2)t(2;3)(q36;?), 

3×2, del(3)(p?), der(3)t(3;6), 4×3, 5×3, 

der(5)t(5;13)(p12?;q22), 6×1, der(6)t(6;7), der(6)t(3;6), 

7×1, der(7)t(1;19;7;6), der(7)t(7;19;7), 8×1, 

der(?)t(16;11;8;11;3), der(8)t(8;15), der(8?)t(8;12), 

der(8)t(8;16), 9×2, der(?)t(6;20;9;3), der(9)t(8;9), 

10×2, der(10)t(7;10)(?;q22), 11×2, 

der(?)t(11;1;17;19;17), 12×3, der(19)t(12;19), 

del(13)(q?), der(13)t(13;15;11;16), der(13)t(13;14), 

der(13)t(13;16), 14×2, der(?)t(7;14), 15×2, 

der(16)t(15;16), 16×2, 17×1, der(17)t(3;17), 18×2, 

der(18)t(18;21), 19×1, der(19)t(7;19), 20×1, 

der(?)t(17;1;19;17;20), der(20)t(3;20;1;20;1;20), 

der(20)t(20;1;21), 21×3, der(22)t(7;22), 

der(22)t(16;22), X×2 cp[6] 

Cytogenetic Analysis: modal number = 82; range = 66 

to 87. 

The stemline chromosome numbers ranged from 

hypertriploidy to hypotetraploidy, with the 2S 

component occurring at 1%. There were 29 to 34 

marker chromosomes per S metaphase; 24 to 28 

markers occurred in at least 30% of cells, and generally 

one large submetacentric (M1) and 3 large 

subtelocentric (M2, M3, and M4) markers were 

recognizable in over 80% of metaphases. No DM were 

detected. Chromosome 20 was nullisomic and X was 

disomic.  

(Davidson et al., 2000) 

Copyright 2016 ATCC All 

rights Reserved 
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CAL-148 (DMSZ No: ACC 460, breast carcinoma) cell line was purchased from the Leibniz 

Institute DSMZ-German Collection of Microorganisms and Cell Cultures. The cytogenetic 

features describes a karyotype human near-diploid with 16% polyploidy - 45-48<2n>XX, +1, 

+7, -8, -13, +20, add(1)(p36), der(1;16)(q10;p10), del(2)(q11q2?2), del(13)(q1?1q1?3), 

der(16)t(1;16)(q12-21 - p11) (see figure 8) 

CAL-148 were cultured in Dulbecco's Medium 4.5g/dL Glucose w/Glutamax (Gibco®) 

supplemented with: 

- 20% fetal bovine serum (FBS; Cat. No. 10270-106; Life Technologies, Monza, Italy).  

- 1% of 1/1 penicillin–streptomycin (Cat. No 15140- 122; Life Technologies). 

- 10ng/ml Epidermal Growth Factor (EGF) (Cat. No E9644, Sigma-Aldrich, USA) 

 

Figure 8: CAL148 (magnification 100x-400X) The images were obtained in our laboratory with an 

inverted microscope (Olympus CKX53).  Typical clumps. No monolayer 

CAL-51(DMSZ No: ACC 302, breast carcinoma) cell line was purchased from the Leibniz 

Institute DSMZ-German Collection of Microorganisms and Cell Cultures. The cytogenetic 

features describe a karyotype with 28% tetraploidy - 46<2n>XX, no consistent abnormality 

detected - rare example of tumor cell line with normal karyotype (see Figure 9). 

CAL-51 were cultured in Dulbecco's Medium 4.5g/dL Glucose w/Glutamax (Gibco®) 

supplemented with: 

- 10% fetal bovine serum (FBS; Cat. No. 10270-106; Life Technologies, Monza, Italy).  

- 1% of 1/1 penicillin–streptomycin (Cat. No 15140- 122; Life Technologies). 

The cell cultures were grown in flasks (25 cm2) and incubated at 37 °C in humidified 

atmosphere with 5% of CO2 and 95% of air. 
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Figure 9: CAL51 (magnification 400x) The images were obtained in our laboratory with an inverted 

microscope (Olympus CKX53).   

MCF10A (ATCC No: CRL-10317, normal’’ breast epithelial cell line, Fibrocystic Disease) 

cell line was provided by prof. Luca Lanzanó and dott.ssa Morgana D´Amico from the 

Department of Physics and Astronomy "Ettore Majorana", University of Catania, Via S. Sofia 

64, 95123, Catania, Italy (see Figure 10). 

MCF10A were cultured in Dulbecco's Modified Eagle´s F12 w/15nM HEPES and sodium 

bicarbonate, w/o L-glutamine (Sigma®) supplemented with (final concentration): 

- 5% Horse serum (HS; Cat. No. H1270; Sigma-Aldrich, USA).  

- 10ug/mL Insulin (Cat.No., I-1882, 100-mg; Sigma-Aldrich, USA). 

- 0.5ug/mL Hydrocortisone (Cat.No. H-0888, 1-g; Sigma-Aldrich, USA). 

- 50ng/mL Cholera Toxin (Cat.No. C-8052, 2-mg; Sigma-Aldrich, USA). 

- 1% of 1/1 penicillin–streptomycin (Cat. No 15140- 122; Life Technologies). 

- 20ng/ml Epidermal Growth Factor (EGF) (Cat. No E9644, Sigma-Aldrich, USA) 

The cell cultures were grown in flasks (25 cm2) and incubated at 37 °C in humidified 

atmosphere with 5% of CO2 and 95% of air. 
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Figure 10: MCF10A (magnification 100x) The images were obtained in our laboratory with an inverted 

microscope (Olympus CKX53).   

MCF7 (ATCC No: HTB-22, breast adenocarcinoma) cell line was purchased from the 

American Type Culture Collection (Rockville, MD, USA) (see Figure 11). 

MCF7 were cultured in Dulbecco's Medium 4.5g/dL Glucose w/Glutamax (Gibco®) 

supplemented with: 

- 10% fetal bovine serum (FBS; Cat. No. 10270-106; Life Technologies, Monza, Italy).  

- 1% of 1/1 penicillin–streptomycin (Cat. No 15140- 122; Life Technologies). 

The cell cultures were grown in flasks (25 cm2) and incubated at 37 °C in humidified 

atmosphere with 5% of CO2 and 95% of air. 

 

Figure 11: MCF7 (magnification 400x) The images were obtained in our laboratory with an inverted 

microscope (Olympus CKX53).   

MDA-MB-231 (ATCC No: HTB-26, Breast Adenocarcinoma) cell line was purchased from 

the American Type Culture Collection (Rockville, MD, USA) (see Figure 12). 

MDA-MB-231 were cultured in Dulbecco's Modified Eagle´s F12 w/o HEPES and L-

glutamine (Gibco®) supplemented with: 

- 10% fetal bovine serum (FBS; Cat. No. 10270-106; Life Technologies, Monza, Italy).  
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- 1% of 1/1 penicillin–streptomycin (Cat. No 15140- 122; Life Technologies). 

- 1% of Glutamine  

- 1 % EsseMEM Non-Essential Amino Acids Solution (100X) (Cat.No 11140050, 

Thermofisher) 

- The cell cultures were grown in flasks (25 cm2) and incubated at 37 °C in humidified 

atmosphere with 5% of CO2 and 95% of air. 

- FIGURA MDA-MB-231 

 

Figure 12: MDA-MB-231 (magnification 400x) www.mingzhoubio.com 

 

3.1.10 Cell growth curve  

The evaluation of a growth curve was useful to investigate the characteristics (i.e. population 

doubling time) of CAL-148, CAL-51, MCF7 with or without Epidermal Growth Factor 

(EGF). Four time-points (24h, 48h, 72h, 144h) and four cell concentration (2000, 4000, 8000, 

16000 cells/well) were evaluated. 

 

3.1.11 Cell Proliferation Assay 

The evaluation of cell proliferation was performed with VybrantÆ MTT Cell Proliferation 

Assay Kit (Cat. No. V-13154, Themorfisher) according to the manufacturer’s instructions. 

The MTT solution was prepared by adding 1mL of sterile PBS 1X to one 5 mg vial of MTT 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) and then distributed (20 μL) 

in each well (96well plate). Incubation for 2h at 37 °C. The purple formazan compound was 

solubilized by adding 200 μL of dimethyl sulfoxide-d6 (DMSO). 

http://www.mingzhoubio.com/
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The absorbance is evaluated inside the Eppendorf 96 Flat Bottom Clear Polystyrene tissue-

culture treated Cell Culture by using PlateReader AF2200. Wavelength at 600nm. 

 

3.1.12 Primer design 

Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and PrimerBank (Spandidos 

et al., 2008) (Spandidos et al., 2009) (X. Wang & Seed, 2003) online tools were used to 

primer design. The chosen criteria were:  

1) PCR product size Min 70nt and Max 300nt,  

2) Primer melting temperatures (Tm) Min = 58 °C, Opt = 59 °C, Max = 60 °C, 

Tm difference =1°C;  

3) Exon junction span: primer must be an exon-exon span junctions and Primer 

pair must be separated by at least one intron on the corresponding genomic 

DNA; 

4) Primer Size: Min = 18nt, Opt = 20nt, Max = 25nt; 

5) Primer GC content (%): 40-60% but for PYGO  20-60%. 

Genome Data Viewer (https://www.ncbi.nlm.nih.gov/genome/gdv/) was used to check the 

distance among exons and the exactly size among introns..  The primer design was performed 

for PYGO2, APH1A, NCSTN, PSEN2, CDH1 and BCL9 (Table 2). The primers  have been 

ordered from Eurofins Genomics  (https://eurofinsgenomics.eu/).  

 

Table 2: Primers features 

RefSeq mRNAs 

numbers 

Transcript 

Variants 

Gene 

Name 
Right Primer Left Primer 

Amplicone 

Size (bp) 

Chr 

arm 

N 

exons 
Intron size 

NM_138300.4_New // PYGO2 
AGTCCAGAAA 

AGAAGCGAAGG 
CCGAAGTCATC 
TTCAAAAGGGT 

131 1q21.3 3 2F_3R(1130bp) 

NM_138300.4_Old // PYGO2 
CCGGTCTGCA 

AATGAAGAGT 

GTGATCCACCA 

TGGGAGTTG 
113 1q21.3 3 

1-2(447bp) 

2F_3R 1130bp) 

NM_015331.3 Variant 1 

NCSTN 
GGCAATGGTT 

TGGCTTATGAAG 

TGGCACATAGT 

GGGAAGGTTG 
142 1q23.1 17 5F  6R(971bp) NM_001349729.2 Variant 5 

NM_001290184.2 Variant 2 

NM_000447.3 Variant 1 

PSEN2 
ACTCATCTG 

CCATGGTGTGG 

TCCTCCTCTT 

CCTCCAGCTC 
190 1q42.13 13 

9-10 (1144bp) 

10-11 (381/384 
bp) 

NM_012486.3 Variant 2 

NM_001077628.3 Variant 1 

APH1A 
GGTGGTTGGG 

AGTCACCTACT 

GCGCTGAATA 

CTTCGGAGGG 
148 1q21.3 7 5-6 (418 bp) 

NM_016022.4 Variant 2 

NM_001243771.2 Variant 3 

NM_001243772.2 Variant 4 

NM_004360.5 Variant 1 

CDH1 
AAGTGTCCGA 

GGACTTTGGC 

AATCCTCCCT 

GTCCAGCTCA 
177 16q22.1 16 10-11 (3520bp) NM_001317184.2 Variant 2 

NM_001317185.2 Variant 3 

NM_004326.4_New // BCL9 
GCCAAAGTGG 

TGTACGTGTT 

GATATCTGTGTGT 

TCAGAGGCG 
155 1q21.1 10 

6F_8R 

(1186bp) 

NM_004326.4_Old // BCL9 
CCCCATCAAAT 

GCTACAGCC 
TTTCAACCTGG 
CCCTTCAAAA 

165 1q21.1 10 6-7(1186bp) 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/genome/gdv/
https://eurofinsgenomics.eu/


36 
 

3.1.13 RNA extraction 

Starting from ∼ 2 x 106 cells, total RNA was extracted from CAL-148, CAL-51, MCF7, 

MDA-MB-231, MCF10A cell lines, using RNeasy Mini Kit (Cat. No. 74104; Qiagen, Milan, 

Italy), according to the manufacturer’s instructions. The RNA was eluted in 30 μL of RNAase 

Free Water.  

The RNA extraction was also performed by using TRIzol™ Reagent (Cat. No. 15596026 and 

15596018; Invitrogen, USA). Starting cell concentration of 2 x 106 cells. Cell lines: CAL-51 

and MCF10A. The RNA was eluted in 30 μL of RNAase Free Water. 

The concentration and quality of the RNA were determined using an ND-1000 

spectrophotometer (NanoDrop, Thermo Scientific, Pero, Italy) (Table 3).  

 

 RNeasy Mini Kit TRIzol™ Reagent 

Cell line ng/μl 260/280 260/230 Date ng/μl 260/280 260/230 Date 

CAL-148  
(+ EGF) 

725,1 2.03 1.34 17/06/2021 

Not 
Performed 

CAL-148 
(- EGF) 

690.9 2.00 2.06 17/06/2021 

CAL-148 
(Direct Lysis) 

587.9 2.00 2.00 17/06/2021 

CAL-148 
(Tryp + Lysis) 

632.0 2.01 1.93 17/06/2021 

CAL-51 352,5 1.98 1.56 23/06/2021 1368.2 1.93 1.3 01/07/2021 

MCF7 584.3 2.01 1.68 30/04/2021 
Not 

Performed MDA-
MB-231 

1177.3 2.04 1.36 30/04/2021 

MCF10A 1166 2.00 1.79 23/12/2021 3246.7 1.74 1.55 26/07/2021 

Table 3. RNA concentration of CAL148(+/- EGF), CAL-51, MCF7, MCF10A, MDA-MB-231 cell lines. 

Two method of RNAextration RNeasy Mini Kit and TRIzol™ Reagent 

3.1.14 cDNA synthesis  

cDNA synthesis of CAL-148, CAL-51, MCF7, MDA-MB-231 and MCF10A cell lines was 

also performed using Applied Biosystems™ High-Capacity cDNA Reverse Transcription 

KitTM (cat. n.944404, Applied Biosystems), according to the manufacturer’s protocol.  The 

reactions were performed in a final volume of 20μL and 100ng/μL. Primers final 

concentration of 18pmol/μL. 
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3.1.15 Qualitative PCR 

Qualitative PCR was performed using GeneAmp PCR System 9700 by Applied Biosystem 

(Applied Biosystems, Foster City, CA, USA).  

The reaction (50 μL) was performed on 100 ng of cDNA from CAL-148, CAL-51, MCF7, 

MDA-MB-231 and MCF10A cell lines using Dream Taq PCR Master Mix (Thermo Fisher, 

cat n°K1082). The final concentration of each primer was of 18pmol/μL 

The reaction was carried out using primer pairs described above and ACTB (Actin Beta, NM 

001101.5) was used as internal control. Amplification conditions included a cycle of 

denaturation at 95 ° C for 3 minutes followed by 35 cycles of denaturation at 95 ° C for 30 

seconds, annealing at 57 °C for 30 seconds and extension at 72°C for 1 minute, then a final 

extension takes place at 72° C for 10 minutes.  

Following qualitative PCR, fragment sizes were confirmed carrying out with 2% agarose gel 

electrophoresis, using SYBR Safe staining (Invitrogen, cod. S33102). The electrophoresis run 

for 70 min at 90V. 

 

3.1.16 Quantitative PCR 

Quantitative PCR was performed by using StepOne Real-Time PCR Systems Applied 

Biosystem (Applied Biosystems, Foster City, CA, USA).  

The reaction (20 μL) was performed on 1-2ug of RNA from CAL-148, CAL-51, 

MCF7,MDA-MB.231,MCF10A by using Kit Sybr Green PCR Master Mix (Cat.No. 4367659, 

Thermofisher) according to the manufacturer’s protocol. The Primers final concentration of 

18pmol/μL was used.  

The reaction was carried out by using primer pairs described above and ACTB (Actin Beta, 

NM 001101.5) as internal control. Amplification conditions included a cycle of denaturation 

at 95 ° C for 10 minutes to activate the AmpliTaq Gold ® DNA Polymerase. followed by 40 

cycles of denaturation at 95 ° C for 15 seconds, annealing at 58-60 °C for 1 minute. The melt 

curve stage at 95° C for 15 seconds, 60 °C for 1 minute and final step at 95° C for 15 seconds. 

Gene expression is measured by the quantization of cDNA in relation to a calibrator sample 

serving as a physiological reference. The calibrator sample in each case is the cDNA from 

either the untreated cells or patients, or a specific tissue type. Results are also normalized to 

an endogenous control such as ACTB. 
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3.1.17 Immunocytochemistry (ICC) 

The immunocytochemistry was only performed on CAL-148, CAL-51 and MCF10A in 

collaboration with prof.ssa Puzzo L and the dott.ssa Vecchio G.M from the Department of 

Medical and Surgical Sciences and Advanced Technologies, G.F. Ingrassia, Azienda 

Ospedaliero-Universitaria "Policlinico Vittorio Emanuele", Anatomic Pathology, School of 

Medicine, University of Catania, Italy 

ErbB2 (HER-2) Monoclonal Antibody (CB11) (Cat. No. MA1-35720, ThermoFisher) was 

used as primary antibodies, with a dilution of 1:500.  

Incubation with the secondary antibody (biotinylated anti-mouse immunoglobulins, Dako) 

and the peroxidase-conjugated streptavidin (Dako) was performed for 20 min at room 

temperature. Peroxidase activity was developed in the 3,3'diaminobenzidine (Sigma) substrate 

with 0.01% H2O2 for 5 min. Slides were counterstained with hematoxylin. 

The slides so mounted were analysed at inverted microscope (Olympus CKX53). 

 

3.1.18 Cell viability and Gamma secretase inhibitors. 

The Gamma-secretase inhibitors were used to test the in-silico results showed in (Privitera et 

al., 2021). The drug used are: 

- PF 3084014 hydrobromide (Cat.No. 5751, Tocris, Biotechne brand), Soluble to 10 

mM in water with gentle warming 

- DAPT (Cat.No. 2634, Tocris, Biotechne brand) Soluble to 100 mM in DMSO. 

In figure 13 the molecular structure is showed. 

 

Figure 13: Molecular structure of Gamma-secretase inhibitors   
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Three different experiments were performed: 

1) CAL-148, CAL-51 with or without Epidermal Growth Factor (EGF), three time-points 

(24h, 48h, 72h) and one cell plating density (4000 cells/well). Drugs concentrations (for both 

compounds) were 0.1 μM, 1uM, 10uM, 50uM. 

2) MCF10A with EGF (the option without EGF was excluded because MCF10A cells are not 

able to survive without it), three time-points (24h, 48h, 72h) and one cell plating density 

(4000 cells/well). Drugs concentrations (for both compounds) were 0.1 μM, 1uM, 10uM, 

50uM. 

3) MCF10A and CAL148 with EGF, two time-points (48h, 72h) and one cell plating density 

(4000 cells/well). Drugs concentrations (for both compounds) were 0.1 μM, 1uM, 10uM, 

50uM Both drugs were tested. 

The efficacy of the treatment was evaluated with cell vitality assays kit. The absorbance was 

read by PlateReader AF2200 by Eppendorf. Wavelength of 600nm. 

The half maximal inhibitory concentration (IC50) was calculated with GraphPad. The 

analysis settings are: 1) nonlinear-regression 2) Dose-response inhibition 3) log-inhibitor vs 

response (three parameters). The data were expressed as percentage of the control group 

(absorbance in the cells + vehicle (H20 or DMSO only)).  
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3.1.19 siRNA transfection 

The siRNAs were used to test the in-silico results showed in (Privitera et al., 2021) and they 

refer to the molecular component of the gamma-secretase complex: PSEN2, NCSTN, 

APH1A. Each siRNA (1pmol) was resuspended in 100μL of RNAase-free water to obtain 

10uM according to the manufacturer’s protocol. 

- PSEN2 (Cat.No. 1027416, 1nmol siRNA, FlexiTube Gene Solution, Qiagen) 

Product name Cat.No Target Sequencing 

Hs_PSEN2_4 SI00009828 CAGCAGGTTTATCCAGATGAA 

Hs_PSEN2_5 SI02623460 CAGGAGAGAAATGAGCCCATA 

Hs_PSEN2_6 SI03038742 ACCATAGAAAGTGACGTGTTA 

Hs_PSEN2_9 SI04380201 TTCATTGGATGCAGTTGTATA 

- NCSNT (Cat.No.1027416, 1nmol siRNA, FlexiTube Gene Solution, Qiagen) 

Product name Cat.No Target Sequencing  

Hs NCSTN 8 SI02781198 AAGGTTTAATGTCAGGGTCAA 

Hs NCSTN 7 SI02780953 TCAGATTGGGATTAACATAAA 

Hs NCSTN 11 SI04439176 CAGGCAGGACCTAAGGTCCTA 

Hs NCSTN 10 SI04439169 CTGAGAGCCGCTGGAAAGATA 

- APH1A (Cat.No. 1027416, 1nmol siRNA, FlexiTube Gene Solution, Qiagen) 

Product name Cat.No Target Sequencing  

Hs_APH1A_1 SI02777516 TTGGTGTGATAAATACCCTAA 

Hs APH1A 2 SI02777523 ATGAAATTAATGGAGGCTCAA 

Hs APH1A 6 SI04386123 ATCGGGACTGACATTCCTGAA  

Hs APH1A_7 SI04386130 AACTGGCATTACTGGAACTAA 

 

A non-targeted siRNA sequence was designed according to non-human reference genes and 

Eurofins Genomics synthesized the siRNA. The sequence of positive-sense strand was 5′- 

[ACGUGACACGUUCGGAGAAUU]-3′ and antisense strand 5′- 

(AAUUCUCCGAACGUGUCACGU-3′). 

Figures from 14 to 16 show the coding sequence where each siRNA span. 
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Figure 14: selected siRNAs spanning PSEN2 coding sequence (grey line) and transcripts sequence (yellow)   

Hs_PSEN2_4

SI00009828

Hs_PSEN2_5

SI02623460

Hs_PSEN2_6

SI03038742

Hs_PSEN2_9

SI04380201
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Figure 15: selected siRNAs spanning NCSTN coding sequence (grey line) and transcripts sequence 

(yellow) 

Hs NCSTN 8

SI02781198

Hs NCSTN 7

SI02780953

Hs NCSTN 11

SI04439176

Hs NCSTN 10

SI04439169
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Figure 16: selected siRNAs spanning APH1A coding sequence (grey line) and transcripts sequence 

(yellow)   

Hs_APH1A_1

SI02777516

Hs APH1A 2

SI02777523

Hs APH1A 6

SI04386123

Hs APH1A_7

SI04386130
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One experiment was performed by using MCF10A at 4000 Cells/well concentration and 

treated with PSEN2 siRNAs. three siRNA concentrations (10nM, 20nM, 40nM) and two time 

points (48h, 72h) were considered. 

HiPerFect Transfection Reagent (Cat.No 301705, Qiagen) was used as permeabilizing reagent 

to form transfection complexes (siRNA+HiPerfect) by using “Transfection of Suspension Cell 

Lines” in 24-Well Plates according to the manufacturer’s protocol. 

From each well, RNA was extracted with RNeasy Mini Kit (Cat. No. 74104; Qiagen, Milan, 

Italy). The efficacy of the treatment and the cell response to gene silencing was evaluated in 

real time- one step. In Table 4 are indicated the concentration(ng/μL) of the extracted RNAs 

and the calculation to obtain a final concentration of 50ng/μL in 20μL of final volume 

RNA MCF10A 48h  
Ci ng/μL 260/280 260/230 Vf rex 20μL Cf 50ng/μL Vi (μL) H20 

10nM Psen2 (1) 312.5 2.01 0.71 20 50 3.20 16.80 

10nM Psen2 (2) 240.3 1.97 1.09 20 50 4.16 15.84 

20nM Psen2 (1) 366.4 1.96 1.96 20 50 2.73 17.27 

20nM Psen2 (2) 391.6 1.95 1.98 20 50 2.55 17.45 

40nM Psen2 (1) 364 1.81 1.95 20 50 2.75 17.25 

40nM Psen2 (2) 374.7 1.99 0.86 20 50 2.67 17.33 

10nM non-targeted siRNA (1) 385.4 1.98 1.62 20 50 2.59 17.41 

10nM non-targeted siRNA (2) 292.8 1.99 0.79 20 50 3.42 16.58 

20nM non-targeted siRNA (1) 391.5 1.96 1.25 20 50 2.55 17.45 

20nM non-targeted siRNA (2) 339.9 1.98 1.59 20 50 2.94 17.06 

40nM non-targeted siRNA (1) 365.7 1.97 1.81 20 50 2.73 17.27 

40nM non-targeted siRNA (2) 378.4 1.96 1.3 20 50 2.64 17.36 

CTRL + HP (1) 424.2 1.91 1.45 20 50 2.36 17.64 

CTRL + HP (2) 379.2 1.92 1.46 20 50 2.64 17.36 

CTRL- (1) 333.7 2.02 0.83 20 50 3.00 17.00 

CTRL- (2) 346.2 1.95 1.75 20 50 2.89 17.11 

RNA MCF10A 72h  
Ci ng/μL 260/280 260/230 Vf rex 20μL Cf 50ng/μL Vi (μL) H20 

10nM Psen2 (1) 395.8 1.95 1.95 20 50 2.53 17.47 

10nM Psen2 (2) 447.8 1.93 1.13 20 50 2.23 17.77 

20nM Psen2 (1) 429.3 1.93 1.95 20 50 2.33 17.67 

20nM Psen2 (2) 446 1.92 1.1 20 50 2.24 17.76 

40nM Psen2 (1) 433.2 1.94 1.1 20 50 2.31 17.69 

40nM Psen2 (2) 434.2 1.93 1.41 20 50 2.30 17.70 

10nM non-targeted siRNA (1) 432.4 1.93 1.93 20 50 2.31 17.69 

10nM non-targeted siRNA (2) 412.9 1.99 1.48 20 50 2.42 17.58 

20nM non-targeted siRNA (1) 405.9 1.93 1.92 20 50 2.46 17.54 

20nM non-targeted siRNA (2) 411.6 1.94 1.45 20 50 2.43 17.57 

40nM non-targeted siRNA (1) 385.8 2 0.85 20 50 2.59 17.41 

40nM non-targeted siRNA (2) 396.9 1.94 1.94 20 50 2.52 17.48 



45 
 

CTRL + HP (1) 399.1 1.96 0.93 20 50 2.51 17.49 

CTRL + HP (2) 361.9 1.96 1.85 20 50 2.76 17.24 

CTRL- (1) 351.6 1.98 1.01 20 50 2.84 17.16 

CTRL- (2) 381.4 1.98 1.36 20 50 2.62 17.38 

Table 4: the concentration(ng/μL) of the extracted RNAs and the calculation to obtain a final 

concentration of 50ng/μL in 20μL of final volume 

 

3.1.20 Real-time one step:  MCF10A – PSEN2 silencing 

Quantitative PCR-one-step was performed by using StepOne Real-Time PCR Systems 

Applied Biosystem (Applied Biosystems, Foster City, CA, USA).  

The reaction (20 μL) was performed on 50ng/μL RNA from MCF10A by using KIT 

Quantinova SYBR Green RT-PCR KIT (Cat.No. 208152, Qiagen) according to the 

manufacturer’s protocol (Table 5). The Primers final concentration of 6pmol/μL was used.  

Components Volume X1 Reaction X 24 => X 27 Reaction (3 Plus) 

2 X QN SYBR Green RT-PCR 
Master.Mix 

10μL 270 

QN ROX Reference Dye  
(Applied Biosystems cycler only) 
StepOne HighROX dye Cyclers 

1:20 
1 μL (20μL Vf) 

25 

QN SYBR Green RT-MIX 0.2 μL 5.4 

10X primer mix  
Cf Primer Forward => 0.5 μM 
Cf Primer Reverse => 0.5 μM 

1 μL F 
1 μL R 

27 μL F 
27 μL R  

QN IC RNA (optional) NO NO 

RNA <= 200ng 100fg/reaction 
Cf Scelta = 50ng/μL 

2uL  

H2O 4.8 μL 129.6 

Volume Finale 20μL 540 μL 
Table 5: Composition of reaction mix. 

The reaction was carried out using PSEN2 primer pairs described above and ACTB (Actin 

Beta, NM 001101.5) as internal control. The reaction parameters are: 1) Reverse transcription 

for 10min at 50 °C, 2) PCR initial activation for 2min at 95 °C, 3)Denaturation for 5s at 95 

°C, 4) Combined annealing/extension for 10s at 60 °C. Number of cycles 35-40. 
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3.2 COLON CARCINOMA (COAD)  

 

3.2.1 Data collection: transcriptomics, cytogenetics data 

The Colon adenocarcinoma (COAD) Transcriptomics Data (RNA-seq data) were obtained 

from The Genomic Data Commons (GDC) Data Portal (https://portal.gdc.cancer.gov) by 

selecting the Cancer Genome Atlas (TCGA), PanCancer program (Tomczak et al., 2015; 

Weinstein et al., 2013). We downloaded the RNA-seq data by obtaining 480 COAD samples 

and 41 mucosal normal samples (n = 521).  

The cytogenetic results (Single-Nucleotide Polymorphism (SNP) Arrays data)obtained by 

Affymetrix SNP 6.0 arrays technology regarded 439 samples of COAD and were downloaded 

from cBioPortal for cancer genomics (https://www.cbioportal.org) (Cerami et al., 2012; Gao 

et al., 2013). From the entire amount of data, the only samples matched to TCGA-COAD 

RNA-Seq data were selected for further analysis (433 samples). 

 

3.2.2 Pre-filtering 

The RNA-seq data included different types of samples tissues identified by a number into the 

TCGA-Barcode.  TCGA - ## - #### -01A = Primary tumour; -02A = Recurrent tumour; -

01B-C; Primary Tumour vial B-C, -06A = Metastasis ; -11A Normal Mucosae Samples ; -

10A =Blood Samples. The data were filtered by selecting only primary tumour tissue type 

(TCGA-##-##-01A only primary tumour as sample type and only unique sample ID)  and 

removing the other types (-01B, -01C, -02A, -06A), thus providing 461 tumour samples and 

41 mucosal normal samples. The Stable Ensembl gene IDs (i.e., ENSG###) were matched 

with the corresponding gene name and additional annotation by using BioMart (Kinsella et 

al., 2011) and Genome  Reference Consortium Human Build 38.p13 genome version 

(GRCh38.p13)(Ensembl Release 99; January 2020). All deprecated genes between GRCh37 

and GRCh38 genome assemblies were not considered. 

 

3.2.3 Statistical Analysis: Tools and Approach 

The data were analysed with adequate R packages to manipulate big amount of data.  The raw 

RNA-seq data (counts data) were then normalized with the “trimmed mean of M-values 

(TMM)” method introduced by Robinson and Oshlack (Robinson & Oshlack, 2010). The 

TMM assumes that the majority part of genes is not differentially expressed and it does not 

consider gene length.  The TMM is suitable in normalization of samples coming from 

https://www.cbioportal.org/
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different tissues. The TMM is an implementation and a function in the used packages to 

perform differential expression analysis of transcripts. The packages are  edgeR (McCarthy et 

al., 2012; Robinson et al., 2010) and compcodeR (Soneson, 2014). The outputs are a log-fold 

change (FC) between the comparison two chosen groups of analysis (i.e. tumour vs normal or 

tumour vs – control group). The p-values were adjusted for multiple comparisons according to 

the Benjamini-Hochberg correction (Benjamini & Hochberg, 1995). The log-fold changes 

were converted into linear fold-changes.  

 

3.2.4 Post-Analysis: Grouping and Pathways Analysis 

The data supplied with statistical significance and liner fold-change where further grouped 

according to their level of linear fold-change. For example, by selecting FCvsCTRL (linear 

fold-change (FC) between a selected group and the CTRL group) > 1.3, adjp < 0.05, the 

transcripts are enriched in specific chromosome arms. The number of transcripts in that part 

of chromosome is reported as percentage of the total number of transcripts and then 

normalized for the total number of transcripts. The parameter so described was previously 

introduced in (Condorelli et al., 2018; Condorelli et al., 2019).  

NCDI of chromosomal region 𝑛 = 
𝑥𝑛

𝑋𝑛
 ∗

1

∑
𝑥𝑖
𝑋𝑖

𝑇
𝑖=1

∗ 100 

where xn is the number of transcripts belonging to a specific transcript class in the nth 

chromosomal region, Xn is the total number of transcripts in the nth chromosomal region, T is 

the total number of chromosomal regions subdividing the entire genome. The ratio between 

xn and Xn represents the chromosomal density of the transcript class. 

The linear fold-change of the expression level and the adj-p-value < 0.05 are the specific 

parameters to identify the transcript class. In particular, the parameters are based on 4 

different differential analyses  

• FC1: Linear fold-changes obtained comparing all COAD samples vs. normal colonic 

mucosae  

• FC2: linear fold-changes obtained comparing COAD samples bearing a specific arm-

level CNA (Selected COAD group) to samples not bearing it (Control COAD group).  

• FC3: linear fold-changes obtained comparing “Control COAD” group to normal 

colonic mucosae. 

• FC4: linear fold-changes obtained comparing “Selected COAD” group to normal 

colonic mucosae. 

Applying specific threshold to these parameters, different transcript classes are determined:  
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• UpT (FC2 > 1.3 and adj-pvalue < 0.05) 

• DownT (FC2 < 1.3 and adj-pvalue < 0.05) 

• Over-UpT (FC2 > 1.3 and adj-pvalue FC2 < 0.05 + FC3 >1 and adjpvalueFC3 < 0.05 

+ FC4 >1 and adjpvalueFC4 < 0.05) 

• Under-DownT (FC2 < 1.3 and adj-pvalue FC2 < 0.05 + FC3 <1 and adjpvalueFC3 < 

0.05 + FC4 <1 and adjpvalueFC4 < 0.05). 

The data so organized are then submitted to pathway analysis by using the dedicated software 

Ingenuity Pathway Analysis (IPA) (QIAGEN Inc.). 
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3.3 GLIOBLASTOMA MULTIFORME (GBM) 

 

3.3.1 Data collection: transcriptomics, cytogenetics and mutational data 

Data about Glioblastoma (GBM) produced by The Cancer Genome Atlas (TCGA) study 

(Taylor AM et al. 2018),  were downloaded from the online resource The Genomic Data 

Commons (GDC) (https://portal.gdc.cancer.gov)(Tomczak et al., 2015; Weinstein et al., 

2013). Two types of data were selected 1) the RNA-seq data (counts data) by selecting 144 

GBM samples (only primary tumour) and 5 normal tissue and 2) the Whole Exome 

Sequencing (WES) data. The molecular cytogenetic analysis of 592 TCGA-GBM (Affymetrix 

SNP 6.0) (Taylor et al., 2018), were retrieved from cBioPortal for cancer genomics 

(https://www.cbioportal.org)(Cerami et al., 2012; Gao et al., 2013) 

 

3.3.2 Pre-filtering  

The only primary tumours samples (RNA-seq counts and SNP-arrays data) were matched by 

using the corresponding sample id. The 128 tumour samples were in common between RNA-

seq and SNP-arrays and 60 samples among RNA-seq, SNP-arrays and WES-seq technologies 

by using the corresponding case id. The annotation was matched with the corresponding 

stable Ensembl IDs (i.e. ENSG###) by using BioMart (Kinsella et al., 2011). The genome 

versions were GRCh37 and GRCh38.p13 genome version (Ensembl Release 99; January 

2020). All deprecated genes were excluded. 

 

3.3.3 Statistical analysis: RNAseq normalization, Tools and Approach 

The gene counts showing a low count (zero values in at least 70 % of the samples) were 

excluded. The preliminary number of genes was 60483; subsequently the exclusion of low 

count genes, we obtained 37450 genes. The samples were organized in groups according to 

their cytogenetics features as well as the presence or absence of focal amplification of EGFR. 

The normalization was performed by using the Trimmed Mean of M-values (TMM) algorithm 

(Robinson & Oshlack, 2010) within the edgeR (McCarthy et al., 2012; Robinson et al., 2010) 

and compcodeR (Soneson, 2014) packages. The gene expression ratio is expressed in log-fold 

change as well as in linear fold-change. Benjamini-Hochberg correction (Benjamini & 

Hochberg, 1995) were used to adjust the p-values for multiple comparisons. The 

Differentially expressed genes (DEGs) of the analysed cytogenetics groups were obtained 

thought the linear-fold change value which evaluates the expression level of the considered 

https://portal.gdc.cancer.gov/
https://www.cbioportal.org/
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cytogenetic group versus the CTRL group (group without chromosomal aberrations for 

chromosome 7). 

Subsequently, the Normalized Chromosomal Distribution Index (NCDI) was calculated to 

evaluate the densities of each class of transcripts in a specific chromosomal, region according 

to the formula described in par. 3.1.4 Post-Analysis: Grouping and Pathways Analysis. 

 

3.3.4 Post-Analysis: Semi-supervised Hierarchical Clustering, Pathway 

analysis and GO analysis 

The GBM data already normalized in fragments per kilobase per million reads mapped 

(FPKM) were downloaded from The Genomic Data Commons (GDC) 

(https://portal.gdc.cancer.gov). The FPKM values were then converted in Transcripts per 

Million (TPM) according to the standard conversion procedures. 

The TPM values were used to perform a hierarchical clustering (Eisen et al., 1998) by using 

the pheatmap package (Kolde, 2012). The genes correspond to the values in the rows, while 

the samples correspond to the columns. The used data were normalized by using a modified z-

score as indicated in formula (1).  

Modified z-score   = 𝑍 − 𝑠𝑐𝑜𝑟𝑒 =
Χ−𝑋 𝑜𝑓 𝐶𝑇𝑅𝐿

𝜎 𝑜𝑓 𝐶𝑇𝑅𝐿
 (1) 

 

The agglomeration method was the unweighted pair group method with arithmetic mean 

(UPGMA) applied to Euclidean distance. 

The pathways analysis and the biological significance of the analysed groups were performed 

by using the Gene Set Enrichment Analysis (GSEA) an available software GSEAv4.1.0 

[build:27], www.gsea-msigdb.org/gsea/index.jsp (Subramanian et al., 2005) 

In addition a gene ontology (GO) analysis was performed in two steps: 1) The PANTHER 

(Protein ANalysis THrough Evolutionary Relationships) Classification System (Mi et al., 

2021) was used to categorize the gene list in Biological Function (BF), Molecular Process 

(MP) and Cell Component (CC) 2) GO results were elaborated by using GOPlot(Walter et al., 

2015) R package.  

The WES-seq data were analysed, summarized and annotated by using the Maftools R 

Package (Mayakonda et al., 2018). The Venn diagrams were generated by the Venn diagrams 

tool in Van de Peer Lab (http://bioinformatics.psb.ugent.be/webtools/Venn/). The whole data 

organization was performed entirely in R Studio (RStudio Team (2015). RStudio: Integrated 

Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com). The statistical 

analysis was performed both in R than with GraphPad Prism software version 8.0. 

http://www.rstudio.com/
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3.3.4 Overall survival (OS)  

The overall survival (OS), the Progression- free survival  (PFS) and the Disease-free survival 

(DFS) data were evaluated by the Kaplan Meier curve in GraphPad Prism software version 

8.0 (GraphPad Software, San Diego, CA, USA, www.graphpad.com). Log-Rank Test was 

used. 

 

  

http://www.graphpad.com/
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4. RESULTS 
 

4.1 BREAST INVASIVE CARCINOMA (BRCA) 
 

In this work, we exploited the large amount of molecular cytogenetic data (single nucleotide 

polymorphism (SNP) array data) provided by The Cancer Genome Atlas (TCGA) study 

(http://cancergenome.nih.gov/ (accessed on 29 October 2019)) in order to generate groups of 

breast invasive carcinomas (here called 1,16-chromogroups) characterized by a pattern of 

arm-level somatic copy number aberrations congruent with the different cytogenetic 

abnormalities of chromosomes (chr) 1 and 16 (see introduction section 1.5 ). After the 

cytogenomic characterization of 1,16-chromogroups, three main types of analysis of 

differential gene expression among 1,16-chromogroups were performed: (I) involving all 

BRCA samples, (II) restricted to ductal adenocarcinomas belonging to the LumA subtype, 

and (III) focused on the differences between ductal and lobular invasive adenocarcinomas. A 

general schematic workflow of the bioinformatics analysis performed for the present thesis is 

shown in Figure 16. The table 6 specifies the number of samples used for the bioinformatics 

analysis. 

Figure 16: Schematic workflow of the bioinformatics analysis  
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Table 6: Number of samples and arm-level copy number criteria for each 1,16-chromogroups. G: gain; L: 

loss; D: disomic; NF: no filter during selection; w/o: without. 

 

4.1.1 Cytogenomics by SNP Array and 1,16-Chromogroups 

Figure 17 shows the frequencies of chromosomal arm-level aberrations for the entire series of 

1084 BRCA samples from TCGA. The gain of chr1q and the loss of chr16q were the most 

detected abnormalities followed by 17p-loss, 16p-gain, 8p-loss, 8qgain, 22-loss, 13q-loss, and 

20q-gain.  

Figure 17: Percentage of samples bearing chromosomal arm-level gains or losses in the cohort of SNP 

array samples. 

In order to study the transcriptional effects of aberrations of chr1 and chr16, alone or in 

combination, we defined different subgroups of breast cancer samples according to the copy 

number status of those two chromosomes (1,16-chromogroups). As reported in the Mitelman 

Database of Chromosome Aberrations and Gene Fusions in Cancer (https: 

//mitelmandatabase.isb-cgc.org/, accessed on 1 August 2020), two common cytogenetics 

Arm-level copy number 1,16-chromogroup 

name 

Brief description 

of copy number 

aberrations in 

chr1 and chr16 

Cytogenetic 

chromosome 

aberration 

inspiring copy 

number criteria 

Number of samples 

1p 1q 16p 16q SNP 

array 

RNA-Seq WES 

D G G/D L group A 1q-gain and 16q-

loss 

der(1;16) 178 175 151 

L G NF NF group B 1q-gain/1p-loss i(1q) 171 165 151 

L G G/D L subgroup B1 B with 16q-loss i(1q) 101 98 98 

L G D D subgroup B2 B w/o 16q-loss i(1q) 18 17 17 

NF G D D group C 1q-gain and 

normal chr16 

 
90 89 85 

D D G/D L group D 16q-loss and 

normal chr1 

 
75 72 69 

D D D L subgroup D1 D w/o 16p-gain del(16q) 28 27 25 

D D G L subgroup D2 D with 16p-gain 
 

47 45 44 

D D D D Control (CTRL) No aberrations in 

chr1 and chr16 

 
71 68 48 
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abnormalities in breast cancer can underlie the gain of 1q: the derivative chromosome 

der(1;16) (q10;p10), formed by the short arm of chr16 and the long arm of chr1, as well as the 

isochromosome 1q, i(1q), formed by two long arms of chr1. 

Considering the copy number changes frequently associated with the presence of der(1;16) 

(Figure 6), we selected 178 BRCA samples composing group A, as reported in Table 6. 

Though we could not formally exclude the presence of other cytogenetic abnormalities 

leading to the same pattern of arm-level copy number changes in chr1 and chr16, we assumed 

that der(1;16) is highly enriched in tumours of group A, relying on the fact that it is one of the 

most common 1q-aberration shown in conventional cytogenetics studies in breast cancer 

(Dutrillaux et al., 1990; Farabegoli et al., 2004; Kokalj‐Vokac et al., 1993; N. Pandis et al., 

1994; Nikos Pandis et al., 1992, 1995; Rye et al., 2015; Teixeira et al., 2002; Tsarouha et al., 

1999).  

Moreover, group A showed distinctive properties from another group bearing concomitant 1q-

gain and 16q-loss (group B1). The i(1q) is another common aberration that produces a 1q-

gain aberrations, and it was found to be as frequent as der(1;16). It is thought to be derived by 

an anomalous chromatid separation that leads to the generation of a chromosome formed by 

two 1q arms. Such aberration produces a 1q-gain associated with 1p-loss (Figure 6, right 

panel top). According to this pattern of copy number changes, we formed the so-called group 

B (n = 171). The groups A and B were disjoint because of the different condition established 

for Chr1p (disomic in group A or lost in group B). In group B, as a whole, we did not impose 

any criteria relative to the copy number status of chromosome 16 (Table 6), although a large 

fraction of samples of group B (67%) were found to bear a loss of 16q. However, we also 

formed a subset of group B, denominated subgroup B1, in which only samples showing a lost 

16q and a gained or a disomic 16p were included (n = 101). Another subgroup of B, called 

B2, was formed by samples of group B bearing a disomic Chr16 (n = 18). Finally, a group C 

(n = 90) was formed by selecting samples bearing 1q-gain and disomic Chr16. Groups C and 

A were disjoint because of chr16 status, but group C was found to partially overlap with 

group B since it fully included subgroup B2. 

In order to study the effects of the loss of chr16 not accompanied by aberrations of chr1, we 

also generated a group D (n = 75) characterized by normal Chr1 and 16q-loss. This group 

could be subdivided in two subgroups: the first one (n = 28), called subgroup D1, was formed 

by samples bearing 16q-loss and no arm-level copy number abnormalities in 16p, 1p, and 1q. 

Chr16 aberration in group D1 may correspond to the deletion of chr16q, del(16q), as observed 

in conventional cytogenetic studies (Figure 6). The second subgroup D (n = 47), called D2, 
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was characterized by normal chr1, 16q-loss, and 16p-gain. No clear correspondence to 

reported conventional cytogenetic abnormalities could be identified for this subgroup. 

Subgroups D1 and D2 were disjoint because of the difference in chr16p (disomic in subgroup 

D1 and lost in subgroup D2). 

In summary, group A and subgroup B1 contained BRCA samples bearing concomitant 1q-

gain and 16q-loss, group C and subgroup B2 were formed by BRCA samples bearing 1q-gain 

in the absence of aberrations of chromosome 16, and Group D and its subgroups D1/D2 were 

formed by samples bearing 16q-loss in the absence of aberrations of chr1 (Table 6). Finally, 

we formed a group containing cancer samples not bearing any arm-level aberrations in chr1 

and chr16. In the context of the present analysis, the latter group played a special role and was 

denominated control (CTRL) cancer group for this reason (Table 6). The basic assumption 

was that CTRL tumours follow a different evolutionary pathway towards malignancy. 

Therefore, the analysis of differential gene expression (other chromogroups versus CTRL 

group), was used to generate lists of putative dosage-sensitive cancer driver genes associated 

with 1q-gain and/or 16q-loss. 

Figure 18 shows the frequencies of arm-level aberrations in the above-defined 1,16-

chromogroups. In accordance with the procedure followed for group formation, the main 

differences between the various groups involve chr1 and chr16. However, an increased 

frequency of 8q-gain in subgroups B1 and D2 and an increased frequency of losses of several 

other chromosomes in group B should be noted.  
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Figure 18. Bar graphs showing the percentage of samples bearing arm-level gains or losses in 

chromosomes 1–22 in the different 1,16-chromogroups (A, B, C, D, B1, B2, D1, D2, and control) of BRCA 

samples. The number of samples (n) in each group is reported in the corresponding graph. 

Figure 19 shows the distribution of the aneuploidy score (AS) (i.e., the number of arm-level 

aberrations per cancer sample) for each 1,16-chromogroup. The control group showed the 

lowest averaged AS (mean ± SD: 4.46 ± 5.53; median: 2; interquartile range (IQR): 0–6). It is 

interesting that an enrichment of samples with a low AS was observed in Group A (mean ± 

SD: 8.24 ± 6.32; median: 6; IQR: 4–10) and Group D (mean ± SD: 7.88 ± 5.75; median: 6; 

IQR: 4–9), while an enrichment of samples with a high AS was observed in group B (mean ± 

SD: 18.30 ± 6.96; median: 19; IQR: 13–23) and subgroup B1 (mean ± SD: 19.49 ± 6.82; 

median: 21; IQR: 16.5–23.5). Indeed, the increased AS in groups B/B1 was due to the higher 

frequency of arm-level aberrations, mainly losses, in several different chromosomes (Figure 

18). An intermediate value of AS was observed in subgroup B2 (mean ± SD: 13.88 ± 6.27; 

median: 14; IQR: 9.5–16.25) and group C (mean ± SD: 10.53 ± 7.04; median: 9.5; IQR: 4–16) 

(Figure 19). 
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Figure 19. Distribution of the aneuploidy score (AS) for all BRCA samples and for each 1,16-

chromogroup. Number of samples (y-axis) for different AS values (x-axis; bin equal to two) are shown. 

The total number of samples (n) and the median AS in each group is reported in the corresponding graph. 
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4.1.2 Transcriptomics in 1,16-Chromogroups 

The differential expression analysis of transcript levels between different 1,16-chromogroups 

was performed by the edgeR package (McCarthy et al., 2012; Robinson et al., 2010) and 

expressed as the linear fold-change (FC) between a selected 1,16-chromogroup and the CTRL 

group (FCvsCTRL). The numbers of samples in each group are reported in Table 6 and 

Figure 20. We called OverT (Overexpressed Transcripts) or UnderT (Underexpressed 

Transcipts) those transcripts expressing a value of the FCvsCTRL >1.3 or <-1.3, respectively. 

OverT and UnderT were selected at a false discovery rate adjusted p-value (adjp) of <0.05. As 

shown in Figure 20, the chromosomal distribution of OverT and UnderT genes (expressed as 

normalized chromosomal distribution index (NCDI); (Condorelli et al., 2019) was in 

agreement with the arm-level aberrations selected for each chromogroup (compare Figures 18 

and 20). In order to easily identify the modifications of the chromosomal distribution of 

OverT and UnderT, the chromosomal distribution of all transcript-encoding genes (n = 

56,540) is also reported in Figure 20. For instance, Group A showed an increased density of 

OverT in 1q and 16p and a decreased density in 16q, in agreement with the fact that copy 

number aberrations in those chromosomal arms were used as criteria for the formation of such 

group (Figure 20). A similar correlation could be observed in all other 1,16-chromogroups. 

Such correlation extended to chromosomal arm aberrations that were not primarily selected 

during formation of the 1,16-chromogroups, such as the increased frequency of 8q gain in 

subgroups B1 and D2. This was an expected result that is easily explained by the well-known 

“gene dosage transcriptional cis-effect” reported in several published studies (see references 

in (Condorelli et al., 2019; Condorelli et al., 2018). 

Figure 20. The normalized chromosomal distribution index (NCDI) of OverT (Overexpressed Transcript 

in comparison to CTRL) and UnderT (Underexpressed Transcript in comparison to CTRL of each 1,16-

chromogroup. NCDI values of all transcripts (AllT) analyzed by RNA-seq in each chromosomal arm are 

also reported for comparison. 
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In Table 7, we report the number of 1q-OverT (OverT encoded by genes located in 

chromosome 1q; FCvsCTRL > 1.3; adjp < 0.05) and 1q-UnderT (UnderT encoded by genes 

located in 1q; FCvsCTRL < −1.3; adjp < 0.05) in the examined 1,16-chromogroups. The 

OverT/UnderT ratio clearly distinguished groups bearing a combined 1q-gain and 16q-loss (A 

and B1) from those bearing only the 1q-gain (B2 and C) and those showing only a 16q-loss 

(D1 and D2). The number of 16q-OverT and 16q-UnderT are also reported in the same Table 

7. As expected, an increased number of 16q-UnderT can be observed in groups bearing the 

16q-loss (groups A, B1, D1, and D2). 

 1q-OverT* 
shared 

with A 
% of A 

1q-

UnderT** 

shared 

with A 
% of A 

ratio 

OverT/ 

UnderT 

A 756 756 100 180 180 100 4.20 

B1 737 634 83.86 180 130 72.22 4.09 

B2 452 387 51.19 31 22 12.22 14.58 

C 727 557 73.68 68 45 25.00 10.69 

D1 34 29 3.84 64 50 27.78 0.53 

D2 64 42 5.56 204 114 63.33 0.31 

 
16q-

OverT* 

shared 

with A 
% of A 

16q-

UnderT** 

shared 

with A 
% of A 

ratio 

OverT/ 

UnderT 

A 20 20 2.65 418 418 100 0.05 

B1 32 12 1.59 328 281 67.22 0.10 

B2 55 7 0.93 22 19 4.55 2.50 

C 60 10 1.32 48 40 9.57 1.25 

D1 4 2 0.26 216 212 50.72 0.02 

D2 10 5 0.66 354 301 72.01 0.03 
*FCvsCTRL>1.3, adjp<0.05;  ** FCvsCTRL<-1.3, adjp<0.05. 

Table 7. Number of 1q- and 16q-OverT and 1q-and 16q-UnderT in 1,16-Chromogroups. 

 

4.1.3 Hierarchical Clustering of Significant OverT and UnderT  

We selected DEGs (FCvsCTRL > 1.3 or <−1.3 at adjp < 0.001) between group A and the 

CTRL group. We focused on DEGs located on chr1 and chr16, thus obtaining a list of 1471 

DEGs that were denominated “1,16-A-DEGs” and that comprise 830 OverT (FCvsCTRL > 

1.3) and 641 UnderT (FCvsCTRL < −1.3). In order to obtain a global comparison of the 

expression of 1,16-A-DEGs in 1,16-chromogroups, we performed a hierarchical clustering 

analysis using the “modified FCvsCTRL values” of the 1471 genes for each group (Figure 

21; chromogroups in columns). A clear clustering of the groups according to similarity in the 

chromosome aberration pattern was observed. Group A and B1 clustered together in 

agreement with the fact that those groups harbor a concomitant 1q gain and 16q loss; group C 

and B2 clustered in accordance to the shared 1q-gain and disomic chr16, while the clustering 
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of D1 and D2 reflected the shared 16q-loss and disomic chr1. The clustering at the gene level 

(rows in Figure 21) clearly showed the formation of clusters corresponding to gene 

expression changes concordant with copy number changes. For instance, gene cluster 4 was 

found to contain genes located in chromosome 1q and overexpressed in 1q gain-bearing 

groups, gene cluster 1 was found to mainly be composed of underexpressed genes in 16q-loss 

samples, and gene cluster 5 was found to contain overexpressed genes in 16p-gain samples. 

Interestingly, clusters 3 and 2 were characterized by genes, mainly localized in chromosome 

1q, that showed a higher expression in groups A and B1, the two groups simultaneously 

bearing 1q-gain and 16q-loss. The values of the “modified FCvsCTRL” are reported in 

Figure 22 for some representative genes belonging to clusters 1, 3, and 4. 

 

4.1.4 Integrated Cytogenomics and Transcriptomic Analysis 

The global analysis in the previous paragraphs confirmed that the transcriptional gene-dosage 

effect is quantitatively relevant in establishing gene expression differences among the various 

1,16-chromogroups, but it did not provide any hints on the molecular mechanisms involved in 

generating putative cancer driver effects. The sensitivity of different genes to the dosage 

effect may depend on the cellular context (Pollack et al., 2002; Upender et al., 2004) and, in 

the case of cancer cells, on the specific cancer type or subtype. Moreover, it is likely that only 

a subgroup of those “dosage sensitive genes,” affected by recurrent cancer type-specific 

aneuploidies, are exerting driver effects. Several strategies have been previously devised to 

identify such genes (Aure et al., 2013; Davoli et al., 2013, 2017; Hawthorn et al., 2010; 

Srihari et al., 2016; Taylor et al., 2018).  
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Figure 21. Hierarchical clustering of 1471 differentially expressed genes (DEGs) comparing group A vs. 

CTRL (FCvsCTRL > 1.3 or <−1.3 at adjp < 0.001) Only DEGs located on chromosome 1 and 16 were used 

for analysis. The transformation of “linear FC” to “modified linear FC” (modified linear FC is equal to 

“linear FC-1” if linear FC > 1 or to “linear FC + 1” if linear FC < 1) was performed in order to avoid the 

gap between −1 and +1 present in linear FC values. Data are clustered by the unweighted pair group 

method with arithmetic mean (UPGMA) with Euclidean distance. The common chromosomal 

abnormality among different groups is overwritten on the corresponding columns (in white letter). The 

cluster number is indicated by colors in the first column on the left and is repeated in some cases by 

overwriting the data columns (in yellow letters). Chr: chromosome. 
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Figure 22 Values of the “modified linear FCvsCTRL” for some representative genes belonging to cluster 

1, 3 and 4. 

In the present work, our strategy was founded on the hypothesis that functional interactions 

between the products of genes located in 1q and 16q can underlie the cancer driver effects of 

co-occurrent 1q-gain and 16q-loss. Such functional interactions can take place at several 

different levels, such as transcriptional regulation, non-coding RNAs interactions, protein 

interactions, post-translational modifications, post-translational degradations, and metabolic 

pathways. Transcriptome data from the different chromogroups and some arguments based on 

previous studies can provide a guide for the selection of putative driver genes located on 1q or 

16q. The first argument is that some cancer driver genes are, indeed, located in chromosome 

arms 1q and 16q, and data supporting this statement were already reported in the introduction. 

The second argument is that transcriptional changes driven by gene-dosage are the only 

effects shown to be induced by der(1;16) or i(1q) up to now; other mechanisms, such as gene 

fusions, enhancer hijacking, or chromatin transcriptional dysregulation, have not been 

detected. The third argument is that cancer driver genes located on 1q/16q are likely to be 

differentially expressed, at the transcript level, between 1,16-chromogroup bearing 1q-gain 

and 16q-loss and the “CTRL group.” 

Taking such arguments into account, what are the appropriate descriptors of the 

transcriptional dysregulation of 1q or 16q genes in the different 1,16-chromogroups? In the 

previous paragraph, we used the terms “overexpression” and “underexpression” to indicate 

increases or decreases of transcript levels comparing cancers bearing an arm-level aberration 

of chromosome 1 and 16 with a so-called CTRL group. The corresponding transcripts have 

been denominated as “OverT” and UnderT,” and the parameter used to describe quantitatively 

such differences has been called “fold-change vs. control” (FCvsCTRL). However, another 

important descriptor of cancer dysregulation relies on a comparison between the cancer group 

and the corresponding normal tissue. Increased or decreased transcripts in such comparison 

are indicated here as “Upregulated Transcripts” (UpT) or Downregulated Transcripts 
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(DownT), and the corresponding quantitative parameter is the “fold-change vs. normal tissue” 

(FCvsN). In the following paragraphs, we use these parameters, alone or in combination, in 

order to select putative candidate driver genes associated with transcriptional increases linked 

to 1q-gain or to transcriptional decreases linked to 16q-loss. 

As reported in Table 8, the three 1,16-chromogroups bearing a diploid 1q (D1, D2, and 

CTRL) showed an approximately equal number of 1q-located UpT and DownT (UpT/DownT 

ratio ranging from 1.0 to 1.6), while groups bearing the 1q-gain (A, B1, B2, and C) showed a 

higher number of UpT (UpT/DownT ratio ranging from 3.01 to 3.45). A relatively large 

number of genes (about 25–50% of cancer upregulated transcripts detected in 1q) were found 

to be specifically upregulated in 1q-gain bearing cancers. The number of UpT and DownT in 

chr16q are also reported in Table 8: as expected, the ratio UpT/DownT in 16q was lower in 

cancer groups bearing the 16q-loss (groups A, B1, D1, and D2). 

1,16-

Chromogro

ups 

1q-UpT * 
Shared 

with A 
% of A 

Shared with 

CTRL 

% of 

CTRL 
1q-DownT ** 

Shared 

with A 
% of A 

Shared 

with 

CTRL 

% of 

CTRL 

UpT/Dow

nT Ratio 

A 939 939 100 525 88.53 312 312 100 229 61.73 3.01 

B1 897 840 89.46 526 88.70 298 259 83.01 218 58.76 3.01 

B2 744 690 73.48 511 86.17 241 204 65.38 196 52.83 3.09 

C 898 798 84.98 550 92.75 260 225 72.12 210 56.60 3.45 

D1 487 476 50.69 426 71.84 373 261 83.65 277 74.66 1.31 

D2 480 469 49.95 423 71.33 479 284 91.03 320 86.25 1.00 

CTRL 593 525 55.91 593 100 371 229 73.40 371 100 1.60 

 16q-UpT * 
Shared 

with A 
% of A 

Shared with 

CTRL 

% of 

CTRL 
16q-DownT ** 

Shared 

with A 
% of A 

Shared 

with 

CTRL 

% of 

CTRL 

UpT/Dow

nT Ratio 

A 138 138 100 129 40.44 375 375 100 135 92.47 0.37 

B1 179 126 91.30 162 50.78 320 300 80.00 135 92.47 0.56 

B2 301 118 85.51 251 78.68 117 110 29.33 90 61.64 2.57 

C 329 128 92.75 275 86.21 164 161 42.93 122 83.56 2.01 

D1 104 89 64.49 102 31.97 290 280 74.67 129 88.36 0.36 

D2 129 102 73.91 119 37.30 359 309 82.40 145 99.32 0.36 

CTRL 319 129 93.48 319 100 146 135 36.00 146 100 2.18 

* FCvsN > 1, adjp < 0.05; ** FCvsN < −1, adjp < 0.05. 

Table 8. Number of 1q- and 16q-UpT (Upregulated Transcripts) and 1q and 16q-DownT (Downregulated 

Transcripts) in 1,16-chromogroups. 

Gene expression data were also analyzed by focusing on the comparison between the CTRL 

cancer group and each of the other 1,16-chromogroups, as described in the previous sections. 

Such comparison allowed for the classification of transcripts as OverT (overexpressed versus 

CTRL, FCvsCTRL > 1.3 at adjp < 0.05), a class enriched in gene-dosage-sensitive genes. 

However, OverT could be upregulated (OverUpT), downregulated (OverDownT), or not 

significantly changed in comparison to normal tissue. On the basis of previous studies 

(Condorelli et al., 2018; Condorelli et al., 2019), we only prioritized those genes that are 
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overexpressed (FCvsCTRL > 1.3, adjp < 0.05) and upregulated (FCvsN > 1, adjp < 0.05) as 

candidate driver genes located in gained 1q and called them 1q-OverUpT. Out of 2410 

transcripts located in chromosome 1q, 639 transcripts could be classified as OverUpT in 

group A (1q-A-OverUpT). Indeed, after identifying 1q-OverUpT in all chromogroups, we 

observed that a large number of genes were shared among 1q-gain groups: 437 among groups 

A, B1, and C and 436 among groups A, B, and C (Figure 23A, left panel). 

Moreover, the following nineteen 1q-OverUpT genes are also shared with the Group D (not 

bearing 1q-gain): TRIM46, SLC19A2, BCL9, CRABP2, SOX13, AL136987.1, SLC30A1, 

CIART, DENND1B, C1orf100, AL391001.1, TUFT1, TRAF5, PIAS3, AGT, IL19, CFAP45, 

F13B, and ANXA9. Those genes were called “core 1q-OverUpT,” and the expression values, 

reported as TPM, of representative transcripts are shown in Figure 23B. 

In order to select candidate genes located in 16q that can cooperate with 1q-OverUpT, we 

prepared a list of UnderT genes in the comparison group A vs. control (FCvsCTRL < −1.3, 

adjp < 0.05). In the case of 16q-loss, the differential expression against the normal tissue was 

not included among the selection criteria because, as previously discussed by Condorelli et al. 

2018 (Condorelli et al., 2018), a decreased expression of both upregulated and downregulated 

genes might play a significant role in cancer progression. Out of 1078 transcripts located in 

chromosome 16q, 418 transcripts could be classified as UnderT in group A (16q-A-UnderT). 

Indeed, after identifying 16q-UnderT in all 1,16-chromogroups we observed that a large 

number of genes (n = 208) were shared among 16q-loss groups (A, B1, and D) and other 80 

genes among group A and D, as shown in the Venn diagram in Figure 23A (right panel). 
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Figure 23. (A) Venn diagrams showing the number of shared 1q-OverUpT (transcripts that are 

overexpressed in comparison to CTRL and upregulated in comparison to normal tissue) (left panel) and 

16q-UnderT (right panel) among different 1,16-chromogroups. The 1q-OverUpT shared among groups A, 

B, and C are indicated by a red box (436 genes). (B) Representative core 1q-OverUpT in ductal or lobular 

breast carcinomas; expression values are reported as averages (AVG) of TPM (transcripts per million) + 

SEM. The total number of ductal and lobular cancer samples (n) is reported in the graph. Due to the 

rarity of lobular histotype in group C (one sample), no average value could be calculated and the 

corresponding column is absent in the graph. 
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4.1.5 Pathway Enrichment Analysis of 1q-OverUpT and 16q-UnderT Genes 

In order to obtain information on functional pathways linked to 1q-OverUpT genes in group 

A, we submitted the list of 639 1q-A-OverUpT genes (FCvsCTRL > 1.3 at adjp < 0.05 and 

FCvsN > 1 at adjp < 0.05) to Metascape (Zhou et al., 2019) and performed a pathway 

enrichment analysis and a protein–protein interaction analysis (PPI). Metascape identified all 

statistically enriched terms in the list using different knowledge-bases and the top 20 

pathways are reported in Figure 24A. A similar pathway enrichment analysis was performed 

using the list of 436 1q-OverUpT genes (indicated by a red box in Figure 23A) shared by all 

1q-gain groups A, B, and C. As shown in Figure 24B, most of the top-ranking genes were 

shared among the two analysis, with the APH1–PSEN2–NCSTN complex as the top-first 

pathways in both lists. 

In order to explore the functional cooperation among 1q and 16q genes, a combined list of 

639 1q-A-OverUpT genes (FCvsCTRL > 1.3 at adjp < 0.05 and FCvsN >1 at adjp < 0.05) and 

418 16q-A-UnderT genes was submitted to Metascape. The results of the pathway enrichment 

analysis are shown in Figure 24C (top 20 pathways). An analysis of pathways including 1q 

and 16q genes revealed a cooperation of the WWP2 gene (chr16q) in the “APH1A–PSEN2–

NCSTN complex” (CORUM: 2735; one of the top-20 pathways in Figure 24) and “NOTCH3 

Activation and Transmission of Signal to the Nucleus” (R-HSA-9013507) pathways. 
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Figure 23 Pathway enrichment analysis using: (A) the list of 639 1q-OverUpT genes in group A, (B) the 

list of 436 1q-OverUpT genes shared among the three 1q-gain groups, and (C) the combined list of 639 1q-

A-OverUpT genes (FCvsCTRL > 1.3 at adjp < 0.05 and FCvsN >1 at adjp < 0.05) and 418 16q-A-UnderT 

genes. Pathways in red letters in (B,C) are present also in (A). 
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4.1.6 Gene Set Enrichment Analysis (GSEA) 

In a previous subsection, we determined whether the list of a special group of differentially 

expressed genes, called 1q-OverUpT and 16q-UnderT, was enriched for pathway or ontology 

terms. As is the case with over-representation methods, the results were dependent on the 

cutoff used in constructing the list. In this subsection, we report the results obtained with an 

additional tool for the analysis of genome-wide gene expression profiles, called GSEA 

(Subramanian et al., 2005). GSEA takes the expression values of all transcripts, not only those 

above an arbitrary cutoff of fold-change or significance, into account. TPM values obtained in 

RNA seq analysis of 56,000 transcripts from 1058 samples were given as input to the GSEA 

software, and each cytogenetic group was compared with the CTRL group (Analysis I). 

Comparing group A vs. CTRL, 21 pathways from the REACTOME database showed an NES 

>1.5 (Table 9), although none of those pathway showed an FDR (False Discovery Rate) value 

<0.25. As indicated in Table 9, 20 out of 21 top-pathways included genes located in 

chromosome 1q among the leading edge subset. 

Pathway Name Size ES NES 

* NRIF_SIGNALS_CELL_DEATH_FROM_THE_NUCLEUS 16 0.710 1.828 

* NOTCH2_ACTIVATION_AND_TRANSMISSION_OF_SIGNAL_TO_THE_NUCLEUS 22 0.620 1.767 

*° MITOCHONDRIAL_TRNA_AMINOACYLATION 18 0.776 1.754 

*° SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI 18 0.736 1.746 

*° MITOCHONDRIAL_FATTY_ACID_BETA_OXIDATION 36 0.556 1.634 

*° TP53_REGULATES_TRANSCRIPTION_OF_GENES_INVOLVED_IN_CYTOCHROME_C_RELEASE 20 0.597 1.626 

*° ENERGY_DEPENDENT_REGULATION_OF_MTOR_BY_LKB1_AMPK 29 0.588 1.610 

* DEACTIVATION_OF_THE_BETA_CATENIN_TRANSACTIVATING_COMPLEX 42 0.552 1.608 

* ZINC_TRANSPORTERS 17 0.582 1.599 

*° FORMATION_OF_INCISION_COMPLEX_IN_GG_NER 43 0.595 1.587 

*° INTRAFLAGELLAR_TRANSPORT 54 0.553 1.580 

*° TRNA_AMINOACYLATION 24 0.667 1.576 

*° SUMOYLATION_OF_DNA_METHYLATION_PROTEINS 16 0.663 1.569 

*° CILIUM_ASSEMBLY 200 0.528 1.568 

*° PEROXISOMAL_PROTEIN_IMPORT 63 0.518 1.543 

*° ANCHORING_OF_THE_BASAL_BODY_TO_THE_PLASMA_MEMBRANE 96 0.545 1.542 

° DISEASES_ASSOCIATED_WITH_N_GLYCOSYLATION_OF_PROTEINS 17 0.628 1.541 

*° RESOLUTION_OF_ABASIC_SITES_AP_SITES 38 0.608 1.535 

*° RAB_GERANYLGERANYLATION 65 0.488 1.528 

*° RNA_POLYMERASE_III_TRANSCRIPTION_TERMINATION 23 0.589 1.528 

* CELL_DEATH_SIGNALLING_VIA_NRAGE_NRIF_AND_NADE 76 0.497 1.528 

* indicates pathways including 1q genes among the leading edge genes; ° indicates pathways including 16p genes among the leading 

edge genes. 

Table 9. GSEA (gene set enrichment analysis) analysis of cytogenetic group A vs. CTRL (1058 samples; 

Analysis I). Reactome pathways with normalized enrichment score (NES) > 1.5. 

Clues about functional interactions among transcriptionally dysregulated genes could be 

derived by the analysis of the pathways “NOTCH2 Activation and Transmission of Signal to 

the Nucleus,” “Deactivation of the beta-catenin transactivating complex,” and “Formation of 

the beta-catenin:TCF transactivating complex” (Table 9). Interestingly, the top-ranked genes 
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in the two beta-catenin pathways were BCL9, PYGO2, RBBP5, and CDC73. The top-ranked 

genes in the “NOTCH2 Activation and Transmission of Signal to the Nucleus” were the genes 

APH1A, PSEN2, and NCSTN, whose products were subunits of the γ-secretase, a protease 

complex able to cleave various proteins within their transmembrane domains. Indeed, an 

increased expression of those genes in hormone receptor-positive breast cancers has been 

previously reported (Filipović et al., 2011; Peltonen et al., 2013). All these genes belong to 

the 1q-OverUpT group, and their pathways were already identified in the Metascape analysis 

reported in the previous subsection. 

Among shared pathways between groups A and D or among groups A, B1, and D, several 

pathways, such as “Mitochondrial tRNA aminoacylation” and “Formation of Incision 

Complex in GG-NER,” include 16p- and 1q-located genes among the leading edge subset of 

GSEA analysis of both group A and D, and several genes, such as PARP1, IARS2, TARS2, 

and DARS2 belong to the 1q-OverUpT group. This result further confirmed that some 1q 

genes involved in cancer-activated pathways were also overexpressed in a cytogenetic group 

devoid of 1q-gain (group D) and might functionally cooperate with genes located in 16p. 

Therefore, such pathways may provide some clues about functional interactions induced by 

1q-gain and 16p-gain aberrations. Indeed, 16p gain was found to be a frequent aberration 

shared by tumours of groups A, B1, and D. However, such GSEA analysis could not provide 

information about functional interactions between 1q and 16q genes because genes were 

ranked according to the real value of Signal2Noise (i.e., the difference of means of the two 

compared groups scaled by the standard deviation), a metric score that could take either 

positive or negative values. Genes modified by the transcriptional dosage-effect were 

expected to show positive scores if located in 1q-gain and negative scores if located in 16q-

loss and to be ranked at the opposite ends of the list, thus preventing the identification of 

putative cooperative effect of 1q-OverT and 16q-UnderT genes. In order to overcome this 

issue, we repeated the analysis by sorting the genes using the absolute value of the 

Signal2Noise metric score. Many of the functional pathways associated with cytogenetic 

groups in the previous analysis (real value-analysis) were confirmed in the analysis based on 

the absolute value of Signal2Noise. In the group A analysis, “Formation of the beta-

catenin:TCF transactivating complex,” “Deactivation of the beta-catenin transactivating 

complex,” “Mitochondrial tRNA aminoacylation,” “NOTCH2 Activation and Transmission 

of Signal to the Nucleus,” “NOTCH3 Activation and Transmission of Signal to the Nucleus,” 

and “Signaling by NOTCH2” showed an NES > 1.5. In this analysis, the pathway “Ephrin 

mediated repulsion of cells” ranked among the top positions due to the 1q-located genes 
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EFNA1, EFNA4, and EFNA3 and the gamma secretase components APH1A, PSEN2, and 

NCSTN. Indeed, several pathways were shared among different cytogenetics groups The 

pathway “NOTCH3 Activation and Transmission of Signal to the Nucleus” was enriched in 

group A (NES = 1.71, nominal p-value = 0.001, FDR q-value = 0.28), B1 (NES = 1.75, 

nominal p-value < 0.001, FDR q-value = 0.11), group B2 (NES = 1.52, nominal p-value = 

0.005, FDR q-value = 0.30), group C (NES = 1.75, nominal p-value < 0.001, FDR q-value = 

0.04), and group D2 (NES = 1.61, nominal p-value < 0.001, FDR q-value = 0.12). 

The absolute score-analysis allowed for the identification of pathways including 1q and 16q-

located genes among the leading-edge subsets. After excluding the pathways showing a 

discordant functional effect of 1q-OverT genes and 16q-UnderT genes, such analysis 

suggested possible cooperative functional interactions in the pathway “NOTCH3 Activation 

and Transmission of Signal to the Nucleus” in groups A, B1, and D2. In the “NOTCH3 

Activation and Transmission of Signal to the Nucleus” pathway, the overexpression of three 

1q genes encoding subunits of the gamma secretase complex (APH1A, PSEN2, and NCSTN), 

which plays a positive role in NOTCH3 signalling, was found to be functionally 

interconnected with the reduced expression of the 16q gene WWP2, an E3 ubiquitin ligase 

that negatively regulates NOTCH3 signalling (Jung et al., 2014). Another pathway 

implicating a functional cooperation between 1q genes and 16q genes was the “Nuclear 

Signaling by ERBB4” enriched in group D2 (NES = 1.61, nominal p-value: <0.001, FDR q-

value = 0.11). The involved 1q gene was APH1A and the 16q gene was WWOX, a WW-

domain-containing protein that binds to a cytosolic fragment of ERBB4 (generated by the 

gamma secretase complex) and prevents its translocation to the nucleus (Aqeilan et al., 2005). 

 

4.1.7. Analysis II. 1,16 Chromogroups: Ductal LumA Adenocarcinomas  

In this work, we compared tumours bearing a specific arm-level aberration (study group) to 

tumours not bearing it (control group). The basic assumption was that part of the gene 

expression differences between the two groups were linked to the presence of the 

chromosomal aberration. However, the choice of criteria used for the generation of the control 

cancer group exerted a strong impact on the results. Indeed, two important points should be 

taken into account: (1) although tumours were found to belong to the same clinico-

pathological type (breast invasive carcinoma), phenotypic and genotypic heterogeneity was 

present in all cytogenetic groups; (2) cancers in the so-called “control group” differed from 

those in the study group, not only for the absence of the specific chromosomal aberration but 

also for other mutational events and carcinogenesis pathways. Regarding the first point, it is 



71 
 

possible to classify breast invasive carcinomas in histological subtypes using classical optical 

microscopy or in molecular subtypes using specific molecular biomarkers and transcriptome 

analysis (Ciriello et al., 2015; Koboldt et al., 2012). The frequencies of histological subtypes 

and molecular subtypes in the different cytogenetic groups are reported in Figure 25. Invasive 

ductal carcinoma was found to be the predominant histological subtype in all cytogenetic 

groups. Invasive lobular carcinomas showed the highest frequency in group A and were 

associated with cytogenetic groups bearing 16q-loss (A, B1, D1, and D2). Molecular subtype 

LumA was enriched in cytogenetic groups A, B1, D1, and D2, while LumB was enriched in 

subgroup B2. The basal-like subtype showed the highest frequency in the cytogenetic group 

C, while the normal-like subtype showed the highest frequency in the control group. 

 

Figure 25. Frequencies of histological subtypes (left panels) and molecular subtypes (right panels) in the 

different 1,16-chromogroups. 
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Therefore, in order to reduce phenotypic and genotypic heterogeneity, we repeated all the 

transcriptome analyses by selecting only the most common histological and molecular 

subtypes (breast ductal carcinoma and LumA, respectively). The available number of breast 

ductal LumA carcinomas allowed for the generation of group A, B, B1, C, D, and D2 (Figure 

26). As expected, the NCDI values of 1q and 16p were increased in samples bearing 1q-gain 

and 16p-gain. The increased NCDI value of 8q was still detectable in subgroup D2. 

Figure 26. NCDI values of OverT of each 1,16-chromogroup formed with breast invasive ductal 

carcinomas of the LumA subtype. NCDI values of all transcripts (AllT) analyzed by RNA-seq in each 

chromosomal arm are also reported for comparison. 

The GSEA analysis was repeated using transcriptome data derived from 310 breast ductal 

LumA carcinomas (herein called “Analysis II” in order to distinguish it from “Analysis I” 

reported in the previous subsection. In Analysis II, the comparison of group A vs. CTRL 

identified 23 REACTOME pathways showing an NES >1.48 (Table 10). 
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Pathway Name Size ES NES 

NRIF_SIGNALS_CELL_DEATH_FROM_THE_NUCLEUS 16 0.70 1.74 

TP53_REGULATES_TRANSCRIPTION_OF_GENES_INVOLVED_IN_CYTOCHROME_C_

RELEASE 
20 0.65 1.68 

MITOCHONDRIAL_TRNA_AMINOACYLATION 18 0.77 1.67 

DEFECTIVE_C1GALT1C1_CAUSES_TN_POLYAGGLUTINATION_SYNDROME_TNPS 17 0.69 1.66 

DEACTIVATION_OF_THE_BETA_CATENIN_TRANSACTIVATING_COMPLEX 42 0.59 1.65 

DISEASES_ASSOCIATED_WITH_N_GLYCOSYLATION_OF_PROTEINS 17 0.73 1.64 

RNA_POLYMERASE_III_TRANSCRIPTION_TERMINATION 23 0.64 1.61 

SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI 18 0.71 1.60 

RNA_POLYMERASE_III_CHAIN_ELONGATION 18 0.67 1.57 

NONSENSE_MEDIATED_DECAY_NMD 116 0.66 1.57 

FORMATION_OF_THE_BETA_CATENIN_TCF_TRANSACTIVATING_COMPLEX 31 0.61 1.57 

DEFECTIVE_GALNT3_CAUSES_FAMILIAL_HYPERPHOSPHATEMIC_TUMORAL_CAL

CINOSIS_HFTC 
16 0.67 1.56 

SELENOAMINO_ACID_METABOLISM 109 0.67 1.56 

RESOLUTION_OF_ABASIC_SITES_AP_SITES 38 0.64 1.56 

ENERGY_DEPENDENT_REGULATION_OF_MTOR_BY_LKB1_AMPK 29 0.60 1.55 

GAP_FILLING_DNA_REPAIR_SYNTHESIS_AND_LIGATION_IN_GG_NER 25 0.63 1.51 

SULFUR_AMINO_ACID_METABOLISM 28 0.54 1.51 

EUKARYOTIC_TRANSLATION_ELONGATION 94 0.73 1.50 

MITOCHONDRIAL_FATTY_ACID_BETA_OXIDATION 36 0.54 1.50 

TRNA_AMINOACYLATION 24 0.66 1.49 

PROLACTIN_RECEPTOR_SIGNALING 15 0.58 1.49 

RESPONSE_OF_EIF2AK4_GCN2_TO_AMINO_ACID_DEFICIENCY 102 0.67 1.49 

NOTCH2_ACTIVATION_AND_TRANSMISSION_OF_SIGNAL_TO_THE_NUCLEUS 22 0.56 1.49 

Table 10. REACTOME pathways showing a normalized enrichment score (NES) >1.48 in GSEA Analysis 

II. 

Analyses I and II showed a good overlapping of the 50 top-NES-ranked pathways in all 

groups (50% group A; 38% group B1, 42% group D2), except for group C (8%). The 

inclusion of a relatively large group of basal-like cancers in group C in “Analysis I” was the 

likely explanation for this discrepancy. 

Interestingly, “Analysis II” showed a large number of shared pathways (n = 11) among 

groups A, B1, and D or A, C, and D (Figure 27). Indeed, Analysis II (restricted to Ductal 

LumA cancers) confirmed several pathways previously identified in “Analysis I,” such as 

“Mitochondrial tRNA aminoacylation,” “Deactivation of the beta-catenin transactivating 

complex,” “Formation of the beta-catenin:TCF transactivating complex.” Moreover, the 

enrichment of “Formation of the beta-catenin:TCF transactivating complex” (NES = 1.52, 

nominal p-value = 0.007; FDR q-value = 0.206) and “EPH-ephrin mediated repulsion of 

cells” (NES = 1.52, nominal p-value < 0.001; FDR q-value = 0.211) were statistically 

significant in Analysis II performed with absolute Signal2Noise values. 
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Figure 27. Venn diagrams showing overlapping of top-ranked functional pathways identified in GSEA 

Analysis II (restricted to 310 invasive ductal carcinomas of the LumA subtype) among different 

chromogroups. 

 

4.1.8. Analysis III: 1,16-Chromogroups Ductal and Lobular 

Adenocarcinomas 

A detailed molecular characterization of the differences between invasive ductal and lobular 

carcinomas had been previously provided by integrated omics analysis (Ciriello et al., 2015; 

Desmedt et al., 2016). The higher frequency of CDH1 loss-of-function mutations and the 

lower transcriptional expression of the CHD1 gene in lobular carcinomas were some of the 

main differences between the two histotypes. Indeed, a decreased expression of CDH1, at 

both the protein and transcript levels, was probably underlying the discohesive phenotype of 

lobular carcinomas. We confirmed the clear-cut difference in CDH1 expression between 

ductal and lobular carcinomas (Figure 28A). In this work, we could also compare the 

transcript levels of CDH1 in breast cancer groups differentiated by the presence or absence of 

Chr1 and 16 aberrations (Figure 28C). As already shown in Figure 25, the 1,16-

chromogroups characterized by 1q-gain and 16q-disomy (groups B2 and C) had no or few 

invasive lobular carcinomas, thus precluding the analysis of such a cancer histotype in those 

two groups. However, the CTRL group of ductal carcinomas (i.e., without abnormalities of 

Chr 1 and 16) showed a sufficient number of both histotypes (40 ductal vs. 11 lobular 

carcinomas), thus allowing for comparisons with all other breast cancer groups and with 

corresponding normal tissue. Interestingly, invasive ductal carcinomas with 16q-disomy 

(CTRL, B2, and C) showed a higher level of CDH1 transcripts in comparison to normal 

breast tissues, while CDH1 levels in invasive ductal carcinomas with 16q-loss (group A, B1, 

and D) were similar to those of normal tissue. This observation was in agreement with 
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previous immunohistochemistry studies showing that low-grade invasive ductal carcinomas 

have stronger E-cadherin membrane staining than that seen in the normal breast epithelial 

cells, while E-cadherin loss may occur as a late event in a subgroup of high-grade invasive 

ductal carcinomas (Alsaleem et al., 2019; Jeschke et al., 2007). On the contrary, E-cadherin 

loss is observed as an early event in lobular carcinomas (McCart Reed AE, Kutasovic JR, 

Lakhani SR, 2015). In the present work, we found that CDH1 transcript levels were lower in 

invasive lobular carcinomas either in 16q-loss groups (A, B1, and D) and in the 16q-disomic 

CTRL-group when compared to corresponding ductal carcinomas or to normal breast tissue 

(Figure 28C). In other words, invasive lobular carcinomas had a CDH1 expression lower 

than ductal carcinomas both in the presence (groups A, B1, and D) and the absence of 16q-

loss (CTRL group). This observation suggested that additional mechanisms, besides the 16q-

loss, are downregulating CDH1 expression in lobular carcinomas. Though it was clear that 

loss-of-function point mutations of CDH1 are cooperating to the decreased functionality of E-

cadherin in lobular carcinomas, the transcript levels of lobular CDH1-mutated cancers were 

not significantly different from those of CDH1-wild type ones (Figure 28B). Indeed, it has 

been repeatedly suggested that other mechanisms, such as epigenetic modifications, the 

upregulation of CDH1 transcriptional repressors, and other forms of transcriptional 

dysregulation, may account for the downregulation of CDH1 transcription in lobular 

carcinomas (Alsaleem et al., 2019; Ciriello et al., 2015). Our analysis confirmed that the 

transcriptional downregulation of CDH1 in ductal carcinomas is weaker than that in lobular 

ones. Though 16q-loss is frequently observed both in ductal and lobular carcinomas (with a 

slight higher frequency in lobular ones; see Figure 30), the CDH1 transcriptional difference 

between the two histotypes was detectable both in the presence (group A, B1, and D) or the 

absence of 16q-loss aberrations (CTRL group; Figure 28C). Indeed, in the CTRL breast 

cancer group, it was possible to observe a relevant number of invasive lobular carcinomas in 

the absence of 16-q loss, and it is interesting to note that this 16q-disomic lobular subtype was 

found to be characterized by a near-euploid karyotype (Figure 30). Nevertheless, 16q-loss is 

a strong determining factor for the generation of invasive breast lobular carcinomas, as 

suggested by the lack or the rarity of this histotype in groups B2 and C, bearing 1q-gain but 

not 16q-loss (Figure 25). In conclusion, our analysis suggested that 16-q loss can be 

considered a critical chromosomal abnormality for the generation of lobular carcinomas in the 

context of a significant aneuploidy score (>4) (see Figure 29, which shows a comparison of 

arm-level chromosomal aberrations in lobular carcinomas of the CTRL group with those in 

lobular carcinomas of group A, B1 and D). 
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Moreover, invasive lobular carcinomas were found to be able to bear 16q-loss either with 

(group A and B1) or without 1q-gain (group D), in agreement with previous reports (Ciriello 

et al., 2015; Desmedt et al., 2016). Indeed, the increased frequency of 16q-loss in lobular 

carcinomas was found to be accompanied by an increased frequency of 1q-gain, confirming 

that the co-occurrence of 1q-gain and 16q-loss is a feature of both ductal and lobular 

carcinomas in a larger sample population (Figure 29; also note the increased frequency of 8p-

loss and 8q-gain in ductal carcinomas).  

Statistically significant DEGs between lobular and ductal carcinomas (LvsD-DEGs) were also 

analyzed by the EdgeR software separately for groups A, B1, and D (decreased in lobular 

carcinomas: linear fold change lobular vs. ductal <−1.5 and adjp < 0.05; increased in lobular 

carcinomas: linear fold change lobular vs. ductal > 1.5 and adjp < 0.05). 16q-DEGs shared 

across all 16q-loss groups (A, B1, and D) are reported in Table S7. As expected (see also 

Figure 28C), CDH1 was significantly decreased in lobular carcinomas vs. ductal carcinomas 

in all 16q-loss groups (A, B1, and D) and was the only 16q-LvsD-DEGs that was coherently 

decreased in lobular carcinomas of those three groups. Moreover, CDH1 was the only gene 

belonging to the class of 16q-UnderT that was further decreased in lobular carcinomas in 16q-

loss groups. 16q-LvsD-DEGs were found to represent only a minor fraction of 16q-UnderT: 

only 3 transcripts out of 208 were LvsD-DEGs (AC040162.3, CDH1, IL34) UnderT shared 

across groups A, B1, and D (Table S7). In summary the analysis of LvsD-DEGs revealed very 

few specific transcriptional dysregulations superimposed to the common 16q-loss dependent 

downregulation, besides the known CDH1 downregulation. 
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Figure 28. (A) Dot plots of CDH1 transcript levels in lobular and ductal carcinomas and (B) in lobular 

cancer bearing a mutated CDH1 (CDH1mut) or a wild-type CDH1 (CDH1wt); overlaid boxes show 

median and interquartile range; statistical significance by Mann–Whitney test; (C) TPM levels of CDH1 

in different 1,16-chromogroups differentiated in lobular and ductal cancers. Columns represent the 

median values, and bars represent the 95% confidence intervals. ns: not statistically significant. 

A similar analysis was performed for 1q-LvsD-DEGs by selecting those genes showing 

concordant changes across 1q-gain groups (A and B1). Again, those 1q-LvsD-DEGs 

represented only a minor fraction of OverUpT genes shared among groups A and B1 (10 1q-

LvsD-DEGs out of 540 OverUpT shared between groups A and B1). Moreover, none of the 

“core 1q-OverUpT” genes showed a differential expression between ductal and lobular 

carcinomas, suggesting that their putative functional role in carcinogenesis might be shared 

between the two histotypes. 

Given that the largest number of lobular carcinomas was observed in group A (bearing both 

1q-gain and 16q-loss), it is reasonable to hypothesize that cooperative functional networks of 

1q and 16q genes could operate both in lobular and ductal carcinomas, the two histotypes 
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being mainly differentiated by the deeper transcriptional downregulation of 16q-CDH1 in 

lobular carcinomas. 

Figure 29. Bar graphs showing the percentage of samples bearing arm-level gains or losses in 

chromosomes 1–22 in invasive ductal or lobular breast carcinomas or in the different 1,16-chromogroups 

formed with invasive ductal carcinomas or invasive lobular carcinomas, as indicated in each graphs. The 

number of samples (n) in each chromogroup is reported in the corresponding graph. 
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4.1.9. Recurrent Point Mutations in Breast Cancer 1,16-Chromogroups 

Recurrent point mutations by WES data are shown in oncoplots of Figures 30 and 31. The 

main histological subtypes (ductal or lobular carcinoma) are indicated by the annotation bar 

below the graph. The higher frequency of TP53 mutations in ductal carcinomas and CDH1 

mutations (mainly nonsense or splice-site mutations) in lobular carcinomas was found to be a 

general feature of those histotypes, as shown in the oncoplot of Figure 30, including 709 

ductal and 149 lobular BRCA samples analysed by WES in TCGA study. An accurate 

analysis of recurrent point mutations in invasive ductal and lobular carcinomas has been 

already provided by previous studies using both TCGA and other data, and it is not repeated 

here (Banerji et al., 2012; Ciriello et al., 2015; Desmedt et al., 2016).  

Figure 30 Oncoplot showing point mutations detected by WES in 645 samples out of 709 ductal and 149 

lobular BRCA samples analysed in TCGA study. 

However, oncoplots in Figure 31 provide a rapid overview of the top 30 recurrent point 

mutations detected by WES in the different 1,16-chromogroups examined in the present 

study. It is clear that this type of presentation did not allow for a direct comparison between 

ductal and lobular cancers because of the largely different number of samples of the two 

histotypes in the different chromogroups (note the absence of lobular cancers in Group B2 

and C, as already shown Figure 25). Nevertheless, a higher frequency of TP53 (nonsense, 

missense, and splice site) and GATA3 mutations (nonsense and splice site) in ductal 

carcinomas and CDH1 mutations in lobular carcinomas was easily recognizable in 
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cytogenetic group A. Mutations of CBFB (mainly missense mutations) were most frequently 

detected in ductal carcinomas of group A and B1, while mutations of MAP3K1 (nonsense and 

missense) and ARID1A (missense and splice site mutations) were most frequently detected in 

ductal carcinomas of group D. PI3K mutations (missense) were found to be the most frequent 

mutation in all the chromogroups, with the exception of group C, where TP53 mutations 

(nonsense, splice sites, and missense) predominated in agreement with the higher level of 

chromosomal aberrations detected in this group. All those mutations were reported as 

significant in ductal or lobular cancers, or both, in previous analysis of TCGA data (Ciriello et 

al., 2015). 
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Figure 31. Oncoplots showing point mutations detected by WES in 1,16-chromogroups. 
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4.1.10 CNA analysis of METABRIC cohort 

The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) study 

was explored to evaluate the clinical prognosis of breast cancer. Copy number alteration 

(CNA)  data were analysed by Gistic2 (Mermel et al., 2011) (Beroukhim et al., 2010) 

(Beroukhim et al., 2007). The algorithm assigns a numeric value (-2, -1, 0, 1, 2) to each gene 

and for each sample. The values give CNA alteration estimation of ploidy status as follows:  -

2 to homozygous deletion; -1 to hemizygous deletion; 0 to neutral / no variation; 1 to gain; 2 

to high level amplification. The genes and the samples were then organized according to the 

chromosomal aberration of chromosomes 1 and 16 (arm p and q as well) and refers to the 1,16 

chromogroups (Privitera et al., 2021) (Table 6).  In particular, for chromosome 1 we have 

1188 genes on arm 1p, 1078 genes on arm 1q, while for chromosome 16 we have 506 genes 

on arm 16p, 398 genes on arm 16q. A sum of the of Deletion (∑ -2 and -1), Disomy (∑ 0) and 

Amplification (∑ +1, +2) for each sample and for chromosomal arms chr1p, chr1q, chr16p, 

chr16q. Finally, the percentage of chromosomal abnormalities per number of genes of that 

chromosomal arm was calculated considering the following groups: 1q G, 16q L, 1p L, 16p 

D/G, 1p D, 16p D, 16q D, 1q D where D = Disomic, L = Loss or deletion, G = Gain or 

amplification Table 11 shows a capture of the performed calculation to obtain the groups.  

 

 Table 11: A sum of the of Deletion (∑ -2 and -1), Disomy (∑ 0) and Amplification (∑ +1, +2) for each 

sample and for chr1p, chr1q, chr16p, chr16q to obtain 1q G, 16q L, 1p L, 16p D/G, 1p D, 16p D, 16q D, 1q 

D groups 

This is a fundamental step to be able to compare the aforementioned METABRIC cohort with 

that of the 1,16 chromogroups (Privitera et al., 2021) obtained from TCGA cohort for clinical, 

prognostic and predictive purposes.  

The percentage values were then used to identify chromogroups 1,16 considering a percentage 

above 80% obtaining 447 samples for Group A, 154 for Group B, 159 for Group C, 183 for 

Group D and 292 for Control (see Table 12). The samples were further grouped according to 

intrinsic molecular subtypes according to PAM50: LumA (n = 700); LumB (n = 475); Her2 (n 

= 224); Normal-like (n = 148); Basal-like (n = 209); Claudin-low (n = 218). 

 

 
 

1p loss 
n (1p) = 1188 

1p D 
n (1p) = 1188 

1q gain 
n (1q) = 1078 

1q D 
n (1q) = 1078 

16p D/G 
n (16p) = 506 

16p gain 
n (16p) = 506 

16p D 
n (16p) = 506 

16q loss 
n (16q) = 398 

16 q D 
n (16q) = 398 

sample_id ∑ 
-1 -2 

% 
∑ 
0 

 ∑ 
1 e 2 

% 
∑ 
0 

 ∑ 
0 1 2 

% 
∑ 

1 e 2 
% 

∑ 
0 

% 
∑ 

-1 -2 
% 

∑ 
0 

% 

MB-0000 0 0 1188 100 2 0.18 1076 99.81 506 100 0 0 506 100 0 0 398 100 

MB-0039 0 0 1187 99.91 0 0 1078 100 506 100 0 0 506 100 0 0 398 100 

MB-0045 839 70.62 238 20.03 658 61.03 316 29.31 416 82.21 0 0 416 82.21 194 48.74 190 47.73 

MB-0046 0 0 1187 99.91 1070 99.25 7 0.64 498 98.41 243 48.02 255 50.39 398 100 0 0 

MB-0048 0 0 1187 99.91 173 16.04 904 83.85 449 88.73 138 27.27 311 61.46 96 24.12 302 75.87 
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 group A group B group C group D CONTROL 

1q G >80% >80% >80%   

16q L >80%   >80%  

1p L  >80%    

16p D/G >80%   >80%  

1p D >80%   >80 >80% 

16p D   >80%  >80% 

16q D   >80%  >80% 

1q D    >80 >80% 
      

TOT 447 154 159 183 292 

      

LumA (n= 700) 278 36 34 99 53 

LumB (n = 475) 88 67 43 42 27 

Her2 (n = 224) 16 15 27 6 31 

Basal-like (n = 209) 5 6 23 1 11 

Normal-like (n = 148) 27 7 11 13 42 

Claudin-low (n = 218) 6 7 8 6 101 

Table 12: Percentage of chromosomal abnormalities by number of genes in the chromosomal arms 

considered and classification in intrinsic subtypes. 

 

4.1.11 Overall Survival: Comparison of TCGA vs METABRIC cohorts 

The prognostic parameters of Overall Survival (OS), Progression-Free Survival (PFS) and 

Disease-Free Survival (DFS) in according to 1,16 chromogroups and intrinsic molecular 

subtype were evaluated. In particular, the available clinical data for TCGA cohort concern 

OS, PFS and DFS, while for METABRIC cohort, available clinical data refers to OS only. 

For this reason, in this thesis only the OS analysis will be showed.  

The Overall Survival is the gold standard parameter to measuring how long patients with a 

specific condition (i.e. disease) or after a treatment can survive.  

 

4.1.11 A - TCGA COHORT: intrinsic molecular subtypes 

Each of the intrinsic subtypes (LumA, LumB, Her2, Normal-Like and Basal-Like) was 

compared with the more abundant group of LumA. In Figure 32, LumB group shows a worse 

prognosis than LumA with a significant p-value (p = 0.0140). However, the median survival 

of the LumB group have no difference respect to LumA group. This is due to a limited 

number of patients and the follow-up of LumB group. The comparison between LumA vs 

Her2 also shows invalid results due to the limited number of patients, although the statistical 

test indicates a significant difference between the two curves (p = 0.0087). 
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The comparison of the LumA vs Normal-Like and the LumA vs Basal-Like groups do not 

show statistically significant results (p = 0.1912, and p=0.8105 respectively) due in part to the 

small number of the other groups in comparison with LumA.  

Figure 32: Survival curves for TCGA cohort. Comparisons of intrinsic molecular subtype according to 

PAM50. 

4.1.11 B - TCGA COHORT: 1,16 Chromogroups 

The comparison among chromogroup B, C and CONTROL and chromogroup A shows, 

differences both in median survival values and in statistical significance (Figure 33). The 

chromogroup A show a median survival value twice respect to others chromogroups, thus 

demonstrating that the prognosis associated with chromogroup A is the most favourable. The 

Comparison between chromogroup A and C is "undefined" due to the number of live patients 

exceeding 50 % of the cases considered at the longest follow-up time. 

In addition, the comparison between Group A vs B shows how group B is the one that has a 

worse prognosis even in comparison with the other chromogroups (see Figure 33). 
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Figure 33: Survival curves with Overall Survival (OS) data from the TCGA Samples divided by 

chromogroups 1,16. 

As for the statistical significances, the p-value values are significant for all the chromogroups 

compared with group A, except when comparing group A with the CONTROL group.  

In conclusion, the data do not provide a definitive result due to the small samples and duration 

of follow-up and the need to be confirmed in a bigger cohort such as the METABRIC one.  
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4.1.11 C - METABRIC COHORT: Intrinsic molecular subtypes 

The METABRIC cohort was subdivided according to intrinsic molecular subtypes LumA, 

LumB, Her2, Normal-like, Basal-Like and Claudin-low. The prognosis of LumB, Her2 and 

Basal-Like groups is worse compared to LumA which is confirmed to be the one with 

favourable prognosis after diagnosis (Figure34).  

Figure 34: Survival curves of the Metabric cohort of samples by intrinsic molecular subtype. OS all 

subtypes (up panel). Comparisons of LumA vs all other intrinsic subtypes. 
 

These differences are confirmed both by more suitable Median Survival values (see Table 13) 

for LumA (Median Survival = 186.6 months) compared to the LumB (Median Survival = 123 
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months), Her2 (Median Survival = 106.6 months) and Basal-like (Median Survival = 130.9 

months) groups and by the significant differences given by the log-rank test for LumA vs 

LumB (p < 0.0001), LumA vs Her2 (p < 0.0001) e LumA vs Normal-Like (p = 0.011) (Table 

13). 

INTRINSIC 

MOLECULAR SUBTYPES 

MEDIAN 

SURVIVAL 

LumA 186.6 

LumB 123 

Her2 106.6 

Normal-Like 159.2 

Basal-Like 130.9 

Claudin-Low 219.2 

 

Table 13: Median survival values for each intrinsic molecular subtype (left panel); Log-Rank Test p-value 

LumA (right panel) compared with all other intrinsic molecular subtypes (METABRIC cohort). 

 

4.1.11 D - METABRIC COHORT: 1,16 Chromogroups 

Analysis of the survival curves of chromogroups 1,16 (Figure 35) shows that Group A has a 

better prognosis than chromogroups B and C and overlaps with both group D and the Control 

group. These differences are confirmed both by the better median survival values for groups 

A (Median Survival = 180.8 months), D (Median Survival = 184.7 months) and Control 

(Median Survival = 199 months) compared to groups B (Median Survival = 112.6 months) 

and C (Median Survival = 128.5 months), and by the Log-Rank Test (see table 14).  

 

Figure 35: Survival curves of the Metabric cohort of 1.16 chromogroups 

 

 

Log-Rank Test p-value 

LumA  

<0.0001 LumB 

<0.0001 Her2 

0.2604 Normal-Like 

0.0110 Basal-Like 

0.4089 Claudin-Low 
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Table 14: Median survival values for each 1,16 chromogroups (left panel); Log-Rank Test p-value LumA 

(right panel) compared with all 1,16 chromogroups (METABRIC cohort). 

However, the differences are significant only for comparisons between Group A vs B (p < 

0.0001), and Group A vs C (p = 0.0080). Even in the METABRIC cohort group B has a worse 

prognosis than all other chromogroups considered with a low survival median of 112.6 

months. 

 

4.1.11 E - Diagnostic value of Group A  

A further survival analysis was performed considering the portion of group A samples with 

better prognosis and group B with worse prognosis for the intrinsic molecular subtypes LumA 

and LumB. The purpose of this survival analysis is to compare whether the new molecular 

cytogenetic classification in chromogroups 1,16 may represent an alternative method to assess 

prognosis compared to the already used classification system in intrinsic molecular subtypes 

(Figure 36). 
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Figure 36: Survival curves of the Metabric cohort of samples divided by intrinsic subtypes LumA in 

chromogroups A and B and LumB in chromogroups A and B. 

Cromogruppi 1,16 MEDIAN SURVIVAL 

Group A 180.8 

Group B 112.6 

Group C 128.5 

Group D 184.7 

Control 199 

Log-Rank Test p-value 

Group A  

<0.0001 Group B 

0.0080 Group C 

0.5307 Group D 

0.9858 Control 
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The Group A – LumA  is the group with a more suitable prognosis than the following groups: 

Group B-LumA, Group A-LumB and Group B-LumB with a median survival of 197.8 

months and, as shown in Table 15, with a statistically significant difference. 

Log-Rank Test p-value 

 Group A_LumA Group B_LumA Group A_LumB Group B_LumB 

Group A_LumA // p = 0.018 p = 0.0003 p < 0.0001 

Group B_LumA p = 0.018 // p = 0.8170 p = 0.2277 

Group A_LumB p = 0.0003 p = 0.8170 // p = 0.2340 

Group B_LumB <0.0001 p = 0.2277 p = 0.2340 // 

Table 15: p-value given by the Log-Rank Test of the intrinsic subtypes LumA in chromogroups A and B 

and LumB in chromogroups A and B (METABRIC cohort). 

We can therefore deduce that the molecular cytogenetic classification in chromogroups 1,16 

analysed in both the TCGA and METABRIC cohorts, could represent a useful and alternative 

method to evaluate the prognosis in cases of invasive breast cancer as an alternative or in 

addition to the classification in intrinsic molecular subtypes. 

 

4.1.12 ETV6-NTRK3 gene-fusion  

Secretory breast cancers (SBCs), as described in par. 1.6.2, are a very rare phenotype 

characterized by distinctive genomic pattern with a recurrent chromosomal translocation 

t(12;15)(p13;q25), leading to ETV6–NTRK3 fusion gene. 

In order to explore the expression profiling associated to ETV6-NTRK3 fusion gene, we 

analysed TCGA cohort categorizing the carcinoma samples by using the transcript per million 

(TPM) values and the corresponding prognostic data. In particular, a threshold was 

determined to individuate an expression value, above which NTRK3 gene is up-regulated. 

The average of TPM (1.22 AvgTPM) and the standard deviation (3.08 SD) for the NTRK3 

gene were calculated. The critical threshold was set up at 7.38 (AvgTPM + 2-fold standard 

deviation) obtaining 32 samples NTRK3 TPM> 7.38 and 1026 NTRK3 TPM < 7.38. The 

subclassification of these main groups in intrinsic subtype and 1,16 chromogroups is showed 

in table 16. 

The expression data so organized were matched with the corresponding prognostic data. The 

overall survival (OS) was valuated through Kaplan-Meier curve (Figure 37). 
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 group A group B group C group D CTRL 

 TCGA (n = 1058) - RNAseq 

Total  175 165 89 72 68 

NTRK3 TPM > 7.38 (n = 32) 4 1 2 3 4 

LumA (n=11) 3 0 0 3 0 

LumB (n = 4) 0 1 0 0 1 

Her2 (n = 1) 0 0 1 0 0 

Basal-like (n = 10) 0 0 1 0 0 

Normal-like (n = 1) 0 0 0 0 1 

      

NTRK3 TPM < 7.38 (n=1026) 171 164 87 69 64 

LumA (n=479) 132 78 29 57 33 

LumB (n =188) 17 53 27 8 5 

Her2 (n =76) 4 15 8 1 5 

Basal-like (n = 158) 0 7 18 0 2 

Normal-like (n =34) 2 0 3 2 12 

Table 16: TCGA Cohort (1058 RNA-seq samples) subdivided in 1,16 chromogroups (group A-B-C-D and 

control) and intrinsic molecular subtype.  

In a study involving six women aged between 25 and 60 year with secretory cancer, the 

rearrangement ETV6-NTRK3 fusion gene was evaluated. In particular samples were tested 

both with interphase fluorescence in situ hybridization (FISH) methodology to verify the 

presence of the rearrangement and with immunohistochemistry to evaluate the histological 

classification (Laé et al., 2009). Their results classified secretory breast carcinoma as triple-

negative expressing basal markers (Laé et al., 2009). In comparison to other cancer types such 

as basal-like breast carcinomas and adenoid cystic carcinoma, secretory breast carcinomas 

show a favourable prognosis in their series. (Laé et al., 2009). 

For these purposes, NTRK3 > 7.38 TPM (NTRK+) group was compared with NTRK3 < 7.38 

TPM (NTRK-) group (Figure 37A). Subsequently they were compared with Basal NTRK+/- 

(Figure 37B) and Luminal A NTRK3 +/- groups (Figure 37C). 

In figure 37A, NTRK3+ group shows a more favourable survival rate consisting of more than 

50%  alive samples at the longest follow-up time (median survival undefined) respect to 

NTRK3- group with a median survival of 129,1 (Log-Rank test significance 0.024). In figure 

37B the comparisons were performed among NTRK3+, NTRK3+ Basal and the control group 

NTRK3-. The results not only confirm that NTRK3+ have a better prognosis compared to the 

entire TCGA cohort, but they show a favourable prognosis also in the context of basal 

subtype (Log-Rank test significance 0.0169). As shown in table 15, the most abundant groups 

both in NTRK3+ than NTRK- are Luminal A and Basal. In figure 37C the NTRK3+/- LumA 

and Basal and NTRK3+/- LumA and Basal were compared.  
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Figure 37: Kaplan-Meier of NTRK3+ and NTRK3.  

The groups NTRK3+ both Basal and LuminalA show an overlapping survival curve (Blu and 

green curves) in comparison to NTRK3- (Basal and LuminalA) groups. These results 

confirmed not only the favourable prognosis but also, they suggest the possibility to have a 

specific gene marker to perform better diagnosis of the secretory carcinoma.  
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4.1.13 Choosing cell model: CAL148 – CAL-51 

In order to translate the bioinformatic model of 1,16 chromogroups in a suitable cell models, 

an additional bioinformatics analysis was performed. From “Cell Model Passport” database 

we downloaded data on 978 cell lines, by which 80 were breast cell lines. Only 52 cell lines, 

out of 80, had transcriptomic (RNAseq) and cytogenetic (SNParray) data. The cytogenetic 

data, previously analysed with Gistic2 algorithm (Mermel et al., 2011) (Beroukhim et al., 

2010) (Beroukhim et al., 2007) have assigned a numeric value (-2, -1, 0, 1, 2) to each gene 

entries in the genome references and for each sample. The number of genes for each 

chromosomal arm of interest was then calculated. In particular, for chromosome 1 we have 

1121 genes on arm 1p, 1006 genes on arm 1q, while for chromosome 16 we have 483 genes 

on arm 16p, 378 genes on arm 16q. The sum of Deleted genes (∑ -2 and -1), diploid genes (∑ 

0) and Amplified genes (∑ +1, +2) for chromosomal arm (chr1p, chr1q, chr16p, chr16q) was 

calculated for each cell line. The only two cell lines responding to the der(1,16) and the model 

not bearing aberrations of Chr1 and Chr16 were CAL-148 and CAL51, respectively. As 

shown in table 17, CAL148 bear 1q-gains and 16q-loss while CAL-51 cells are disomic for 

chromosome 1 and chromosome 16. 
  

SIDM00933 SIDM00938  
∑(-2, -1, 0, 1, 2) CAL-51 CAL-148 

1p 

Value -2 0 0 

Value -1 0 648 

Value 0 1121 446 

Value 1 0 26 

Value 2 0 1 

n = 1121 
   

1q 

Value -2 0 1 

Value -1 0 1 

Value 0 995 3 

Value 1 0 922 

Value 2 11 79 

n=1006 
   

16p 

Value -2 0 0 

Value -1 0 1 

Value 0 483 3 

Value 1 0 479 

Value 2 0 0 

n=483 
   

16q 

Value -2 0 1 

Value -1 0 377 

Value 0 378 0 

Value 1 0 0 

Value 2 0 0 

n=378 
   

Table 17: Gistic analysis and sum of corresponding values (1p, 1q, 16p,16q) in CAL148 and CAL51. 
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To validate the CAL148 and CAL51 cell models as well as to verify if the gene expression 

profiles of these cell lines agreed to 1,16 chromogroups gene pattern previously described, we 

performed a differential expression analysis. The first step consists in the application of a 

mathematical method to obtain the 1,16 chromogroup from GISTIC results. We calculated the 

percentage of altered genes per chromosomal arm, establishing that the arm was in gain when 

more than 90% of genes, located in that arm, had a value 1 or 2, and the arm was in loss when 

more than 90% of gene had a value -1 or -2. For disomy the arm had more than 90% of gene 

with 0 value. 

1qG/16qL CTRL (1qD/16qL) 

1q Gain > 90 % 1q Disomic > 90 % 

16q Loss > 90% 16q loss > 70% 

BT-549 
HCC2218 
HCC2157 
HCC1599 
HCC1569 
CAL-148 
EFM-19 

Hs-578-T 
MDA-MB-231 
MDA-MB-330 

HCC1419 

Table 18. Selected cell groups 1qG/16qL CTRL (1qD/16qL). 

Due to the small number of cell lines responding to our parameters we considered only two 

groups 1qG/16qL and group Control (CTRL). The CTRL group was characterized by disomic 

1q and 16q loss, in this case a loss in >70% of genes was considered enough to reveal arm 

chromosome loss. The group 1qG/16qL is similar to group A and B1, while the group 

1qD/16qL is similar to group D in 1,16 chromogroups classification. This filtering allowed us 

to include into the 1qG/16qL group 7 cell lines (BT-549, HCC2218, HCC2157, HCC1599, 

HCC1569, CAL-148, EFM-19) while to include into the CTRL (1qD/16qL) group 4 cell lines 

(Hs-578-T, MDA-MB-231, MDA-MB-330, HCC1419) (Table 18). 

4.1.13 A - Transcriptomic Data  

The transcriptomic data relative to cell lines are also retrieved from the Cell Model Passport 

repository. In particular, the RNAseq data covers about 1047 cell lines and about 36203 

genes. Only 52 cell lines, which had the transcriptomics (RNAseq) and cytogenetics 

(SNParray) data were available. Transcripts are classified according to their differential 

expression between the 1qG/16qL group (group under study) and the 1qD/16qL group (which 

is considered as a control group). If the expression of a transcript is higher in 1qG/16qL than 

in control group (linear fold change vs Control >1.5) the transcript is called OverT 

(Overexpressed Transcript). The chromosomal distribution of OverT, normalized for the 
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number of genes in each chromosome arm, has been determined by calculating the so called 

normalized chromosomal distribution index (NCDI). 

For comparison the NCDI has been calculated also for all transcripts, independently by their 

expression status: since the value is normalized for gene chromosomal content all the 

chromosomal arms show an NCDI value equal to 2.38% (100 / 42 chromosomal arms) (blue 

columns in Figure 38). On the contrary the NCDI values for OverT show remarkable 

differences among chromosomal arms (green columns in Figure 38). NCDI value for OverT 

is 4.5% in chromosome arm 1q. This means that 4.5% of all overexpressed transcripts 

(OverT) are localized in the chromosomal arm 1q. Since gene copy number in 1q is increased, 

this result confirms the presence of a gene-copy effect (upregulation of transcription due to an 

increased gene copy number). The NCDI values of OverT transcripts in 16p and the 16q do 

not show any differences respected to all transcripts, in agreement with the fact that the study 

group (1qG/16qL) and the control group (1qD/16qL) have the same gene copy number at the 

level of chromosome 16. 

Figure 38 The normalized chromosomal distribution index (NCDI) of OverT of 1qG/16qL. NCDI values 

of all transcripts (AllT) analysed by RNA-seq in each chromosomal arm are also reported for comparison.  

Subsequently, we verified if the genes over-expressed in 1q in cancer cell cultures of the 

1qG/16qL group are the same genes overexpressed in tumour cells in vivo. This is not an 

obvious result since the artificial culture conditions deeply affect gene transcription and only 

genes strictly related to the cell phenotype keep their expression level. Therefore, we 

compared the list of OverT genes localized on chromosome 1q identified in the present study 

with a list of 639 OverUpT genes (overexpressed in comparison to control cancer and 

upregulated in comparison to normal tissue) obtained in a comparison between breast cancer 

belonging to chromogroup A (bearing 1q gain) with the cancer control group (not bearing 1q 

gain) (Table S2 from Privitera et al 2021). Interestingly, 251 (out of 639 genes) identified in 

tumoral samples were also overexpressed in breast cancer cell cultures (Table 19).  

Gene Set Enrichment Analysis was previously used to find genes located in 1q with 

significant functional correlations in carcinogenesis and cancer progression (Privitera et al 

2021). On the basis of those results we analysed the specific expression of genes related to the 
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beta-catenin pathway (BCL9, PYGO2), genes encoding for the subunits of γ-secretase 

complex (APH1A, PSEN2 and NCSTN), and genes CDH1A, BCL9 as well as EFNA3 and 

the EFNA1, which encode a class of protein that interact with receptor Eph. These genes were 

selected in accordance with the results in Privitera et al. 2021, which have demonstrated how 

these genes are important in breast cancer tissue bearing derivative 1,16 (Group A).  

 

 

Figure 39. Comparison of gene-expression levels between Linear fold change vs Control (linear 

FCvsCTRL) of cell cultures (Group 1qG/16qL) and the tumour sample of Group A from (Table S2 from 

Privitera et al 2021). 
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List of 251 over-expressed genes located in chromosome 1q  
DESI2 OR3D1P GBAP1 ARV1 CREB3L4 

KDM5B PIP5K1A ZNF687 OR14K1 PARP1 

PPOX COA6 GAS5-AS1 SSR2 MRPL55 

DAP3P1 DPM3 PFN1P4 C1orf21 RNU6-884P 

C1orf35 LYSMD1 GOLT1A RRP15 RNY4P25 

VPS45 KIF28P PFKFB2 GATAD2B KCTD3 

POGK GNPAT TFB2M TMEM183A ENAH 

ISG20L2 RAB25 TARS2 MSTO1 PSMD4 

FBXO28 STX6 RD3 NTPCR BOLA1 

GPR89B PLEKHA6 RBM34 OAZ3 ENSA 

BRINP3 MUC1 ASH1L RRM2P2 RNA5SP78 

IL20 ANGEL2 MSTO2P DUSP12 SLC50A1 

F11R NVL GGPS1 URB2 FDPSP8 

TRIM46 SOX13 YOD1 NR1I3 GAS5 

PRCC THEM4 TOR3A UCHL5 COG2 

TSACC PIGM NDUFS2 B3GALNT2 IARS2 

GON4L CNIH4 UBQLN4 MAPKAPK2 FAM189B 

SCAMP3 IRF6 SPRTN DNAH14 TADA1 

SNRPE HAX1 CLK2 TOMM20 C1orf147 

RUSC1 ASPM CHTOP RNF115 GABPB2 

LAMTOR2 INTS3 KCNH1 VANGL2 OR1C1 

DAP3 SELENBP1 PRPF3 SLC39A1 HNRNPA1P59 

CCSAP UBE2Q1 APH1A C1orf43 TUFT1 

SETDB1 POLR3C ZNF496 IPO9 TMEM79 

RAB4A C2CD4D RN7SL444P MTX1 TDRKH 

TDRD5 MRPL24 ZNF692 F13B ADAR 

OR6F1 ZNF695 ADAM15 POU5F1P4 ATP1B1 

USP21 FH FMO9P LEFTY1 MROH9 

USF1 PKLR RPRD2 LIN9 EFNA1 

INTS7 TP53BP2 OCLM DCAF8 C1orf189 

SNAP47-AS1 SNX27 DARS2 ZNF669 RIIAD1 

FLAD1 HSPA6 GOLPH3L NBPF11 TARBP1 

BPNT1 MDM4 RUSC1-AS1 MEX3A MIR4258 

SERTAD4 POGZ DCST1 RPS27 DUSP23 

KLHDC9 TMEM9 UBAP2L PSEN2 CCT8P1 

NUP133 TPR LRRN2 GPATCH4 ESRRG 

CENPF TOMM40L TTC13 B4GALT3 PAQR6 

FAM72A PEX11B ARHGEF11 ABCB10 JTB 

BCL9 TAF5L FCGR3B TSNAX DEGS1 

CRABP2 OTUD7B KRTCAP2 PYGO2 IKBKE 

CRTC2 LENEP HDGF SLC25A44 PMVK 

HEATR1 C1orf131 RFX5 YY1AP1 FLVCR1 

PGBD2 ZBTB7B AGT LINC01136 PI4KB 

SCNM1 SRP9 HSD17B7 ANP32E ASH1L-AS1 

ZNF672 SNAP47 RCOR3 EFNA4 DCST2 

SCCPDH IGSF9 VPS72 ZNF124 BTG2 

TRIM11 C1orf53 UFC1 KCNH1-IT1 MRPL9 

METTL18 LYPLAL1 SDHC CDC42SE1 USH2A 

TMEM63A LHX4 MRPS14 MTX1P1 RBBP5 

AHCTF1 EFNA3 IL19 GBA CKS1B     
SF3B4 

Table 19. List of 251 genes located in chromosome 1q and overexpressed in breast cancer cell cultures 

bearing 1qG/16qL and in tumoral samples belonging to chromogroup A when compared to control cancer 

not bearing 1qG.  
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Figure 40. Comparison of TPM levels between cell cultures (Group 1qG/16qL) and the tumour sample of 

Group A from (Table S2 from Privitera et al 2021). 

The expression levels of such genes in cell cultures and in tumoral samples was compared. In 

figure 39 the expression level is reported as linear fold change vs Control (linear 

FCvsCTRL). As shown in figure 39, all selected genes show an increased expression ranging 

from 1,5 to 8-fold increase. The higher expression is observed for EFNA3 and EFNA1 genes 

in cancer cell cultures. Figure 40 shows the same results expressed as TPM (transcripts per 

million). In Figure 40 it is possible to observe the values in control tumours or in control 

cultures. In agreement with the fold-change values reported in Figure 39, TPM values are 

higher in 1q-bearing cells in comparison to control cells. However, it is interesting to note that 

the dramatic differences in fold-change in EFNA3 and EFNA1 genes in cell cultures are 

mainly due to a reduced expression of these genes in control culture. Since tumoral samples 

include stromal cells, it is possible that the difference between results in culture and in vivo 

may depend by the presence of stromal cells. These results confirm the experimental design 

of the cells belonging to the group A.  
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4.1.14 Growth curve: CAL-148; CAL51; MCF7 

In order to assess and to evaluate the cell culture growth and their maintenance, different 

experiments were performed with CAL148, CAL 51, MCF7 cell lines.  

1)  Cal-148, CAL-51 +/- EGF; 2000, 4000, 8000, 16000 cells/well concentration, at four time 

points (24, 48, 72, 144 h). The aim was to evaluate the different growth rate at different 

cells/well plating density as well as the effect of the EGF on CAL148. 

The figures 41-42 shows a massive effect of EGF on CAL148 at all cell concentrations and 

timepoints. The CAL148 EGF+ at 16.000 cells/well shows a negative trend due to a fast 

growing and the space limitation of well bringing the cell to death. The same effect at 16.000 

cells/wells is observable for CAL51 and MCF7. The CAL51 shows a high growth rate as well 

as a strong and resistant phenotype.  

 

Figure 41: Growing Curve of CAL148 EGF+/-, CAL51, MCF7 at different timepoint and cells/well 

concentration.  
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In figure 42 the effect of EGF on CAL148 was valuated. Unpaired t-test was used to verify 

the statistical significance for the groups of treated (EGF+) and un-treated (EGF-) for each 

cell concentration (2000, 4000, 8000, 16000 cells/well) and timepoints (24h, 48h, 72h,144h) 

in CAL148.  In addition, the significance was also tested with non-parametric Mann-Whitney 

test (Sum rank test) and for all concentrations at any timepoints. The results were overlapping 

with the results of unpaired t-test.  

Figure 42: Effect of EGF on CAL148. Unpaired t test was performed at any timepoints. EGF treatment 

was performed at plating. 

There is a statistically significant difference between CAL148 EGF+ and CAL148 EGF- in all 

conditions. The EGF effect does not disperse over time. EGF was added at the cell plating.  

2) Cal-148, CAL-51 and MCF7, +/- EGF treatment, at 4000 and 8000 cells/well density, at 

five timepoints (24, 48, 72, 96, 144). The EGF was added 24h after plating.  The aim was to 

evaluate the EGF effects only after cell adhesion as well as to identify which cell lines are 

more sensitive to the treatment.    

The results, showed in figure 43, demonstrate EGF effects on CAL148 24h after treatment. 

The CAL148 because of their peculiar capacity to grow up in multilayer can grow much more 

in a single well-plate in comparison to other cell types. CAL148 are stimulated to grow 

constantly. The greatest peak of growth is observed between 96h and 144h hours both at 4000 

and 8000 cells/well in CAL148. EGF exerts its effect 24h after addition (48h after plating as 

shown in the graphs) with appreciable and significant differences from 48h to 144h in 

CAL148 4000 cells/well (Un-paired t-test 48h p value = 0.0070, 72h p value = 0.0092, 96h p 
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value = 0.0018, 144h p value = 0.0004) and from 72h to 144h in CAL8000 cells/well (Un-

paired t-test 72h p value = 0.0067, 96h p value < 0.0001, 144h p value = 0.0003). In CAL51 

and MCF7 the differences are not appreciable and significant showing that these cells do not 

have a real benefit from the addition of EGF which does not act either at the level of adhesion 

or growth. In CAL51, the blue curve (EGF-) and red curve (EGF+) show a trend inversion 

with the un-treated curve higher than treated curve.  

Figure 43: Comparison of EGF+ and EGF- treatments on CAL148, CAL 51, MCF7 with cell 

concentration of 4000 and 8000 Cells/well at 24, 48, 72, 96, 144 hours from plating. EGF addition at 24h 

from plating after adhesion. Unpaired t test was performed at any timepoints.  
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3) Cal-148, CAL-51, +/- EGF treatment 2000, 4000 and 8000 cells/well density, at four 

timepoints (24h, 48h, 72h, 144h). Two conditions were considered: A) EGF not pre-treated 

(1-week) before the assay and treated with EGF (EGF+) or not treated (EGF-) in the assay B) 

EGF pre-treated (1-week) before the assay  and treated with EGF (EGF+) or not treated 

(EGF-) in the assay. The data concerning EGF pre-treatment (B) are not showed because they 

confirm the results in figures 42 and 43, while the data concerning experiment A are showed 

in figure 44.  The aim was to evaluate the EGF effects before and after the EGF treatment in 

comparison between CAL148 e CAL51.  

Figure 44: Comparison of EGF+ and EGF- treatments in the not-pre-treated EGF cell population of 

CAL148, CAL 51 with cell concentration of 2000, 4000 and 8000 Cells/well at 24, 48, 72, 144 hours from 

plating. EGF addition at 24 plating. Unpaired t test was performed at all timepoints.  

In CAL148 the EGF effects is slower respect to the previous experiments. The statistical 

significance (tested with un-paired t-test) is observed only after 48h from plating in CAL148. 

In this group of curves (left panel), the trend seems rather flattened, this is only due to the use 
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of the same scale of magnitude for the Y axis. In CAL51 curves show an inversion, with the 

curve of the untreated (blue lines) that exceeds in absorbance the curve of EGF treated (red 

lines), confirming that EGF does not determine an appreciable advantage as in CAL148. The 

EGF appears to have an opposite effect on CAL51 and the higher growth of EGF untreated 

cells is statistically significant at any cell plating density and timepoints. 

Figure 45: Comparison of EGF+ and EGF- treatments in MCF10A with cell concentration of 2000, 4000 

and 8000 Cells/well at 24, 48, 72, 144 hours from plating. EGF addition at plating. Unpaired t test was 

performed at any timepoints.  

4) MCF10A, +/- EGF treatment, 2000, 4000 and 8000 cells/well plating density, at four 

timepoints (24h, 48h, 72h, 144h). EGF was added at plating.  The figure 45 shows the 

importance of the EGF treatment on MCF10A. In the cell population treated with EGF 

(EGF+), the cell growth rate is very high compared to the untreated population with a pinch 
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of the growth curve already at 48h. The differences are statistically significant at any cell 

concentrations and timepoints. 

These experiments have been a guide to determine the best cell density and how to ensure the 

supply of EGF in subsequent experiments. We concluded that the best average cell density is 

at 4000 cells/well for CAL148, CAL51, MCF7 and MCF10A. This concentration ensures 

optimal growth rate even over several days from plating. EGF is indispensable for MCF10A 

and CAL148 and has no growth advantages for CAL51 and MCF7. 
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4.1.15 PCR-Qualitative results  

In order to test and verify the efficacy of primer design as well as the effective mRNAs 

expression of those genes implicated in the γ-secretase complex (APH1A, PSEN2 and 

NCSTN) and their substrates (CDH1, PYGO2 and BCL9), a PCR was performed (see Figure 

47).  

The APH1A, PSEN2 and NCSTN are differentially expressed genes in the 1q-OverUpT 

(FCvsCTRL > 1.3 at adjp < 0.05 and FCvsN > 1 at adjp < 0.05) and 16q-UnderT groups 

(FCvsCTRL< -1.3 at adjp < 0.05 and FCvsN > 1 at adjp < 0.05) (see Pathways analysis par. 

4.1.5 – 4.1.6) referred to Group A(der(1;16)). They are significantly deregulated respect to 

normal samples as well as respect to the “selected CTRL groups not bearing the aneuploidy”. 

APH1A, PSEN2, and NCSTN components are ranked in the top-ten genes of “NOTCH2 

Activation and Transmission of Signal to the Nucleus pathways. The PYGO2 and BCL9 are 

deregulated in 1q-OverUpT and 16q-UnderT groups. These genes are in “Deactivation of the 

beta-catenin transactivating complex,” and “Formation of the beta-catenin:TCF 

transactivating complex” pathways. CDH1 transcript level is lower in invasive lobular 

carcinomas either in 16q-loss groups (A, B1, and D) and in the 16q-disomic CTRL-group 

when compared to corresponding ductal carcinomas or to normal breast tissue (see par. 4.1.8 

and 4.1.9 - Figure 28C). A previous bioinformatics analysis by using Transcript per million 

(TPM) values, reveals that those genes are expressed in the studied cell lines (see Table 20).    

Gene 

Name 

Chr 

arm 

TPM 

CAL 148 

TPM 

CAL 51 

TPM 

MCF7 

TPM 

MBA-MD-231 

PYGO2 1q21.3 164.7262 73.58466 41.4024386 48.71005341 

NCSTN 1q23.2 161.4317 170.4066 44.85264182 142.6508707 

PSEN2 1q42.13 49.41786 19.36438 24.15142252 24.3550267 

APH1A 1q21.3 434.8771 178.1523 265.6656477 173.9644765 

CDH1 16q22.1 161.4317 46.47452 641.7377984 0 

BCL9 1q21.1 98.83572 104.5677 17.25101608 10.43786859 

Table 20: Transcript per million (TPM) of the PYGO, NCSTN, PSEN2, APH1A, CDH1, BCL9 in 

CAL148, CAL51, MCF7, MBA-MD-231. 

To verify primer design, APH1A gene was choice as candidate gene in CAL51. APH1A is the 

most expressed gene in CAL-148 (434.8 TPM) and CAL51 (178.15 TPM), which are cell 

lines bearing and not bearing the der(1;16), respectively, as reported in table 20. 
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Figure 47: Electrophoretic run in agarose gel 

The RNA was extracted by using the Quiagen RNAsy Minikit and an additional method with 

TRIzol™ Reagent (Cat. No. 15596026 and 15596018; Invitrogen, USA) (see Table 3). The 

cDNA is retrotranscribed from the cell line CAL51 by using Applied Biosystems™ High-

Capacity cDNA Reverse Transcription KitTM (cat. n.944404, Applied Biosystems). The 

internal control was ACTB. The quality checking was performed with RT+ (with primer) and 

RT- (no primer). As showed in the electrophoretic run in agarose gel in Figure 47, the 

obtained amplicons show the predicted size, confirming the good primer design for APH1A.  

The next step, to the previous experiment, was to test the validation of all designed primers 

(as described in Table 2) in CAL51 cell line. The cDNA is retrotranscribed by Applied 

Biosystems™ High-Capacity cDNA Reverse Transcription KitTM (cat. n.944404, Applied 

Biosystems). The electrophoretic run in agarose gel in Figure 48 shows the obtained 

amplicons with the predicted size for all genes.  

 

Figure 48: Electrophoretic run in agarose gel:  

The figure 49 shows, in addition to transcript genes in table X, the trend for EFNA1 and 

EFNA3 (EFNA4 was not present in the data) found to be enriched in 1q-OverUpT and 16q-
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UnderT groups and the associated pathways “Ephrin mediated repulsion of cells”  with 

APH1A, PSEN2, and NCSTN. 

 

Figure 49: Transcript Per Millions (TPM) for those genes enriched in the pathway analysis for 1q-

OverUpT and 16q-UnderT groups 
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4.1.16 Real-Time PCR: Quantitative results  

In order to quantify the mRNA expression of our gene targets concerning APH1A. PSEN2, 

NCSTN, PYGO2, BCL9 and CDH1, a qPCR reaction using cDNA synthesised from 

CAL148, CAL51, MCF7 and MDA-MB-231 was performed. The melting curves are showed 

in Figure 50 indicating the correctness of the PCR amplicon.    

Figure 50. Melting curve analysis of single RNAs in CAL148  
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For each gene target a threshold cycles (Ct) were produced. The Ct value is the main 

parameter of real time PCR indicating the number of reaction cycles required so that the 

fluorescence of each gene exceeds the background fluorescence. Ct values are inversely 

proportional to the entire amount of mRNA in the sample. For each Ct values a mean for each 

replicate sample was calculated. Ct were transformed in ∆Ct which is a mathematical term to 

describe the difference between mean of gene target and the mean of housekeeping gene 

(ACTB). To better interpret this difference(∆Ct) and avoid negative numbers (i.e. if genes are 

more expressed than housekeeping gene), ∆Ct values were converted into linear notation of 

2^(-∆Ct).  

Figure 51. Gene expression pattern of gene target in qPCR  
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In figure 51 the relative quantification of each transcript target is observed in CAL148, 

CAL51, MCF7 and MDA-MB-231. The relative 2^(-∆Ct) (blue table) and TPM (yellow 

table) are indicated to better perform a comparison between expected and observed results in 

the cell lines. 

The expression trends concerning NCSTN, CDH1 and BCL9 genes confirm the TPM values 

observed in RNA-seq data in CAL148, CAL51, MCF7 and MDA-MB-231.  

APH1A shows important differences in CAL148 by qPCR assay in comparison to TPM. In 

particular, APH1A TPM expression is higher in CAL148 (434.88 TPM) and MCF7 (265.67 

TPM), followed by CAL51 (178.15) and MDA-MB-231 (173.96), instead the relative 

quantification in qPCR confirm the lower values in CAL51 and MDA-MB-231, but not in 

CAL148 which shows a lower values and in MCF7 which shows the higher expression 

values. PYGO2 show minor difference in CAL148 which is lower than expected. 

PSEN2 show minor difference in CAL51. In particular, qPCR results confirm TPM values in 

CAL148, MCF7 and MDA-MB-231 but in CAL51, PSEN2 expression is higher than 

expected.  

To exclude or confirm that the observed differences in relative quantification are due or not to 

EGF treatment, we have carried out another qPCR experiment evaluating the different effect 

of EGF treatment on the mRNA expression in CAL148. The results are showed in figure 52.  

Figure 52. Gene expression pattern of gene target in qPCR in CAL148 Treated and untreated with EGF.  

PSEN2 and PYG02 expression do not show any appreciable differences due to EGF treatment 

in cell population of EGF treated (EGF+) and un-treated (EGF-). BCL9 and CDH1 

expressions are influenced by EGF treatment with a slightly higher expression rate. 
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The most interesting result concerns the trend inversion of APH1A and NCSTN gene 

expression due to the EGF treatment. If we perform a comparison of qPCR results versus 

TPM values, APH1A and NCSTN expressions are lower in qPCR results (and then in cell 

lines) than expected TPM values. Probably, EGF hormone shows a dual effect of activation 

for some genes and inhibition for others such as APH1A and NCSTN. This dual effect should 

be re-evaluated in another qPCR experiments and in more effective ways.  

While in CAL148 gene expression differences could be due to EGF treatment (i.e. APH1A 

and NCSTN), in CAL51 they must be due to other factors not fully identified and they will be 

targets of further future experiments.  

 

 

4.1.17 Immunocytochemistry (ICC): TBNC testing 

Triple-negative breast cancer (TNBC) is one of the most aggressive subtypes of cancer and it 

is associated with a poor five-year survival rate. It is defined as “triple-negative” because it is 

characterized by absence of estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2/ERBB2) expression. To classify TBNC, gold 

standard techniques are the immunohistochemistry (IHC) or immunocytochemistry (ICC) 

with antibody markers including ER, PR, HER2, CK5/6 and EGFR.  

To assess the transcriptomic truthfulness of the well-known and repeatedly discussed data 

about TBNC in the literature, a bioinformatics checking by analysis of Transcript per Million 

(TPM) was performed. From an immunohistochemical point of view, CAL-148 cell line have 

been often classified and used as TBNC (Lang et al., 2020). The transcriptomics data reveals 

an abundant expression of ERBB2/HER2(200.966 TPM) (see Table 21).  

In the literature, CAL-148, CAL51, MDA-MB-231 and MCF10A are classified as TBNC (see 

table 22). A study (Subik et al., 2010) reports an incongruent classification example 

concerning MCF7 which are known to be ER-, but from their IHC re-classification, MCF7 are 

ER+ (see Table 23).  
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Lum Her2 

Amp 
Basal LumA Basal 

Gene 
symbol 

Chr band Description CAL-148 CAL-51 MCF7 
MDA- 

MB-231 

ESR2 14 q23.3 estrogen receptor 2 0 0 0 0 

ESR1 6 q25.1 estrogen receptor 1 0 0 55.20325 0 

PGR 11 q22.1 progesterone receptor 0 0 10.35061 0 

AR X q12 androgen receptor 9.883572 0 13.80081 0 

ERBB3 12 q13.2 erb-b2 receptor tyrosine kinase 3 161.4317 23.23726 69.00406 0 

ERBB4 2 q34 erb-b2 receptor tyrosine kinase 4 6.589048 34.85589 0 0 

ERBB2 17 q12 erb-b2 receptor tyrosine kinase 2 200.966 73.58466 48.30285 24.35503 

EGFR 7 p11.2 epidermal growth factor receptor 13.1781 23.23726 0 104.3787 

EGF 4 q25 epidermal growth factor 9.883572 0 0 0 

NOTCH1 9 q34.3 Notch receptor 1  23.23726 19.76714 20.87573 13.80081 

NOTCH2 1 p12 Notch receptor 2  58.09315 56.00690 90.46152 27.60162 

NOTCH3 19 p13.12 Notch receptor 3 50.34739 69.18500 0 72.45426 

NOTCH4 6 p21.32 Notch receptor 4  0 0 0 0 

Table 21: Transcript per Million (TPM) for those genes refers to the TBNC classification in CAL-148, 

CAL-51, MCF7 and MDA-MB-231. 

 
Intrinsic 

Molecular 
Subtype 

Histological 
Subtype 

IHC References 

CAL-148 
Luminal 

Her2Amp 
Ductal 

ER- 
Her2- 

PR- 
www.deepmap.org 

CAL-51 Basal  
ER- 

Her2- 
PR- 

www.deepmap.org 

MCF7 Luminal A  
ER- (ER+) 

PR+ 
(Subik et al., 2010) 

MDA-
MB-231 

Basal  
ER- 

Her2- 
PR- 

(Subik et al., 2010) 

MCF10A Basal  
ER- 

Her2- 
PR- 

(Subik et al., 2010) 

Table 22: Cell lines subdivision for intrinsic molecular subtype, histological subtype and their IHC status. 

Table 23: The results of IHC analysis for all breast cancer cell lines (Subik et al., 2010) 
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Hypothesizing a mis-classification of CAL148, CAL-148, CAL-51, MCF10A were tested 

with ErbB2 (HER-2) Monoclonal Antibody (CB11)(Cat. No. MA1-35720, ThermoFisher) in 

IHC assay. The test was performed in collaboration with  professor Lidia Puzzo and the 

medical doctor Vecchio Giada from the Department of Medical and Surgical Sciences and 

Advanced Technologies, G.F. Ingrassia, Azienda Ospedaliero-Universitaria "Policlinico 

Vittorio Emanuele", Anatomic Pathology, School of Medicine, University of Catania, Italy. 

The MCF10A were kindly provided by Professor Luca Lanzanó and his collaborator Dr. 

Morgana D ́Amico. 

Figure 53 Representative staining results from IHC for HER2 (original magnification 200X). A-B) CAL-

148 in brown the positivity to HER2 antibody C) CAL-51 weakly positive to HER2 antibody D) MCF10A 

negatively to HER2 antibody 

CAL-148 are positive to HER2 staining (Figure 53 A -B) and CAL-51 are weakly positive to 

HER2staining (Figure 53 C). This result is in contraposition with the literature. (see table 

22). MCF10A are negative to HER2 staining (Figure 53 D).   
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4.1.18 Cell viability and Gamma secretase inhibitors  

In this thesis the effect of γ-secretase inhibitors (GSI), DAPT and PF3084014 (also known as 

Nirogacestat – commercial name) on CAL148, CAL51 and MCF10A were evaluated. The γ-

secretase complex is formed by our gene targets APH1A, NCSTN, PSEN2; one of their main 

targets is the Notch signalling. In 1,16 chromogroups and more precisely in group A, which is 

characterized by the aberration der(1;16), the 1q-gain leads to an over expression of the γ-

secretase complex components (APH1A, NCSTN and PSEN2) as demonstrated in the 

previous analysis in Figure 23, Table 20 and Figure 51. The over-expression these genes, 

lead to a hyper-activation of the Notch pathway. The notch signalling is well known to be 

altered in breast cancer. For the first time the notch alteration is linked to a precise 

chromosomal aberration and for this reason we have tested the GSI on the cell model, 

CAL148 bearing the der1;16. We have tested GSI also in the controls cells (CAL51 and 

MCF10A). The GSI are tested by considering 4 drugs concentrations (for both compounds) of 

0.1 μM, 1μM, 10μM, 50μM corresponding to the logarithm of molar concentrations of -7 

(0.1μM), -6 (1μM), -5(10μM) and -4.30(50μM). The control group corresponds to the 

logarithm of molar concentrations of -10 (log of zero is undefined, the first X value to identify 

the untreated groups is -10 in logarithms notation). The efficacy of the treatment was 

evaluated with cell vitality assay kit. The absorbance was read by PlateReader AF2200. 

Wavelength of 600nm. The control group is not explicitly indicated because it was used as 

normalization group to calculate, for each value, the percentage of inhibition respect to 

control.  

The figure 54 is a summary of the conducted experiments on CAL148 treated or not treated 

with EGF at three time-points (24h, 48h, 72h), 4000 Cells/well, CAL51 and MCF10A (only 

EGF treated at 24h, 48h, 72h). In MCF10A the option without EGF was excluded because the 

cells are not able to survive without it, while in CAL51 EGF treatment does not give any 

advantage, but we choose to treat them however in order to uniform experiments and reducing 

the error variables. A non-linear regression (fit curve) was applied. A dose-response-

inhibition curve was produced comparing log(inhibitor) vs. response (three parameters 

model). 

The dose-response curve was also used to determine the half maximal inhibitory 

concentration (IC50) of the drug. For definition IC50 measures the potency of a substance in 

inhibiting a specific target or, in this case, the cell vitality. In table 24, IC50 for DAPT and 

PF3084014 for each cell types and timepoints were calculated. 
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Figure 54: A dose-response-inhibition curves. The X values are the logarithms of molar concentration. 

The Y values are responses (in replicate) in two experimental conditions CAL 148 - CAL51 - MCF10A- 

(24h - 48h - 72h) - EGF+-DAPT AND NIROGACESTAT 

  24h 48h 72h 
 DAPT PF-3084014 DAPT PF-3084014 DAPT PF-3084014 

CAL-148 EGF- (LogIC50) -3.937 -4.991 -2.636 -4.957 -4.09 -5.369 

IC50 [Agonist], μM 115.7 10.21 2313 11.05 81.28 4.278 
95% CI LogIC50  (-4.617 to ??) (-5.555 to -4.198) (-3.853 to ??) (-5.533 to -4.225) (-4.409 to -3.710) (-5.709 to -5.033) 

95% CI IC50 (μM) 24.14 to ??? 2.79 to 63.34 140.40 to ??? 2.93 to 59,52 38.95 to 195.10 1.96 to 9.26 

Goodness of Fit -R-squared -0.2089 0.6874 -0.02127 0.8451 0.2159 0.8409 

CAL-148 EGF+ (LogIC50) -3.117 -4.964 ~ 54605 -4.913 -3.465 -5.181 

IC50 [Agonist], μM 763 10.86 ~ 12.21 342.9 6.584 
95% CI LogIC50  (-3.760 to ??) (-5.379 to -4.525) (Very wide) ??? (-3.987 to ???) (-5.630 to -4.732) 

95% CI IC50 (μM) 174 to ??? 4.18 to 29.82 (Very wide) ??? 103.0 to ??? 2.34 to 18.54 

Goodness of Fit -R-squared 0.01872 0.81 -0.02305 0.8384 0.01846 0.8554 

CAL51 EGF+ (LogIC50) -3.054 -4.374 ~ -0.7868 ~ -1.268 ~ -1.763 ~ -2.402 

IC50 [Agonist], μM 882.4 42.28 163400 53960 17250 3965 
95% CI LogIC50  (-6.380 to ??) ??? (Very wide) (Very wide) (Very wide) (Very wide) 

95% CI IC50 (μM) 0.42 to ??? ??? (Very wide) (Very wide) (Very wide) (Very wide) 

Goodness of Fit -R-squared -0.016 0.03914 0.07699 0.8164 0.05042 0.8481 

MCF10A EGF+ (LogIC50) 

Not Performed 

-5.061 -3.923 ~ -0.9865 ~ -1.183 

IC50 [Agonist], μM 8.683 119.3 103200 65560 
95% CI LogIC50  (-6.532 to ??) (-4.539 to ??) (Very wide) (Very wide) 

95% CI IC50 (μM) 0.29 to ??? 28.91 to ??? (Very wide) (Very wide) 

Goodness of Fit -R-squared 0.4489 0.1387 0.4088 0.8537 
Table 24: Half maximal inhibitory concentration (IC50) in logarithms notation and in red the μM IC50 

concentration. The 95% confidence interval and the Goodness of Fit -R-squared. 
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By analysing the obtained results (Figure 54 and Table 24) the main result concerns the 

effect of PF3084014 on CAL148 EGF-treated (EGF+) and CAL148 EGF-untreated (EGF-). 

The DAPT effect is completely absent or active at high concentration, and the curves show a 

flat trend in the graphs. Ran et al have demonstrated the different pharmacologic effect of 

GSIs showing that DAPT is the less active on NOTCH receptors in comparison to PF3084014 

and other GSIs (Ran et al., 2017). For these reasons DAPT can be considered as a poorly-

active control drug in any performed experiments. In particular, we observe a drastic cell 

viability decline, already at 24h and 10μM (-4 Log[μM]), in CAL148 treated with 

PF3084014. There is a slightly IC50 increasing concentration in CAL148 EGF+ (4.278 μM at 

24h; 11.05μM at 48h, 6.584 at 72h) in comparison to CAL148 EGF- (10.21μM at 24h; 

12.21μM at 48h; 4.278μM at 72h). In CAL51, PF3084014 is slightly active at 42 μM (at 24h), 

while is inactive at 48h and 72h. In MCF10A potencies of DAPT and PF3084014 are 

ambiguous at 48h and inactive at 72h. These experiments give us an indication of the 

inhibiting effect of GSIs on our cell lines and especially on CAL148.  
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4.1.19 PSEN2 siRNA interfering treatment  

In order to further analyse the role of the gamma secretase complex in breast cancer, a siRNA 

interfering treatment protocol has been set up.  The silencing was performed on MCF10A 

(non-cancerous cell) by using the siRNA PSEN2 (Cat.No. 1027416, 1nmol siRNA, FlexiTube 

Gene Solution, Qiagen). In Figure 55A the transfection was conducted at 48h and 72h, at 

three siRNA concentration (10nM, 20nM, 40nM). The un-treated cells group (CTRL 

MCF10A) and the non-targeted siRNAs group were evaluated. In Figure 55B the transfection 

was repeated at 42 and 72h on CAL148 by using siRNA PSEN2 at 40nM. 

The siRNA efficacy was evaluated in qPCR and the obtained results are then converted by the 

2^(-∆∆Ct) method by normalizing the unit to the housekeeping gene (ACTB). The figure 

55A-B show the results.  

In Figure 55A The MCF10A was successfully transfected. At 48h there is a gene reduction at 

20nM in treated group (blue histograms) in comparison to non-targeted siRNAs group (red 

histograms). At 72h the effect at 20nM concentration disappeared, maybe due to the high cell 

growth rate of MCF10A, while we observed a high reduction of treated groups in comparison 

to the non-targeted siRNAs group. However, both treated groups and un-treated groups show 

lower values in comparison to MCF10A CTRL.  

In Figure 55B, we tested the transfection on CAL148 at 48h and 72h considering a siRNA 

concentration of 40nM (the most effective concentration in MCF10A). The data were 

normalized against the non-targeted siRNAs values (non-targeted siRNAs value is used as 

calibrator in the 2^(-∆∆Ct) method) The mRNA expression is reduced of around 26 % at 48h 

and 54% at 72h.  

Data in Figure 55 C-G concern results of siRNA interference coming from several 

experiments and evaluated with MTT cell viability assays. Data were normalized by 

removing the background and then the values were expressed as percentage of the non-

targeted siRNA group. The statistical significance was evaluated with un-paired t-test.   

In Figure 55 C-D the siRNA efficacy was tested on CAL148 by considering six biological 

replicates. Results concern treatments with siRNAs of APH1A, NCSTN and PSEN2 at 40nM 

in comparison with non-targeted siRNAs cell group (Figure 55C). siRNAs were also tested in 

combination (APH1A 40nM + PSEN2 40nM) and (NCSTN 40nM + PSEN2 40nM) (Figure 

55D).  
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 Figure 55: A) qPCR evaluation on MCF10A at 4000 Cells/well concentration and treated with PSEN2 

siRNAs at three siRNA concentration (10nM, 20nM, 40nM). Two Time points (48h, 72h) were considered 

-26%     -54% 

siRNA interference evaluated by qPCR in MCF10A and CAL148 

siRNA interference evaluated by MTT cell viabilitity assays in MCF10A and CAL148 
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B) qPCR evaluation on CAL148, siRNA PSEN2 at 40nM concentration. Two time points (48h -72h) C-D)  

MTT cell viability assay to evaluate siRNA interfering (singles siRNAs and Combo PSEN2 + APH1A and 

PSEN2 + NCSTN) on CAL148 (6 replicates) E) MTT cell viability assay to evaluate siRNA interfering 

(Combo PSEN2 + APH1A) on CAL148  by considering 36 replicates F-G) single siRNAs interference on 

CAL148 (F-H)  and on MCF10A (G) by considering 12-52 replicates.  

In Figure 55 C-D the combination of two siRNAs (APH1A and PSEN2) shows a reduction of 

12.06 % in cell viability in comparison to the non-targeted siRNA group at 80nM (Figure 

55D) while single siRNA NCSTN silencing (Figure 55 C) shows only a reduction of 7.240 % 

but both results are not statistically significant. These preliminary results are due to an 

exiguous number of biological replicates. In order to re-test the obtained results and made 

them reproducible, we re-test the siRNA Combo of PSEN2 + APH1A in comparison to non-

targeted siRNA group. The number of biological replicates was drastically improved at thirty-

six. The biological significance was tested with un-paired t-test (Figure 55 E). The siRNAs 

Combo PSEN2 + APH1A produce a reduction of 11.87 % cell viability in CAL148. This 

result is confirmed by no significant reduction (-2.82% cell viability) in MCF10A (control 

cell line) (Figure 55F). Regarding the transfection of CAL148 with single siRNAs (APH1A, 

NCSTN, PSEN2), results in Figure 55G indicate that single siRNAs treatments do no reduce 

cell viability in CAL158. On the contrary, we observed an increase oef cell viability in those 

groups of CAL148 treated with single siRNAs APH1A (+7.61% of cell viability in 

comparison to the non-targeted siRNAs cell group) (Figure 55G).  

The most important results are indicated in Figure 55H. In CAL148, siRNAs transfection 

performed in combo produces a significant reduction of cell viability. In particular, siRNAs 

combo PSEN2 + NCSTN treatment reduces of -9.52% cell viability while siRNAs combo 

PSEN2 + APH1A treatment of -15.59% (Figure 55H).  

These pilot experiments were a first approach to the siRNA interfering. The future efforts 

should be directed to the improvement of the transfection procedure in our cell model 

CAL148 and CAL51 as well as in MCF7 and MDA-MB-231. The parameters to adjust 

involve, certainly, the synchronous use of all three siRNAs of the gamma secretase complex 

(APH1A, PSEN2 and NCSTN) only or in combination of another siRNA target (such as 

BCL9). The experiments were performed with the precious support of my phD colleagues 

Chiara Scuderi and Virginia di Bella from the Department of Biomedical and 

Biotechnological Sciences, Section of Medical Biochemistry, University of Catania, Italy. 
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4.1.20 Pathways model: Wnt enhanceosome and beta-catenin formation 

Among 1,16-chromogroups substantial differences in terms of other chromosomal 

aberrations, aneuploidy scores, transcriptomic data, and single-point mutation profiles were 

identified. Such information, integrated with a comparative pathway analysis among different 

1,16-chromogroups, suggest novel functional links among transcriptionally dysregulated 

genes in 1q and 16q in invasive ductal and lobular breast carcinomas.  

In Figure 56, a pathways model concerning the Wnt enhanceosome and the beta-catenin 

formation is proposed to explain one of possible cooperation mechanisms between 

chromosome1q-gain and 16q-loss. As indicated in the legend in figure 56, the blue colour 

elements identified the transcripts derived from chromosome 1, while in yellow the transcripts 

derived from chromosome 16. 

Figure 56: Pathways design about the proposed cooperation mechanism  

Among the genes located on chromosome 16q, the CDH1 gene, encoding for the cell 

adhesion glycoprotein E-cadherin, has been repeatedly implicated as an important player in 

mediating the effect of 16q-loss in breast cancer. Indeed, CDH1-inactivating mutations have 

been found in 15–56% of invasive lobular breast carcinomas, and the majority of such 

mutations are associated with 16q-loss, thus generating the typical biallelic inactivation of 

tumour suppressor genes (Berx et al., 1996; Ciriello et al., 2015; Desmedt et al., 2016; 

Droufakou et al., 2001; Huiping et al., 1999). On the contrary, invasive ductal breast 

carcinomas rarely harbor CDH1-inactivating mutations (Berx et al., 1996; Huiping et al., 

1999). However, both histological subtypes have shown a frequent 16q-loss, independently by 

the presence of inactivating point mutations of CDH1, and the invasive lobular carcinomas 
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have shown a reduced expression of CDH1 at both the mRNA and protein level (Alsaleem et 

al., 2019; Berx et al., 1996; Ciriello et al., 2015; Gamallo et al., 1996; Michaut et al., 2016).. 

It is well-known that E-cadherin antigen, detected by immunohistochemistry analysis, is 

mainly expressed in ductal carcinomas and absent in lobular ones (Acs et al., 2001; Choi et 

al., 2008; Dabbs et al., 2013; Grabenstetter et al., 2020). In agreement with 

immunohistochemistry results, a previous analysis of TCGA data (Ciriello et al., 2015) 

reported that CDH1 transcript and protein levels are significantly lower in lobular carcinomas 

compared to ductal ones, confirming that CDH1 expression differentiates the two histological 

subtypes. In the present work, we reported that the CDH1 differential expression between 

ductal and lobular carcinomas was maintained in all examined 1,16 chromogroups that 

included a significant number of both histotypes (Figure 28).  

E-cadherin(CDH1) is one of the substrates of gamma-secretase (Marambaud et al., 2002). 

Gamma-secretase cleavage dissociates E-cadherin from the cytoskeleton, thus promoting the 

disassembly of the adhesion complex and increasing the cytosolic pool of beta-catenin 

(CTNNB1). As shown in the figure 56 the free beta-catenin in the cytoplasm can come up 

against three different outcomes (see green circle and arrows):  

1) re-building membrane adhesion complex: β-catenin is a component of adherents 

junctions and its function is creating a link between E-cadherin and the actin 

cytoskeleton (Clevers et al., 2014) 

2) to be eliminated by proteasomal degradation complex: the β-catenin is 

continuously phosphorylated by the degradation complex that includes the proteins 

AXIN, APC, GSK3β and CK1α, which marks the protein by directing it to 

proteasomal degradation (Larion et al 2017). 

3) to migrate into nucleus where can acts as transcriptional cofactor: the increase of 

cytosolic beta-catenin, due to adhesion complex disassembly, allows for its 

translocation to the nucleus where beta-catenin plays a crucial role in the so-called 

“Wnt enhanceosome.” Such a multiprotein complex, containing beta-catenin, BCL9, 

Pygo, and TCFs (T cell factors), activates the transcriptional program of Wnt signaling 

(Mieszczanek et al., 2019). BCL9 functions as a scaffold of the Wnt enhanceosome by 

binding to the Pygo protein and to the N-terminus of the armadillo repeat domain of β-

catenin, as well as by stabilizing the interactions of beta-catenin with TCF bound to 

cis-regulatory enhancers of Wnt-responsive genes (van Tienen et al., 2017). 

Elsarraj et al. have showed a role for BCL9 in the transition from in situ to invasive ductal 

breast carcinoma and reported that BCL9 knockdown is able to inhibit the proliferation, 
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migration, and invasion of ductal carcinoma (Elsarraj et al., 2015). Moreover, they also 

analysed TCGA gene expression data reporting that the Wnt/β-catenin pathway is 

significantly upregulated in BCL9-high cancers compared to BCL9-low breast cancers. In 

agreement with those data, our present analysis of OverUpT 1q genes and UnderT 16q genes 

pointed out the possible functional relevance of the pathway “Formation of the beta-

catenin:TCF transactivating complex.” In particular, both BCL9 and its interacting partner, 

PYGO2, are located on chr1q and are overexpressed and upregulated in 1q-gain cytogenetic 

groups. Interestingly, BCL9 belongs to a small subset of 1q genes that were also found to be 

overexpressed and upregulated in group D, a cancer group bearing 16q-loss and 1q-disomy. 

Indeed, other mechanism linking BCL9 to Wnt signaling have been described, such as the 

ability to inhibit clathrin-mediated degradation of LRP6 signalosome components (Chen et 

al., 2018). 

The hypothesis of a central role of BCL9 and Wnt signaling pathway may have distinct 

functional implications in the pathogenesis of ductal and lobular breast cancers. As previously 

discussed, the profound downregulation of E-cadherin is considered a hallmark of lobular 

cancer cells, and it has been reported that the loss E-cadherin in lobular cancers is associated 

with the destabilization of the beta-catenin protein, resulting in impaired canonical Wnt 

signaling  (Borcherding et al., 2018; De Leeuw et al., 1997; Shackleford et al., 2020). On the 

other hand, a decreased functionality of E-cadherin can be achieved in ductal carcinomas by 

an excessive gamma-secretase processing (as hypothesized above), but this kind of 

mechanism can partially preserve E-cadherin membrane expression. Several research papers 

have reported an increased nuclear beta-catenin accumulation and an increased activity of 

beta-catenin dependent transcriptional activity in breast cancer (Lin et al., 2000; Mukherjee et 

al., 2012, 2016; Mukherjee & Panda, 2020; Tentler et al., 2020; M. Wang et al., 2015; X. Xu 

et al., 2020; Y. Xu et al., 2020). However, the nuclear accumulation of beta-catenin or 

increased beta-catenin dependent transcription have only been detected in subgroups of breast 

cancers identified as triple-negative ones. Since our analysis revealed an overexpression of 

BCL9 in estrogen-receptor positive Lum A cancers, it is possible that BCL9 interacts with 

proteins other than β-catenin, and its activity may be, in part, independent of Wnt/β-catenin 

(Jiang et al., 2020). In this regard, it is interesting that BCL9 binds to proteins that transmit 

signals from estrogen receptor, thus connecting its overexpression to estrogen receptor-

dependent transcriptional activity (van Tienen et al., 2017). Moreover, in the case of invasive 

lobular carcinoma, it has been reported that a member of the Wnt protein family, WNT4, is 

transcriptionally induced by estrogen receptors and drives non-canonical Wnt signaling in 
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lobular cancer cells (Shackleford et al., 2020). Therefore, although pathway analysis 

connected BCL9 and PYGO2 protein to the “beta-catenin:TCF transactivating complex,” it is 

possible that those proteins play a special role in beta-catenin-independent signaling pathway 

both in ductal and lobular carcinomas. 

The WWOX gene is located at 16q23.1–23.2, in a region containing the common fragile sites 

FRA16D, and its deletions have been observed in a large number of breast cancer cases 

(Pospiech et al., 2018). In epithelial cells, WWOX, a WW-domain containing protein, 

modulates gene transcription through interaction with p73, AP-2gamma, and ERBB4 proteins 

(Pospiech et al., 2018; Schuchardt et al., 2013). Pathway analysis by the Reactome database 

pointed out the significant involvement of the WWOX gene, only in subgroup D2, in the 

pathway “Nuclear Signaling by ERBB4.” Such a pathway can be considered another example 

of the interaction between the 16q gene WWOX and the gamma-secretase complex subunits 

encoded on chr1q, since WWOX binds to a cytosolic fragment of the membrane receptor 

ERBB4, which is generated by the gamma secretase complex, and prevents its translocation 

to the nucleus (Aqeilan et al., 2005). Moreover, WWOX has been reported as an inhibitor of 

the Wnt pathways (Bouteille et al., 2009) by its interactions with the three members of the 

Dishevelled (Dvl) family. Therefore, the decreased expression of WWOX in 16q-loss cancers 

can contribute to the hyper-activation of Wnt pathways. 

The use of curated knowledge-bases, such as Reactome, allows one to explore gene 

interactions with a certain degree of confidence in the experimental validation of functional 

pathways. However, the identification of novel interactions or the dissection of complex 

interactions can be difficult to attain by this methodology. Several interactions reported in the 

scientific literature are not necessarily revealed by this type of analysis. A first example is 

represented by the deubiquitinating enzyme CYLD, the familial cylindromatosis tumour 

suppressor gene, that acts as a negative regulator of proximal events in Wnt signaling at the 

level of the Dvl proteins, thus potentially having a role in both beta-catenin-dependent and -

independent Wnt pathways (Tauriello et al., 2010). Indeed, CYLD is located in chromosome 

16q and its expression is reduced in 16q-loss cancer groups (A, B1, and D), thus suggesting 

that its decreased function could cooperate in the hyperactivation of conventional or non-

conventional Wnt pathways.  
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4.1.21 Notch signalling and gamma secretase complex 

NOTCH signalling is a cell-to-cell communication system composed by transmembrane 

Notch receptors (Notch1–4) and transmembrane ligands (Delta/Jagged). After ligand binding, 

Notch receptors undergo conformational changes that expose a proteolytic site in the 

extracellular region. The involvement of Notch signalling system in breast cancer has been 

repeatedly suggested in the literature (Mollen et al., 2018). After cleavage, the remaining 

membrane fragment is cleaved at an intramembrane (inner leaflet) site by the gamma 

secretase complex, thus generating a soluble Notch-intracellular domain (NICD) that is able 

to translocate to the nucleus activating a specific transcriptional program. Some subunits of 

the gamma-secretase complex were found to be encoded by genes located on 1q (APH1A, 

PSEN2, and NCSTN) and were overexpressed and upregulated in cytogenetic groups A, B, 

and C (1q-gain bearing groups). Indeed, it has been previously shown that NCSTN (nicastrin) 

is overexpressed in breast cancer, and its genetic depletion is sufficient to inhibit tumour 

growth in vitro and in vivo (Filipović et al., 2011). The increased NCSTN copy-number, due 

to 1q-gain, can enhance other transcriptional and post-transcriptional mechanisms, thus 

leading to hyper-activation of gamma-secretase and NOTCH signaling in breast cancer (Villa 

et al., 2014).  

The results of pathway analysis revealed an interesting functional link between gamma 

secretase genes, located on 1q, and genes located on 16q. WWP2 is a 16q gene that encodes 

an E3 ubiquitin-protein ligase acting on Notch3-NICD and targeting it to an 

endosomal/lysosomal degradation fate (Jung et al., 2014). Indeed, the decreased WWP2 

expression, associated with 16q-loss, can contribute to the pathological hyperactivation of 

Notch3-dependent gene expression. A role of Notch3 hyperactivation has been also shown in 

experimental models of breast ductal cancerogenesis (Hu et al., 2006; Ling et al., 2013; 

Pradeep et al., 2012).  

Another example is provided by the CBFB gene (Core-Binding Factor Subunit Beta), the beta 

subunit of a heterodimeric core-binding transcription factor that has been reported as 

frequently mutated in breast cancer (Banerji et al., 2012); it is located in chromosome 16q and 

shows a decreased expression in 16q-loss chromogroups (Figure 23B) and a high frequency 

of point mutations in group A and B1. Indeed, a role for CBFB in the suppression of breast 

cancer has recently emerged, and it has been reported that nuclear CBFB/RUNX1 complex 

represses the oncogenic NOTCH signaling pathway in breast cancer (Malik et al., 2019). 

Moreover, an efficient function of the CBFB/RUNX1 complex is necessary for the 

maintenance of the normal mammary epithelial phenotype (Rose et al., 2020). In particular, 
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the CBFB/RUNX1 complex represses NOTCH3 (Malik et al., 2019), and this observation 

establishes another interesting link among the underexpression of a 16q gene (CBFB)—the 

overexpression of 1q-located gamma-secretase component and the pathway “NOTCH3 

Activation and Transmission of Signal to the Nucleus,” as described in previous paragraphs. 
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4.2 COLON- ADENOCARCINOMA (COAD) 

 

In the present work of thesis, we extend and improved method of previous work (D. F. 

Condorelli et al., 2018) and the model of approach (as previously discussed in par. 1.4 

Experimental design to investigate aneuploidies). The data analysis was performed on colon 

cancer samples provided by The Cancer Genome Atlas (TCGA) consortium, showing that the 

chromosomal density of cancer up-regulated genes in selected aberrant chromosomes is 

correlated to the frequencies of broad copy number gains (BCNGs) in the same chromosomes. 

Moreover, we analyse the effects on protein-coding and non-coding transcripts as well as 

evaluate the possible correlation between aberrant gene enhancer hyperactivity and BCNG-

associated transcriptional effects. Finally, we took advantage of the availability of studies by 

high-resolution CRISPR screens that have defined a cancer fitness gene as any gene whose 

knockdown decreases cell growth and proliferation in cancer cell lines (Hart et al., 2015), and 

sought to establish the relationship between cancer fitness properties and BCNG 

transcriptional dysregulation.  

 

4.2.1 Chromosomal Distribution of Arm-Level Copy Number Abnormalities  

Among Copy Number Abnormalities (CNAs), we selected arm-level CNAs defined as 

somatic chromosomal aberrations that involve more than 50% of a chromosomal arm (p or q). 

In Figure 57A we report the chromosomal distribution of arm-level gains and losses in the 

examined population of 433 colon adenocarcinoma (COAD) samples (data obtained by 

Affiymetrix SNP 6.0 array and downloaded from GDC Data Portal, NIH, National Cancer 

Institute, https://portal.gdc.cancer.gov/). 

In agreement with previous data in colorectal cancer (Barresi et al., 2017) a high frequency 

(>20% of the analysed samples) of arm-level gains can be observed in chromosomes 20p/q, 

13, 7p/q, 8q, and a high frequency of arm-level losses in 18p/q, 8p, 17p, 14, 15, 4p/q, 21, 22, 

1p (Figure 57A). 

In several cases p-arm loss of a chromosome, such as chromosome 8 or 20, was associated 

with a q-arm gain of the same chromosome. This kind of alteration is remindful of a type of 

cytogenetic abnormality, called “isochromosome”, which is characterized from the loss of a 

chromosomal arm accompanied by the duplication of the remaining one, and is abbreviated as 

i(chromosome number and duplicated arm). Indeed, isochromosomes have frequently been 

cytogenetically detected in human cancer (Barbouti et al., 2004). Although data on copy 

number changes do not formally prove the presence of an isochromosome, in the present 

https://www.mdpi.com/1422-0067/20/18/4652/htm#fig_body_display_ijms-20-04652-f001
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paper we indicate as “isochromosome” any simultaneous loss of a chromosome arm 

associated with the gain of the remaining one. According to such an understanding, we 

calculate that i(8q) is present in 24.2% of COAD samples, i(20q) in 13.4%, i(17q) in 8.7%, 

i(1q) in 6.7%, i(5p) in 4.6%. 

Figure 57. Results are expressed as the percentage of tumour samples bearing arm-level gains or losses in 

the p or q arm in all colon adenocarcinoma (COAD) samples (A), in Chromosomal INstability colon 

adenocarcinoma (CIN COAD) samples (B) or MicroSatellite Instability (MSI) COAD samples (C). 

Moreover, we separately analysed 223 samples showing Chromosomal INstability (CIN) and 

60 samples showing MicroSatellite Instability (MSI), using the clinical information provided 

by cBioPortal (www.cbioportal.org) (Cerami et al., 2012; Gao et al., 2013)] according to the 

definitions offered by Liu et al.(Y. Liu et al., 2018). Results on CIN samples (Figure 57B) are 

similar to those observed in the entire group of COAD samples with an obvious increase of 

the frequencies due to the higher number of arm-level CNAs per sample. Quantitative and 

qualitative differences can be observed in MSI samples (Figure 57C) in comparison to CIN 

ones.  

 

 

 

 

http://www.cbioportal.org/
https://www.mdpi.com/1422-0067/20/18/4652/htm#fig_body_display_ijms-20-04652-f001
https://www.mdpi.com/1422-0067/20/18/4652/htm#fig_body_display_ijms-20-04652-f001
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The decreased frequency of arm-level CNAs is in agreement with the well-known observation 

that the majority of MSI colorectal samples show a nearly normal karyotype (Barresi et al., 

2017). Indeed, in the present study, 26 MSI tumours out of 60 (43.33%) do not bear any broad 

CNAs, and are considered as normal karyotype tumours. Moreover, other 15 MSI samples 

bear less than or equal to two arm-level CNAs, and are considered as a near-normal 

karyotype. In total, 68% of MSI tumours show a normal or a near-normal karyotype. In 

contrast, only 2% of the 223 CIN tumours show less than or equal to two broad CNAs. In 

MSI samples, arm-level gains in 8p/q are the most frequent chromosomal CNAs, while 18q 

losses, one of the most frequent aberrations in CIN COAD samples, are almost absent.  
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4.2.2 Differential Expression Analysis of RNA-Seq Data in TCGA COAD 

Samples 

Analysis of differential expression of transcript levels between all COAD samples and 41 

normal colon tissues was performed by edgeR package (McCarthy et al., 2012; Robinson et 

al., 2010) and expressed as Fold-Change (FC) in the comparison tumour vs. normal. We 

denominated Variable Transcripts (VT) those transcripts showing statistically significant 

changes, at a False Discovery Rate (FDR) adjusted p-value < 0.05. We called positive 

transcripts (PositiveT) and negative transcripts (NegativeT) those VT having FC > 1 or FC < 

1, respectively. The chromosomal distribution of the up-regulated transcripts (PositiveT) and 

downregulated transcripts (NegativeT) are reported in Figure 58 (top panels), using the so-

called Normalized Chromosomal Distribution Index (NCDI), as previously defined in 

Condorelli et al. (Condorelli et al., 2018).  

Figure 58. Percentage chromosomal distribution, expressed as NCDI (Normalized Chromosomal 

Distribution Index—see formula in Materials and Methods), of chromosomal density (number of specific 

transcripts divided by the total number of transcripts in that chromosome or chromosomal arm) of 

Variable Transcripts (VT), PositiveT and NegativeT. Values obtained for all transcripts (All T) located in 

a chromosome or chromosomal arm are also reported for comparison. Results obtained in COAD, CIN 

COAD and MSI COAD samples are shown in the left panels. Correlation plots of the NCDI values of 

PositiveT and NegativeT with the frequencies of arm-level gains and losses in each sample group are 

reported in the right panels. The Pearson’s r index is reported in each correlation plot. 

Interestingly, chromosomes that bear frequently arm-level gains (BCNGs), such as Chr20, 8q, 

7, and 13 show high NCDI values of PositiveT, reflecting a relatively high chromosomal 

density of up-regulated transcripts (number of up-regulated transcripts divided by the total 

number of transcripts in that chromosomal region). On the other hand, chromosomes showing 

a high frequency of arm-level losses show high NCDI values of NegativeT, indicating a 

relatively high chromosomal density of downregulated transcripts. This is confirmed by a 

high Pearson’s r correlation index between the NCDI values of PositiveT and the percentage 

of arm-level gains, or between NCDI values of NegativeT and the percentage of arm-level 



129 
 

losses (Figure 58 top panels). However, it should be noted that 19p has a relatively high 

NCDI value of PositiveT, although bearing one of the lowest percentages of BCNGs (Figure 

57 and Figure 58).  

Similar results have been obtained analysing 223 CIN COAD samples (Figure 58 middle 

panels). On the basis of these results, it is not possible to establish if the high chromosomal 

density of up-regulated transcripts is a simple consequence of the high frequencies of BCNGs 

in the selected chromosomes, or also whether or not it is an intrinsic property of the selected 

chromosomes in cancer, even when they are not copy-number aberrant. On the contrary, no 

significant correlation of PositiveT or NegativeT with arm-level chromosomal aberrations is 

observed by analysing 60 MSI samples, in accordance with the fact that those tumours show 

an almost normal karyotype (Figure 58 bottom panels). 

 

4.2.3. Chromosomal Distribution of Arm-Level CNAs in “Selected COAD” 

Groups 

We organized COAD samples in groups, called “Selected COAD” groups, bearing a specific 

BCNG. Each “Selected COAD group” was compared with a corresponding “Control COAD” 

group composed of tumours lacking any arm-level CNAs on the chosen chromosome. Among 

all 433 COAD samples we selected groups characterized by the following BCNGs: whole (w) 

Chr20-gain, i(20q), wChr8-gain, i(8q), wChr13-gain and wChr7-gain. Similar groups were 

also organized for CIN COAD samples (n = 223). In Figure 59 the chromosomal distribution 

of arm-level gains and losses is shown for wChr8-gain and i(8q) in all tumour samples or in 

CIN samples. Since the “Chr8 Control group” (COAD samples without aberrations in Chr8, n 

= 153) contains many normal karyotype samples (such as MSI samples), the frequencies of 

chromosomal aberrations are very low (Figure 59A). On the other hand, the “Chr8 Control 

group” in CIN COAD samples (Chr8 control CIN group, n = 47, Figure 59D) shows higher 

frequencies of chromosomal aberrations with a profile similar to that observed in the wChr8-

gain CIN group (except for Chr8 aberrations) (Figure 59E). In order to provide a quantitative 

score of the “profile similarity” between “control CIN groups” and “selected CIN groups”, we 

performed a correlation analysis between the frequencies of arm-level gains and losses in each 

chromosomal arms of the two different groups (obviously excluding the value of the 

frequency of gains in the selected chromosome of each group, since these values are 0% in the 

control group and 100% in the gain group). We obtained the following Pearson’s correlation 

coefficients: wChr20-gain vs. Chr20 control r = 0.83, i(20q) vs. Chr20 control r = 0.75, 
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wChr8-gain vs. Chr8 control r = 0.92, i(8q) vs. Chr8 control r = 0.93, wChr7-gain vs. Chr7 

control r = 0.96, wChr13-gain vs. Ch13 control r = 0.96.  

Figure 59. Arm-levels gains and losses in Chr8 control COAD group (A,D) and in wChr8-gain (B,E) and 

i(8q) (C,F) selected COAD groups. Results are expressed as a percentage of tumour samples bearing arm-

level gains or losses in the p or q arm in all COAD samples (A–C) or in CIN COAD samples (D–F). 

4.2.4. Transcriptome Analysis in “Selected COAD” Groups 

For each COAD group, four different “indices” were used in order to estimate transcript level 

differences (Condorelli et al., 2018): (a) Linear fold-changes obtained comparing all COAD 

samples (Selected + Control COAD) vs. normal colonic mucosae (denominated FC1); (b) 

linear fold-changes obtained comparing COAD samples bearing a specific arm-level CNA 

(Selected COAD group) to samples not bearing it (Control COAD group) (denominated FC2); 

(c) linear fold-changes obtained comparing “Control COAD” group to normal colonic 

mucosae (denominated FC3); (d) linear fold-changes obtained comparing “Selected COAD” 

group to normal colonic mucosae (denominated FC4). The number of patients in each 

“Selected COAD” and corresponding “Control COAD” group are reported in Figure 59. 

We called OverT the VT expressing FC2 > 1.3, representing the transcripts that are 

overexpressed in the “selected COAD group” in comparison to the corresponding “control 

COAD group”. Finally, we called PositiveT those VT having FC3 > 1 and FC4 > 1, and 

NegativeT those VT expressing FC3 < 1 and FC4 < 1. In other words, PositiveT and 

NegativeT are transcripts that are up-regulated or downregulated, respectively, in both the 

“selected COAD group” and the “control COAD group”, in comparison to normal colon 

tissue.  

However, in the results shown in Figure 60A, PositiveT have been further subdivided in two 

categories: PositiveT-FC3 and PositiveT-FC4. PositiveT-FC3 represent transcripts up-
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regulated in the “control COAD group” in comparison to normal colon tissue (T having FC3 

> 1 and FDR < 0.05 in the comparison “Control COADs” vs. normal colonic mucosae), while 

PositiveT-FC4 are transcripts up-regulated in “selected COAD group” (T having FC4 > 1 and 

FDR < 0.05 in the comparison “Selected COADs” vs. normal colonic mucosae). We 

calculated the percentage distribution of PositiveT-FC3 and PositiveT-FC4, expressed as 

NCDI values, for each chromosome arm or acrocentric chromosome. 

 

Figure 60. Percentage chromosomal distribution (expressed as NCDI) of different transcript classes in 

Chr20 control and wChr20-gain CIN-positive colon cancer groups: (A) All transcripts (All T), PositiveT-

FC3, and PositiveT-FC4); (B) All T and OverT-FC2.  

Interestingly, the NCDI of PositiveT-FC4 is significantly higher than corresponding values of 

PositiveT-FC3 in all analysed selected chromosomes (i.e., Chr20 in 60A and Chr20q, Chr8, 

Chr8q, 13 and 7 in other selected COAD groups as reported in Supplementary Figure S2). 

Moreover, the NCDI values of PositiveT-FC3 in selected chromosomes are not significantly 

different from the NCDI of the entire repertoire of transcripts, with the exception of a slight 

increase in Chr20q (Figure 60A). These data suggest that the relatively high density of up-

regulated genes in selected chromosomes (Chr20, 8, 13 and 7) is mainly the consequence of 

the presence of BCNGs. Moreover, it should be noted that some chromosomes, such as Chr19 

and Chr16, have a relatively high NCDI value, but do not show a high frequency of BCNGs. 

Therefore, a high density of cancer upregulated genes in disomic chromosomes cannot be 

considered one of the major predisposing factors for the development of the gain aberrations 

of those chromosomes during cancer progression.  

The number of transcripts bearing FC values higher than a predetermined threshold (FC2 > 

1.3, FC3 > 1, FC4 > 1) are reported in the Venn diagrams in Figure 61 (wChr8-gain group). 

The transcripts contained in the region of overlapping of the three circles of the Venn diagram 
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(corresponding to transcripts with FC2 > 1.3, FC3 > 1 and FC4 > 1) are called “Over-

PositiveT”, because these transcripts are overexpressed when comparing the “wChr8-gain 

group”, with its corresponding “Chr8 Control group” (FC2 > 1.3), and show positive values 

of FC3 and FC4 (Figure 61). A high percentage of Over-PositiveT, as shown by the NCDI 

value, is localized in the gained chromosome characterizing the selected group (bottom of 

Figure 61, showing NCDI values for each of the chromosomal arms and acrocentric 

chromosome). Moreover, the NCDI value is lower for Over-NegativeT, defined as 

overexpressed transcripts with FC2 > 1.3, but showing FC3 < 1 and FC4 < 1 (Figure 61, and 

Figure 62 for CIN COAD). The results of the hypergeometric test confirm an enrichment of 

OverT among PositiveT and/or their depletion among NegativeT (Table 21). 

Table 21. Fold-enrichment of OverT among different classes of transcripts evaluated by hypergeometric 

test 
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Figure 61. (Top) Venn Diagrams showing the number of transcripts expressing levels higher or lower than 

an established fold-change value. (Bottom) Normalized Chromosomal Distribution Index (NCDI) of Over-

PositiveT (transcripts with FC2 > 1.3, FC3 > 1, FC4 > 1) or Over-NegativeT (transcripts with FC2 > 1.3, 

FC3 < 1, FC4 < 1) in all chromosomal arms and acrocentric chromosomes. Results have been obtained by 

analysing the Chr8 control COAD group, wChr8-gain COAD group and normal colonic mucosae.  

These data suggest a differential susceptibility of PositiveT and NegativeT to gene dosage 

effects. Bearing in mind that positive transcripts are up-regulated transcripts in comparison to 

normal tissue, and that negative ones are down-regulated transcripts, this phenomenon has 

been denominated the “positive caricature effect”, based on the definition of “caricature” as 

an exaggeration of tumour’s up-regulated gene expression features (Condorelli et al., 2018). 

Of course, this is just a statistical observation, suggesting that the probability of gene-dosage 
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effects in down-regulated genes is lower than in up-regulated ones. Each selected COAD 

group’s three main transcript types were evaluated according to the annotation of 

GRCh38.p12 provided by the Ensembl BioMart tool (www.ensembl.org/biomart/): “Protein-

coding”, “Non-Coding” and “lincRNA” (Long intergenic non-coding RNA). In the non-

coding group, the TEC (To be Experimentally Confirmed) and NA (Not Assessed) entries 

were excluded. As shown in Figure 62, all three transcript types show an increase of the 

NCDI values of OverT and Over-PositiveT in the chromosome characterizing the “selected 

COAD group”, although the effect is more evident when analysing protein-coding transcripts. 

Moreover, Over-PositiveT NCDI values are significantly higher than Over-NegativeT ones in 

all transcript types. 

 

Figure 62. NCDI of different transcript classes (VT, OverT, Over-PositiveT, Over-NegativeT) in selected 

chromosomal arms or acrocentric chromosomes in different groups of CIN COAD samples. Calculation of 

NCDI values are reported for all transcript types or, separately, for “Protein-coding”, “Non-Coding” and 

“lincRNA”. 

In order to show that the difference between Over-PositiveT and Over-NegativeT is not 

simply dependent on the transcript level, transcripts were subdivided into different sets or bins 

according to their TPM (Transcripts Per Million) values, and NCDI values in Chr8q were 

calculated for each bin in the wChr8-gain COAD group (Figure 63). Although an increase of 

NCDI can be observed at higher TPM values, the NCDI value of Over-NegativeT is lower 

http://www.ensembl.org/biomart/
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than that of overexpressed transcripts (OverT; FC2 > 1.3) or Over-PositiveT at all examined 

TPM bins.  

Figure 63. Transcripts are subdivided into different bins according to TPM values as indicated in the x-

axis. The NCDI value in Chr8q is reported in the y-axis. Data obtained in the wChr8-gain CIN COAD 

group are reported.  

 

4.2.5. Recurrent Gained Variant Enhancer Loci 

Colon carcinogenesis is accompanied by locus-specific gains and losses of enhancer activity, 

called “Variant Enhancer Loci” (VELs) (Akhtar-Zaidi et al., 2012; Cohen et al., 2017). Cohen 

et al. have performed high-resolution H3K27ac ChIP-seq profiles in seven specimens of 

normal colonic epithelial crypts and 35 colorectal cancer samples(Cohen et al., 2017). DNA 

sites in which the H3K27ac mark was more enriched in colorectal samples than in the normal 

crypts were termed “gained VELs”. Moreover, Cohen et al. have assigned VELs to their 

putative target genes and corresponding transcripts, by an experimentally validated 

computational method that predicts enhancer-gene interactions(Cohen et al., 2017). Gained 

VELs that are present in 10 or more colorectal cancer samples were deemed as significantly 

recurrent, and transcripts linked to recurrent gained VELs (here denominated “gained VEL-

T”) are up-regulated in primary colorectal cancer compared to normal tissue (Cohen et al., 

2017). We report here that OverT are significantly enriched among gained VEL-T transcribed 

in selected chromosomal arms of selected COAD CIN groups (Table 25). 
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As shown in Figure 64, the NCDI value of Gained VEL-OverT is more elevated than that of 

OverT in chromosome arms 20p, 20q, 8q, 13, 7p and 7q, suggesting that epi-genomic changes 

associated with gained VEL may play a role in the susceptibility to the transcriptional dosage 

cis-effect. In several chromosomes (20p, 20q, 8q, 7p) the NCDI increases are higher than 

those observed in Over-PositiveT. 

Figure 64. NCDI values of Gained Variant Enhancer Loci-Transcripts (VEL-T), OverT, Over-PositiveT, 

and Gained VEL-OverT (A), and Fitness-T, OverT, Over-PositiveT and Fitness-OverT (B) have been 

calculated in selected chromosomes of each Selected COAD group as indicated in the x-axis. 

4.2.6. Cancer Fitness Genes 

In order to identify genes that are required for cancer cell fitness, genome-scale CRISPR-Cas9 

screens have been performed in cancer cell lines (Behan et al., 2019). In particular, Behan et 

al. have identified genes required for cell growth or viability in colon cancer cell lines, whose 

transcripts are here abbreviated as “Fitness-T” (Behan et al., 2019).  

As shown in Table 25, OverT are significantly enriched among Fitness-T transcribed in 

selected gained chromosomal arms of selected COAD CIN groups. Moreover, NCDI values 

of Fitness-OverT are significantly higher than those of OverT and Over-PositiveT in selected 

chromosomal arms of each COAD group (Figure 64). 

The Venn diagrams show the shared genes among Over-positiveT, Fitness-OverT and Gained 

VEL-T gene lists. 
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4.2.7. Recurrent Focal Amplifications 

Sack et al. have reported a list of genes included in recurrent focal amplification in colorectal 

adenocarcinomas (Sack et al., 2018). Although the focus of the present work is on arm-level 

gains or BCNGs, we wondered whether transcripts associated with focal amplifications 

(AmpT) are enriched among OverT genes identified in BCNG regions. As shown in Table 

25, a trend towards an enrichment was observed in some chromosomes (20p, 8p, 13), but 

these results, with the exception of chr13, are not significant. Interestingly, some chromosome 

arms frequently involved in BCNGs do not show recurrent focal amplifications (8q, 7p), thus 

suggesting that fundamental differences distinguish the cancer driver mechanisms of broad 

and focal chromosomal aberrations.  

 

4.2.8. Ingenuity Pathway Analysis: Over-Positive T and Fitness-OverT 

Ingenuity Pathway Analysis (IPA®) was performed using, as datasets, the lists of Over-

PositiveT or Fitness-OverT obtained for each selected COAD group and the FC2 values. Each 

list of Over-PositiveT or Fitness-OverT contained only genes localized on a selected 

chromosome or chromosomal arm. In order to exploit data deriving from wChr-gain groups 

and isochromosomes, only genes located on the q arm of Chr20 and Chr8 were analysed. The 

IPA Core analysis identified several significant Canonical Pathways linked to cancer 

processes, such as pathways involved in proliferation and cell cycle control, cancer signalling, 

DNA repair, and amino acid metabolism. Proteins involved in the control of the cell cycle, 

such as E2F1 and RBL1 in Chr20, and CCNE2 and E2F5 in Chr8, are among the main 

determinants of such results.  

In order to explore the functional interactions between genes located in different 

chromosomes, we also prepared a combined list of Over-PositiveT or FitnessT-OverT genes 

located on Chr20q, 8q, 13 and 7. Results of IPA core analysis (Figure 65) revealed 39 and 44 

significant canonical pathways for Over-positiveT and Fitness-OverT, respectively. Twenty-

two canonical pathways are shared between the two transcript classes (in red letters in Figure 

65). 
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Figure 65. (A) The p-values of Canonical pathways significantly associated with Over-PositiveT (left) or 

Fitness- OverT (right) genes located in 20q, 8q, 13, 7. The vertical black line indicates a p-value equal to 

0.05. Canonical pathways shared between Over-PositiveT and Fitness-OverT are written in red letters. (B) 

Expression level of some significantly up-regulated EIF2 and EIF3 genes in COAD samples. (C) 

Expression level of some significantly up-regulated CPSF and CSTF genes in COAD samples. In B and C, 

the expression level is expressed as linear fold-change in the comparison tumour vs. normal. Only genes 

significantly up-regulated (linear fold change >1.5 and False Discovery Rate (FDR) p-value < 0.05 in all 

COAD samples) are reported. Average values of 433 COAD samples, 223 CIN Coad and 60 MSI COAD 

are shown.  

EIF2 signalling is one of the most significant pathways (top position for Fitness-OverT and 

4th position for Over-PositiveT), with an activation Z-score > 2, indicating that the expression 

pattern of our dataset is consistent with the canonical pathway having more activity, 

according to the Ingenuity Knowledge Base®. 

EIF2S2 (chr20q11.22), EIF3B (chr7p22.3), EIF3E (Chr8q23.1) and EIF3H (chr8 q24.11) are 

among the genes in our dataset that contribute to the identification of this EIF2 signalling 

pathway. In Figure 65B we report the expression levels of different EIF2 and EIF3 genes 

showing a significant increase in tumour versus normal tissue (linear fold change >1.5, FDR 

p-value < 0.05) in all COAD or in CIN and MSI COAD samples. Interestingly, EIF2S2, 

EIF2S3, EIF3B and EIF3E show the largest increase in expression in comparison to normal 
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tissue. Moreover, the expression of several EIF2/3 genes in CIN tumours is higher than that of 

MSI ones. 

“Cleavage and Polyadenylation of Pre-mRNA” is another significant pathway, in both Over-

PositiveT and Fitness-OverT, which contains subunits of multi-protein complexes. One of 

these multi-subunit complexes is the cleavage and polyadenylation specificity factor (CPSF) 

playing a role in the 3′ processing of pre-mRNAs by the recognition of the AAUAAA signal 

and by the interaction with other complexes and enzymes involved in both RNA cleavage and 

poly(A) synthesis. CPSF includes the proteins CPSF1 (also known as CPSF160), CPSF2 

(CPSF100), CPSF3 (CPSF73), CPSF4 (CPSF30), FIP1L1 and WDR33. Another multi-

subunit complex belonging to the “Cleavage and Polyadenylation of Pre-mRNA pathway” is 

the “cleavage stimulation factor (CSTF)”, a trimer of CSTF1 (CstF50), CSTF2 (Cstf64) and 

CSTF3 (CstF77)(Mandel et al., 2008; Shi et al., 2009; Tian & Manley, 2016). In Figure 65C 

we report the expression levels of different genes of the CPSF and CSTF complexes, showing 

a significant increase in tumour versus normal tissue (linear fold change > 1.5, FDR p-value < 

0.05) in all COAD or in CIN and MSI COAD samples. A significant difference between CIN 

and MSI COADs is observed for genes located in chromosomes undergoing frequent BCNGs, 

such as CPSF1 (chr8q24.3), CPSF4 (chr7q22.1) and CSTF1 (Chr20q13.2). Indeed, CPSF1, 

CPSF4 and CSTF1 are among genes in our dataset of Over-PositiveT and Fitness-OverT that 

contribute to the identification of the pathway “Cleavage and Polyadenylation of Pre-mRNA”. 
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4.3 GLIOBLASTOMA MULTIFORME (GBM) 
 

This work of thesis is also focused on the preliminary investigation of chromosome 7-gain in 

cancers as well as on understanding of EGFR role with (7p-FA+) or without focal 

amplification (7p-FA-) in those GBM tumours bearing the chromosome 7-gain. Usually, 

chr7-gain and the 7p-FA+ can occur separately or jointly and it is not yet clear if their main 

pathogenic mechanisms are largely overlapping or if major mechanistic differences 

characterize the two aberrations. In order to shed light on these issues, in the present work we 

compared cytogenomic, transcriptomic and clinic-pathological data of GBMs bearing the 7p-

FA and/or chr7-gain aberrations or not-bearing both aberrations.  

 

4.3.1 Chromosome 7-gain analysis in 33 cancer types from TCGA studies 

To investigate the status of chromosome 7 in several cancer types, we download the 

cytogenetics data from TCGA concerning the whole project based on 33 cancer types. The 

details of the cancer types and number of samples are showed in Table 22.  To give a 

dimension of analysis 11295 tumours samples are analysed. For each cancer types the 

followed features are calculated 1) number of samples bearing 7p-gain, 2) percentage of 

samples bearing 7p-gain 3) number of samples bearing 7q-gain  4) percentage of  samples 

bearing 7q -gain  5) number of samples with whole 7-gain 6) percentage of samples bearing 

7-gain (% trisomy of wchr7) 7) number of samples with disomic chromosome 7 8) percentage 

of samples with disomic chromosome 7 and 9) Total number of SNPs array data.  

The result about the percentage of samples bearing gain of chromosome 7 (% trisomy of 

wchr7) in 33 TCGA cancer identified GBM as the first tumours characterized by the highest 

percentage of 7-gain (67% trisomy of wchr7), followed by KIRP (55.47%), COAD CIN 

(46.90%), READ CIN (45.09%).  

Figure 66: Percentages of chromosome 7 (gain and loss) in 33 cancer types. 
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The figure 66 shows the relation of percentage of p and q chromosomal arms and the cancer 

types by considering the gain and the loss of chromosome 7. GBM shows the highest 

percentage of gain for individual chromosomal arms (7p and 7q). Uterine corpus endometrial 

carcinoma (UCEC), Uterine carcinosarcoma (UCS) and Acute myeloid leukaemia (LAML) 

show an interesting percentage of loss for individual chromosomal arm (7p and 7q). 

Table 22: Percentage of trisomy 7 in 33 cancer types 

In order to investigate the transcriptomic state of chromosome 7 gain in GBM in comparison 

to the other cancer types, a hierarchical clustering was performed. In figure 67 the logarithm 

of Fold change (defined FC2) was evaluated. As mentioned previously, FC2 concerns 

comparison between samples bearing a specific arm-level aberration (Selected GBM group) 

to samples not bearing it (Control GBM group) in accordance with the model in figure 4. 

These bioinformatics pipelines were performed individually for each cancer types. Data are 

clustered by the unweighted pair group method with arithmetic mean (UPGMA) with 

Euclidean distance. In the analysis are included only those transcripts with an high expression 

(FC2 > 1.3) and high significance (adj p value < 0.05) in GBM cancer. 
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Figure 67: Unsupervised hierarchical clustering of 13 cancer types. 

In GBM, the over-expression of those genes located on chromosome 7 is a specific expression 

pattern not comparable with other cancer types. In fact, they show a clear cut-off in terms of 

expression pattern for those gene located on chromosome 7.  

These preliminary results lead to a deep analysis of pathogenetic role of chromosome 7 in 

GBM.  
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4.3.2 Chromosome 7-gain in GBM: Cytogenetics analysis 

To investigate the role of chromosome 7 gain in the tumorigenesis of glioblastomas, we 

performed a comparative and integrative bioinformatics analysis involving cytogenetic SNP 

array data (592 samples), RNA-seq data (174 samples in total subdivided in 128 primary 

tumour and 5 normal tissue)  and whole exome sequencing (WES) data (345 samples) from 

The Cancer Genome Atlas (TGCA). 

Figure 68: Percentage of samples bearing chromosomal arm-level gains or losses in GBM samples 

The figure. 68 shows the frequencies of chromosomal arm-level aberrations for the entire 

series of 592 GBM samples from TCGA. The gain of chromosome (chr) 7 (p: 72%; q: 74%) 

and the loss of chr10 (p:74%, q:80%) are more common abnormalities. Other aberrations, 

with a frequency higher than 15%, are gains of chr19 (p: 32%; q: 24%) and chr20 (p: 30%; q: 

30%), and losses of chr9p (25%), chr6q (16%) and acrocentric chromosomes 13 (20%), 14 

(20%), 22 (22%). 

In order to confirm the association of chr19-gain with 7pFA in a larger number of samples, 

we exploited the EGFR gene copy number analysis (GISTIC data on EGFR gene copy 

number retrieved from cBioPortal, www.cbioportal.org/, on April 13 2021) in the entire 

cohort of 522 samples profiled by SNP array (Brennan et al., 2013). As shown in Table 29, 

such analysis confirmed the significant association between chr19-gain and 7pFA. A similar 

association was found for chr20-gain, chr10-loss and chr7-gain. although the strength of 

association is higher for chr19-gain (reported as relative risk in Table 29).  

http://www.cbioportal.org/
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Table 29 Chi-square association test for different chromosomal aberrations and 7pFA. SNP array total 

data  

In order to study the transcriptional effects of aberrations of chr7, alone or in combination, we 

retrieved only samples profiled for gene expression (RNA-Seq) and copy-number status 

(SNP-array) and defined different subgroups of GBMs according to the copy number status of 

that chromosome. Moreover, the presence or absence of focal amplification of EGFR (as 

reported in Brennan et al 2013; supplementary table 5) was used as an additional parameter to 

differentiate GBM samples in 7pFA+ (EGFR focal amplification positive) and 7pFA- (EGFR 

focal amplification negative). According to those data we could distinguish 4 groups 

characterized by the presence of chr7-gain or chr7-disomy and the positivity or negativity for 

EGFR focal amplification (7pFA+ or 7pFA-) (Figure 69) 

  

Only  samples with SNP array 

data (n =592)
7p-FA+ 7pFA-  X2 P-value Relative Risk (95% CI)

Chr7-gain (n = 353) 159 194

Chr7-disomy (76) 21 55

Chr10-loss (n = 387) 203 184

Chr10-disomy (n = 50) 0 50

Chr19-gain (n = 120) 86 34

Chr19-disomy (n =263) 91 172

Chr20-gain (n = 146) 92 54

Chr20-disomy (n = 321) 118 203

Chr7gain / 7pFA- Chr7disomy / 7pFA-

Chr10-loss (n =184) 152 17

Chr10-disomy (n = 50) 22 20

Chr19-gain (n = 34) 32 0

Chr19-disomy (n =172) 115 41

Chr20-gain (n = 54) 49 2

Chr20-disomy (n = 203) 131 45

0.001 1.357(1.20 - 1.58)

0.0008 1.29 (1.14-1.43)

<0.0001 2.071 (1.69 - 2.53)

<0.0001 1.71 (1.41 - 2.06)

<0.0001 ∞ 

<0.0001 1.71 (1.34 - 2.39)

Putative EGFR region Copy Number Variation     

(n = 522)

0.0053 1.63 (1.14 - 2.42)
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Figure 69. Bar graphs showing the percentage of samples bearing arm-level gains or losses in 

chromosomes 1-22 in 4 different GBM subgroups according to the presence of chr7gain and/or 7pFA. 

Only GBM samples profiled for gene expression by RNASeq have been used for this analysis. The number 

of samples (n) in each group is reported in the corresponding graph 

A simple inspection of graphs reported in Figure. 69 reveals that the frequency of chr19-gain 

is higher in 7pFA positive groups (chr7-gain/7pFA+ and chr7-disomy/7pFA+) in comparison 

to 7pFA negative groups (chr7-gain/7pFA- and chr7-disomy/7pFA-). However, the previous 

groups were formed only with samples analysed by both RNA-Seq and SNP array, because 

they have been prepared for the following transcriptome analysis.  
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Table 30 re-proposed the relative risk association of chr7-gain, chr10-loss, chr19-gain and 

chr20-gain with focal amplification and between chr10-loss and gain of chromosome 7, but 

for the small cohorts concerning n= 164 samples of Brennan et.al 2013 classification. This 

analysis confirmed the significant association between chr19-gain and 7pFA( p-value < 

0.0001).  

Table 30 Chi-square association test for different chromosomal aberrations and 7pFA. SNP array of 

(Brennan et al., 2013) classification 

 

4.3.3 GBM classification  

The transcriptomics data were retrieved from online resource of GDC data portal. From the 

total available RNA-seq  data (174 samples), only 128 primary tumours and 5 normal brain 

tissue data were considered. Among primary tumours, 84 samples bearing 7-gain (65% of the 

total) and 25 samples with 7-disomy (30% of the total). According to Brennan et al. 2018 

classification the 7-gain and the 7-disomy samples were first subdivided 1) Classical: 7-gain 

(n = 18) and 7-disomy (n=6) 2)Mesenchymal: 7-gain (n = 29) and 7-disomy (n=6) 3) Neural: 

7-gain (n = 16) and 7-disomy (n=3) 4) ProNeural: 7-gain (n = 18) and 7-disomy (n=6) 5( G-

CIMP: 7-gain (n = 2) and 7-disomy (n=5) (Brennan et al., 2013).   

The 7-gain and the 7-disomy samples were further subclassified in accordance with focal 

amplification in the EGFR cytoband 7p11.2 (7p-FA+ and 7p-FA-). Four cytogenetics groups 

were obtained 1) Chr7-gain/ 7p-FA+ (n = 40), 2) Chr7-gain / 7p-FA- (n=42), 3) Chr-

7disomy/7pFA- (n=15) and 4) Chr7-disomy /7pFA+ (n=8).  

In figure 70, the pie charts show the percentages of the GBM subtypes for each analysed 

group. The first observation concerns the highest percentages of classical subtype with focal 

Only  samples with SNP array and 

RNAseq data (n = 128)
7p-FA+ 7pFA-  X2 P-value Relative Risk (C.I. 95%)

Chr7-gain (n = 107) 40 42

Chr7-disomy (n = 25) 8 15

Chr10-loss (n = 104) 53 49

Chr10-disomy (n = 7) 0 7

Chr19-gain (n = 26) 23 3

Chr19-disomy (n = 74) 25 49

Chr20-gain (n = 34 ) 21 13

Chr20-disomy (n = 85) 35 49

Chr7gain / 7pFA- Chr7disomy / 7pFA-

Chr10-loss (n = 49 ) 37 9

Chr10-disomy (n = 7 ) 3 4

0.0477 1.48 (1.00-2.11)

Supplemental Table S5. EGFR RNA Seq Summary 

Brennan 2013  ( n = 164) 

0.0313 1.87 (1.03-5.12)

0.2337 1.40 (0.82-2.68)

0.0078 ∞ (1.44-∞)

<0.0001 2.61 (1.84-3.75)
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amplification (7pFA+) in those groups bearing chr7-disomy (62%) and chr7-gain (40%). In 

Chr7-disomy /7pFA- the most representative subtype is proneural (33%) followed by classical 

(27%) and C-cimp. Mesenchymal subtypes characterized Chr7-gain /7pFA- group for 41%, 

followed by proneural subtype for 31 %. In Chr7-gain and chr7-disomy without EGFR status 

classification there is not a clear emerging subtype. 

Figure 70. Pie-Charts showing subclassification in of subtype Chr7-gain/ 7p-FA+ (n = 40), 2) Chr7-gain / 

7p-FA- (n=42), 3) Chr-7disomy/7pFA- (n=15) and 4) Chr7-disomy /7pFA+ (n=8) and the general 

subgroups Chr7-gain and Chr7-disomy. 

 

4.3.4 Transcriptomics analysis GBM classification  

A differential expression analysis of transcript levels was performed on the selected groups 

bearing the chromosomal aberration of 7-gain or not bearing 7-disomy [Chr7-gain/ 7p-FA+ (n 

= 40), Chr7-gain / 7p-FA- (n=42), Chr7-disomy /7pFA+ (n=8)] in comparison with the 

control group Chr-7disomy/7pFA- (n=15). The analysis was performed by edgeR package 

(McCarthy et al., 2012; Robinson et al., 2010) and expressed as Fold-Change (FC). We called 

OverT (Overexpressed Transcripts) those transcripts expressing a value of FCvsCTRL > 1.3 

at a False Discovery Rate adjusted p-value (adjp) <0.05. The chromosomal distribution of 

OverT enriched genes are expressed as normalized chromosomal distribution index (NCDI); 

(Condorelli et al., 2019). The analysis results are reported in Figure 71.  
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Figure 71: The normalized chromosomal distribution index (NCDI) of OverT of each cytogenetic group 

bearing (Chr7-gain) or not bearing (Chr7-dis) the gain of chromosome 7 with (7p-FA+) or without (7p-

FA-) vs control group (diploid status of chromosome 7). 

The enrichment of transcripts class in Chr7-gain/ 7p-FA+ group is showed in Figure 71. 

OverT are mainly located on 7p chromosomal arm (38%) and for in 7q chromosomal arm 

(34%). From these results we could assume that gain of chromosome 7 is itself a sufficient 

cause to produce the tumour phenotype in GBM. The co-occurring of chromosome 7 gain and 

7p-FA+ could reinforce the effects produced by EGFR focal amplificationon pathophysiology 

of GBM. The number of enriched OverT classes in the analysed groups are showed in table 

31.  

OverT genes  
Chr7-disomy 

/ 7pFA+ 

Chr7-gain / 

7pFA+ 

Chr7-gain / 

7pFA- 

All chrs 334 2043 405 

Chr7 28 467 285 

Chr7p11.2 18 40 6 

Chr19 26 238 6 
*FCvsCTRL>1.3, adjp<0.05;   

Table 31 enriched OverT classes in the analysed groups 

In agreement with transcriptional gene-dosage effects the highest number of OverT is 

observed in chr7-gain/7pFA+ group (467 genes), followed by chr7-gain/7pFA- (285 genes) 

and chr7-disomy/7pFA+ (only 28 OverT genes). However, when genes localized in 

chromosomal band 7p11.2 were taken into consideration (7p11.2-OverT genes), only 6 genes 

were detected in chr7-gain/7pFA-, while Chr7-gain/7pFA+ and chr7-disomy/7pFA+ showed 

40 and 18 genes, respectively. Since chromosome alterations involving whole chromosome 

gain or focal amplifications are likely to act through a modification of transcriptional activity 

of genes located in the aberrant region (gene-dosage transcriptional effect), we determined the 

OverT genes shared among the three cytogenetic groups bearing chr7-gain and/or 7pFA. 

Chromosome 19-gain is significantly associated with 7pFA (Table 29-30), we identified the 

OverT genes located on chr19 (chr19-OverT) and shared between the two groups bearing 

7pFA. As shown in Table 31, 26 shared chr19-OverT genes were so identified. 
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A venn-diagram analysis was performed to individuate which genes are shared between the 

groups indicated in Table31. 

Chr7p11.2 OverT Chr19 OverT 

  

13 common elements in 
"Chr7-gain / 7pFA+" and 
"Chr7-disomy / 7pFA+" : 

5 common elements in 
"Chr7-gain / 7p FA+", 
"Chr7-gain / 7pFA-" 
and "Chr7-disomy / 

7pFA+": 

22 common elements in "Chr7-gain / 
7pFA+" and "Chr7-disomy / 7pFA+": 

 

LANCL2 CHCHD2 ZNF541 BST2 
AC011228.1 SUMF2 NDUFB7 GPR108 

ZNF713 VOPP1 SERTAD1 GNG7 
EGFR NIPSNAP2 PINLYP GDF15 

AC073347.1 MRPS17 NDUFA13 ALKBH7 
ELDR  AC005515.1 CHST8 

AC099681.1  ZNF776 MRPL54 
AC006971.1  ERF AC093063.1 

EGFR-AS1  SLC27A5 AC011444.1 
SEC61G  RABAC1 TMEM205 

AC074351.1  SELENOW UQCR11 
LINC01445    
FKBP9P1    

Figure 72: Venn-diagram analysis of OverT enriched in 7p11.2 considering the subgroups “Chr7-gain / 7p 

FA+", "Chr7-gain / 7pFA-" and "Chr7-disomy / 7pFA+" (left panel), and genes located on chromosome 

19 for those selected groups. 

As shown in Figure 72, five 7p11.2-OverT genes are shared among all the three cytogenetic 

groups (CHCHD2, SUMF2, VOPP1, NIPSNAP2, MRPS17), while another thirteen genes are 

only shared between the two groups bearing the 7pFA. These results suggest that the 

transcriptional expression profiles of genes located in 7p11.2 are significantly different 

between focal amplification and whole chromosome gain.  
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4.3.5 Gene Ontologies (GO) analysis 

In order to understand the weight given from OverT genes to promoting GBM phenotype, a 

gene ontology analysis was performed. The analysis has considered those genes shared 

between chromosome 7p11.2 and chromosome 19 as showed in Figure 72. Genes were 

classified by PANTHER database (access May 5, 2020) in cell component (CC) and 

biological processes(BP). The .json files were analysed by R packages and GoPlot tools. The 

aim of this method was to figure out at which level the cooperation of genes located on chr7-

chr19 intervenes.  

Figure 73: GoPlot and Cell component analysis of common genes between chr7 and chr19. 

 

The Figure 73 shows the cell component gene ontology. Each coloured branch links one or 

more genes to the same go term. Mitochondria and respirasome component could be altered 

in GBM. In particular, CHCHD2 is located on 7p11.2 locus and belongs to a class of proteins 
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characterized by four cysteine residues, separated by 10 amino acids from one to another. 

NIPSNAP2 (GBAS), located on 7p11.2 locus, is a mitochondrial matrix protein. It forms a 

complex with NIPSNAP1  

NDUFA13 (GRIM-19), located on 19p13.26, is a cell death regulatory gene that promotes 

apoptosis and a negative regulator of cell growth, and it is also involved in mitochondrial 

metabolism. The major role of GRIM-19 in the control of cell growth is exerted through 

STAT3, a transcription factor inhibited by GRIM-19 binding. GRIM-19 has a unique role in 

the preservation of mitochondria, in addition to its electron transfer activity (Jin et al.,2010; 

Lu and Cao, 2008). NDUFB7, located on 19p13.12 locus, is a subunit of the complex I of the 

respiratory chain. It has separate phosphorylation sites for both protein kinase A and PDH 

kinase. Phosphorylation by PKA induces higher levels of electron flow and increases ATP 

synthesis whilst decreasing ROS formation. On the contrary, phosphorylation with PDH 

kinase decreases the enzyme activity, possibly in condition of starvation, and augments ROS 

production (Raha et al., 2002).  

 

4.3.6 Hierarchical clustering of brain tumours samples 

In figure 74, we performed a hierarchical clustering analysis by selecting these gene located 

on chr7p11.2.  The TPM data were pre-filtered by excluding all transcripts with 0 value in 

more than 70% of samples. The tpm values were normalized against the average of control 

group. As show in the legend in Figure 74 the data were further clustered in accordance with 

7pFA status (red = FA+; blue = FA-) as well as the cytogenetics groups 1) Chr7-gain/ 7p-

FA+ (n = 40) (orange), 2) Chr7-disomy /7pFA+ (n=8) (fuchsia), 3) Chr7-gain / 7p-FA- 

(n=42) (green), 4) Chr-7disomy/7pFA- (n=15) (dark green); 105 samples were analysed in 

total. Data are clustered by the unweighted pair group method with arithmetic mean 

(UPGMA) and Euclidean distance. 

The gene expression profile in cytogenetic band 7p11.2 determined a good clustering of GBM 

samples according to the presence or absence of 7p-FA, independently from the presence of 

chr7-gain. Such results can be explained by several factors: 1) the copy number changes are 

quantitatively limited in case of chr7-gain (trisomy or tetrasomy of the chromosome), while 

focal amplification can occur in >4 copies and each gene can show a non-linear response to 

copy number variations; 2) the gene transcriptional changes associated to 7pFA can trigger 

downstream effects or promote evolutionary pathways that modify the expression profile of 

other genes located in band 7p11.2. 
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Figure 74: Hierarchical clustering of 66 genes located on chromosomal region of 7p11.2 Data are clustered 

by the unweighted pair group method with arithmetic mean (UPGMA) with Euclidean distance.  
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To better investigate the genes located on chr7p11.2 in the analysed cytogenetics groups. The 

Figure 75 shows the tpms values for Chr7-gain/ 7p-FA+ (n = 40), 2) Chr7-gain / 7p-FA- 

(n=42), 3) Chr-7disomy/7pFA- (n=15), 4) Chr7-disomy /7pFA+ (n=8) and 5) Normal 

brain tissue (n=5). The table at the bottom of Figure 75 indicates (through a red asterisk) if 

that genes belong to OverT class, in other word if that gene is over-expressed respect to the 

control group not bearing any 7-gain and 7pFA (Figure 75).  

Figure 75: Transcripts per million (TPM) of genes located on chr7p.11.2. 

High expressed genes are enriched in those groups with 7p-FA+ (gain or disomy). Examples 

are SEC16G, EGFR, LANCL2, VOPP1, NIPSNAP2, CHCHD2. The genes linked to the focal 

amplification and the gain of chromosome 7 are SEPTIN14, CCT6A.  

 

4.3.7 Gene Set Enrichment Analysis (GSEA) of OverT genes. 

As reported in the previous sections, the identification of transcriptionally dysregulated genes 

leads to recognise which pathways are altered in GBM tumorigenesis. Several 

transcriptionally dysregulated genes could be considered only passenger modifications that do 

not participate in a significant way to the generation of the cancer phenotype. In order to 

generate hypothesis on the functional role of transcriptionally dysregulated genes located in 

chr7 we performed a gene set enrichment analysis.  

Three cytogenetic groups bearing chr7-gain and/or 7pFA were compared with the CTRL 

group (chr7-disomy/7pFA-). TPM values are used. In order to force the analysis towards the 

discovery of functional interactions among genes located on chr7 and 19 we performed an 
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analysis using as input data only genes located on those chromosomes. Interestingly, the top-

ten pathways revealed by such analysis in the group chr7-gain/7Pfa+ were also among the 

top-ranked position in the other two cytogenetic groups (Figure 76).  

Figure 76: GSEA analysis. Top ten pathways in Chr7-gain/ 7p-FA+. NES decreasing values. The number 

at the end of each histograms indicated the position of the same pathway in the GSEA analysis for Chr7-

gain / 7p-FA- (n=42) and Chr7-disomy /7pFA+.  

The figure 76 is an integrative summary of the three GSEA analysis performed for  Chr7-

gain/ 7p-FA+ (n = 40), 2) Chr7-gain / 7p-FA- (n=42), 3) Chr7-disomy /7pFA+ (n=8) against 

the 4) Chr-7disomy/7pFA- (n=15). In figure 76 are only showed the ten more representative 

pathways for Chr7-gain/ 7p-FA+. These pathways are ordered by Normalized Enrichment 

Score (NES) (see the orange histograms). The individual GSEA analyses concerning Chr7-

gain / 7p-FA- and Chr7-disomy /7pFA+ are flanked in the top-ten pathways of Chr7-gain/ 7p-

FA+. A number at the end of each histograms indicates the relative pathways position. It is 
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relevant the “Reactome_Programmed_cell death” pathways because Malignant glioma 

undergo necrosis rather than apoptosis when there is an energy deprivation (Steinbach et al., 

2003). “Reactome_transcriptional_regulation_by_tp53” is at the first position in Chr7-gain / 

7p-FA- (n=42).  

 

4.3.8 Recurrent Point Mutations in GBM  

Recurrent point mutations by WES data are shown in oncoplots in Figures 77. The point 

mutation data are only 60 samples because they are the only having id_cases matchable with 

cytogenetic, rnaseq and wes data from TCGA. In total we found 2926 SNPs in 2392 genes. 

1537 Silent variants were excluded. The main subtypes (Classical, Mesenchymal, Neural, 

Pro-neural and C-cimp) and the many cytogenetics groups are indicated by the annotation bar 

below the graph. High frequency of TP53 mutations (mainly missense mutations) are 

identified in Chr7-gain/ 7p-FA+ group and Chr7-gain / 7p-FA- group. Instead, EGFR 

characterizes the Chr7-gain FA+ Group, while it is not present in the FA-. TP53 mutations are 

inversely proportional to EGFR mutations in the chr7-gain FA-. Classical subtype is 

characteristic of Chr7-gain FA+ Group while Proneural subtype of Chr7-gain FA-.  

Figure 77: Oncoplot showing point mutations detected by WES in 60 samples analysed in TCGA study. 
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4.3.8 GBM cytogenetic groups and prognosis. 

We evaluated the prognostic impact of broad gain and focal amplification on chromosome 7, 

organizing the entire cohort of TCGA GBM samples into four groups: chr7-disomy FA- 

(n=55), chr7-gain FA+ (n=159), chr7-gain FA- (n=194), chr7-disomy FA+ (n=21). Chr7-

disomy FA- showed a better overall survival (OS, median survival 22.48 months) in 

comparison to the other three groups (14.20, 12.69, 9.13 months, respectively; Figure. 78). 

Similar results were obtained for progression free survival (PFS, Figure 78). No significant 

difference was observed among chr7-gain FA- (n=194), chr7-disomy FA+ (n=21), chr7-

disomy FA- (n=55). Therefore, both the presence of FA on chr7 or a broad gain of the same 

chromosome are associated to a worsening of the prognosis.  

 

Figure 78: Kaplan-Meier curves comparing Overall Survival (OS, Left graphs) and Progression Free 

Survival (PFS, right graphs) between Chr7-disomy FA- samples and the other three subgroups (chr7-gain 

FA+, top; chr7-gain FA-, middle; chr7-disomy FA+, bottom). Log-rank (Mantel-Cox) test was used for 

statistical significance and corresponding p values are reported in each graph. 
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5. DISCUSSION AND CONCLUSION 
 

5.1 BREAST INVASIVE CARCINOMA (BRCA) 
 

In our work, we focused on a specific subpopulation of breast cancers (with 1q-gain 

and/or16q-loss), and our cytogenomics classification was a tool to classify BRCA 

adenocarcinomas in different “chromogroups” according to the presence of different 

combinations of Chr 1 and 16 copy number abnormalities and to investigate the associated 

dysregulated genes. These combinations were designed to correspond to the expected patterns 

of copy number abnormalities generated by chromosomal aberrations previously found in 

classical cytogenetic studies of breast cancer, such as der(1;16) (q10;p10), i(1q), and del(16q). 

Indeed, the association of 1q-gain and 16q-loss can be produced by the single chromosomal 

aberration, such as der(1;16), or by the combination of two different aberrations, such as i(1q) 

and del(16q). The analysis of aneuploidy scores revealed an enrichment of samples with low 

values (median 6) in group A, whose copy number criteria were inspired by der(1;16), or in 

subgroup D1, inspired by del(16q), in agreement with the observation that those aberrations 

are often observed as the sole cytogenetic anomalies in breast cancer (Dutrillaux et al., 1990; 

Farabegoli et al., 2004; Kokalj‐Vokac et al., 1993; Muthuswami et al., 2013; N. Pandis et al., 

1994; Nikos Pandis et al., 1992, 1995; Rye et al., 2015; Teixeira et al., 2002; Tsarouha et al., 

1999). Higher aneuploidy scores were observed in samples with 1q-gain without aberrations 

of chr16 (groups C or B2: median scores of 9.5 and 14, respectively) or with concomitant 1q-

gain and 16q-loss determined by two different co-occurring cytogenetic abnormalities such as 

i(1q) and del(16q) (subgroup B1: median score of 21). The latter observation suggested that a 

more complex evolutionary process, based on chromosomal instability, is involved in the 

progression of cancers of subgroup B1. Nonetheless, the relatively high frequency of tumours 

potentially bearing the der(1;16) (group A included 36% of all tumours showing 1q-gain or 

16q-loss) and the fact that those tumours bear a low number of other chromosomal aberrations 

(low aneuploidy score) supported the hypothesis that genes located in 1q and 16q might play 

a strong cooperative cancer driver effect. In early cytogenetic studies in breast cancer, high 

pathogenic impact of 1q-gain was inferred from the observation that the two most frequent 

chromosomal aberrations, der(1;16) and i(1q), have 1q in common (Dutrillaux et al., 1990; 

Nikos Pandis et al., 1992; Teixeira et al., 2015) However, following studies supported the 

importance of 16q-loss in the absence of chr1 aberrations in breast cancer (Bürger et al., 2013; 



158 
 

Farabegoli et al., 2004; Roylance et al., 2006).The data analysis performed in the present 

thesis confirmed the relatively high frequency of 16q-loss without chr1 aberrations and with a 

low aneuploidy score (group D included 15% of all tumours showing 1q-gain or 16q-loss). 

We reported that the CDH1 differential expression between ductal and lobular carcinomas 

was maintained in all examined 1,16 chromogroups that included a significant number of both 

histotypes (Figure 28). Collectively, these data indicated that transcriptional decrease of 

CDH1 is only a weak effect in invasive ductal carcinomas, suggesting that the frequent loss of 

16q in such histological subtype might be explained by the cancer evolutionary advantage due 

to reduced transcription of other 16q genes (Hungermann et al., 2011) or by a higher 

sensitivity to CDH1 haploinsufficiency due to the cooperative effect of other gene mutations. 

In light of the frequent association of 1q-gain and 16q-loss in both invasive and lobular breast 

carcinomas, we reasoned that investigation of cooperative functional links between transcripts 

encoded in those chromosomal arms was a valid strategy for the identification of novel 

candidate driver genes underlying the selection of those recurrent chromosome aberrations. 

Previous studies, aimed to identify driver genes in 1q and 16q, separately analysed expression 

of genes located in these chromosomes (Hungermann et al., 2011; Muthuswami et al., 2013). 

Indeed, the chromogroup A, enriched in der(1;16), was characterized by a low aneuploidy 

score, thus suggesting that the putative interchromosomal 1q/16q gene cooperation can be an 

early event and is not associated with an extensive chromosomal instability. Such cooperation 

might involve the early E-cadherin loss in lobular carcinomas (McCart Reed AE, Kutasovic 

JR, Lakhani SR, 2015). On the contrary, E-cadherin loss occurs as a late event in invasive 

ductal carcinomas (Alsaleem et al., 2019; Jeschke et al., 2007), and the understanding of the 

functional meaning of the early and frequent 1q-gain/16q-loss co-occurrence requires the 

definition of further mechanisms. In order to select putative cancer driver genes located in 

chr1q and chr16q, we exploited comparisons of the corresponding transcript levels between 

chromogroups bearing 1q-gain and/or 16q-loss and a so-called “CTRL group,” i.e., a cancer 

group devoid of any arm-level aberrations of chr1 and chr16. The main assumption for this 

strategy was that the analysis of differential expression between those cancer groups could 

identify transcriptionally dysregulated genes sensitive to gene dosage effect and that this 

subset of genes is enriched in cancer driver genes. With this in mind, we investigated 

functional cooperation between genes located in 1q and 16q by two different methods. In the 

first one, the selection of candidate genes was based on pre-established thresholds (linear FC 

and adjp values) in the comparisons between the selected 1,16-chromogroup and the CTRL 

group or between the selected chromogroup and the normal breast tissue group. Moreover, the 
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concordance of transcript level changes with corresponding copy-number abnormalities in the 

different 1,16-chromogroups was taken into account. Based on previous data on aneuploidy-

induced transcriptional changes (Condorelli et al., 2019;  Condorelli et al., 2018), we selected 

OverUpT genes located in 1q and UnderT genes located in 16q and submitted those gene lists 

to the over-representation analysis of functional pathways (Zhou et al., 2019). In the second 

strategy, differential gene expression between different chromogroups and the “CTRL cancer 

group” was investigated by gene set enrichment analysis (Subramanian et al., 2005). Both 

methods showed concordant results, pointing out the involvement of functional pathways that 

show the cooperation of genes located on 1q and 16q, such as “NOTCH2 Activation and 

Transmission of Signal to the Nucleus,” “NOTCH3 Activation and Transmission of Signal to 

the Nucleus,” and “Formation of the beta-catenin:TCF transactivating complex.” Indeed, the 

involvement of Notch signaling system in breast cancer has been repeatedly suggested in the 

literature (Mollen et al., 2018). 

The overall survival analysis performed comparing the two main cohorts (TCGA and 

MEATBRIC studies) of clinical data in breast cancer has allowed to categorize the 1,16 

chromogroups and the intrinsic subgroups in a survival rate scale. Focusing on TCGA study, 

the median survival (MS) of the 1,16 chromogroups show a more favourable prognosis. In 

particular, Group C (n= 90, MS = Undefined), Group A (n = 178 and MS = 212.2 moths) 

have the favourable median survival followed by Group D (n =  75 and MS = 127.3 months) 

to Control (n = 71 and MS = 113,8) Group B (n=171 and MS = 102.8 months) (Figure 33). 

However, the TCGA prognosis data do not allow a defined interpretation due to the short 

follow-up available period and the small number of patients. The METABRIC analysis has 

re-organized the 1,16 chromogroups groups with the following decreasing survival scale: 

Control (n=292 and MS =199 months), Group D (n= 183 and MS =184.7 months), Group A 

(n= 447 and MS =180.8 months), Group C (n= 158 and MS = 128.5 months) and Group B (n= 

154 and MS = 112.6 months). The control groups not bearing any chromosomal aberrations 

shows the best median of survival. The Group B is the worst groups in both cohorts. 

Concerning the intrinsic molecular subtypes Luminal A (n=700 and MS = 186.6 months) 

shows the best prognosis survival followed by Normal (n=148 and MS = 159.2 months), 

Basal (n= 209 and MS = 130.9  months) Luminal B (n=475 and MS = 123 months) and Her2 

(n=224 and MS = 106.6 months). Using the portion of group A (better prognosis) and group B 

(worse prognosis) a comparison with LumA and LumB was performed (Figure 36). 

GroupA_LumA (n = 278 and MS = 197.8), Group B_ LumA (n= 36 and MS = 172.8), Group 

A_ LumB (n = 88 and Ms = 139.6) and the Group B_LumB (n = 67 and MS = 118.1). The 
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results open the hypothesis to associate an alternative method to assess prognosis with 

cytogenetic classification of 1,16 chromogroups.  

The secretory carcinomas show particular gene feature, the ETV6-NTRK3 fusion gene 

(Pareja et al., 2021). In the study of Laé et al. secretory breast carcinoma, classified as basal 

like, shows a favourable prognosis (Laé et al., 2009). Although secretory breast carcinomas 

have a favourable outcome, there is not a clear method to distinguish them from the other 

breast cancer types as well as to diversify the therapeutic approach.  We proposed a new 

approach through transcriptomics analysis to discriminate tumour samples bearing the gene 

feature ETV6-NTRK3 by using the discriminatory threshold of 7.38 TPM (calculated by 

summing the median plus 2-fold the standard deviation). The NTRK3+ have a better 

prognosis compared to the entire TCGA cohort, but they show a favourable prognosis also in 

the context of basal subtype (Log-Rank test significance 0.0169). The data confirm the 

subtype of secretory cancers even though broader cohorts could clarify our method. 

Unfortunately, the METABRIC cohorts is not suitable for this purpose because the 

microarrays technologies used in this study do not well discriminate the NTRK3+ from 

NTRK3-. Future perspective could involve broad cohorts analysed by single cell RNA-seq.  

The experimental approach based on investigation of similar gene profiling of 1q over-

expressed genes between transcriptomics cell data and the tumours samples led us to the 

identification and the usage of the suitable cell model bearing (CAL148) and not bearing 

(CAL51) the main chromosomal aberration of der(1,16) in breast cancer. The cell growing 

and maintenance allowed a better understanding of behaviours and peculiarities of CAL148 

and CAL51. CAL148 has showed a clear response to the EGF treatment (Figure 42) at 24h, 

48h, 72h, 144h timepoints and at four cell density (2000 cell/wells, 4000 cell/wells, 8000 

cell/well and 16000 cell/wells). The differences in all conditions were statistically significant 

and tested by un-paired t test. The greatest EGF effect is observed between 96h and 144h 

hours both at 4000 and 8000 cells/well. CAL51 cells show a high growth rate and a resistant 

phenotype at EGF treatment neither in the phase of initial adhesion (EGF treatment at plating) 

and in the following cell growth (EGF treatment 24h after plating) (Figure 43). Moreover, 

work in this thesis highlights a possible mis-classification of CAL148 as triple-negative breast 

cancer (TBNC). In fact, usually CAL148 are considered TBNC because of negative response 

to immunohistochemistry assays concerning estrogen receptors (ER), progesterone receptor 

(PR), and human epidermal growth factor receptor 2 (HER2/ERBB2) antibodies. Re-testing 

the HER2 receptor in immunocytochemistry(ICC) assays (Figure 53A-B) and analysing the 

transcriptomics data (RNA-seq) (Table 21) allowed us to verify an expression of HER2 both 
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in ICC assay and RNAseq data (200.966 TPM). On the bases of these evidence questions to 

which we would like to find an answer are: what does CAL148 so responsive to EGF 

treatments? Is there an influence of HER2/ERBB2? To answer to these questions we analysed 

the transcripts levels in CAL148 and CAL51 (see table 21) finding that in CAL148 EGFR 

transcripts is not abundant (13.178 tpm) and its expression may suggest that other receptors 

might be responsible for the effect of EGF treatments. For instance, the epidermal growth 

factor receptor 3 (ERBB3) (161.43 tpm) and ERBB4 (6.58 tpm) are expressed in CAL148 and 

it is possible to hypothesize a role of ERBB3 in CAL148 due to its high transcripts 

expression. Receptor tyrosine kinases (ErbBs) are essential to transduce extracellular 

signalling. ErbB`s ligands bound the extracellular ligand-binding ectodomain inducing homo- 

and heterodimerization. The ErbBs dimerization is the key of signal transduction by 

activation of intracellular tyrosine kinase domain followed by the phosphorylation of the C-

terminal tail domain (Linggi et al., 2006). The phosphorylation activates downstream 

signalling of pathways such as Ras/MAPK or PLCγ1/PKC, as well as PI(3)kinase/Akt, and 

STAT pathways (Scaltriti et al. 2006). EGFR and ErbB4 are fully independent from 

dimerization to activate signalling transduction. Among the possible combinations of homo- 

and heterodimer are known 1) EGFR and ErbB2, 2) EGFR and ErbB3, 3) ErbB3 and 

 ErbB2 and 4) ErbB3 and ErbB4 (Citri et al., 2003; Graus-Porta et al., 1997). In 

particular, the specific ErbB2 ligands are unknown but its preferred partner of dimerization is 

EGFR or also ErbB3 (Graus-Porta et al., 1997). The possible ligands of the ErbBs family 

(Wieduwilt et al, 2008) are summarized in table 32. The Differential response to the EGF 

treatment observed in CAL148 in comparison to CAL51 and MCF7 could be due to a 

differential expression of the ErbB´s ligands. As it is showed in the table 32 and Table 21 

and cross-referencing the data between TPM of CAL148 for EGFR, ErbB2, ErbB3 and ErbB4 

and the ErbBs´s ligands for cell lines, the most abundant transcripts of EGF receptor in 

CAL148 are ErBB2 (200.966 TPM), and Erb3 (161.43 TPM) while the only two ligands of 

EGF receptor family are the Epiregulin (EREG) (15.41 TPM) and Neuroglycan (CSPG5) 

(7.745753 TPM) in CAL148. 
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TPM CAL148 13.1781 200.966 161.43 6.589        

 EGFR ErbB2 ErbB3 ErbB4 
Gene 

symbol 
Chr Description CAL-148 CAL-51 MCF7 

MDA- 
MB-231 

EGF +    EGF 4 
epidermal 

growth factor 
0 9.883572 0 0 

TGF-α +    TGFA 2 
Transforming 
growth factor 

alpha 
0 0 86.98224 3.450203 

Amphiregulin +    AREG 4 amphiregulin 0 3.294524 288.781 106.9563 

HB-EGF +    HBEGF 5 
heparin binding 
EGF like growth 

factor 
0 0 86.98224 0 

Betacellulin +   + BTC 4 betacellulin 0 0 0 0 

Epigen +   + EPGN 4 Epigen 0 0 0 0 

Epiregulin +   + EREG 4 epiregulin 15.49151 0 24.35503 0 

Neuregulin-1   + + NRG1 8 neuregulin 1 0 0 24.35503 0 

Neuregulin-2   + + NRG2 5 neuregulin 2 0 0 0 0 

Neuregulin-3    + NRG3 10 neuregulin 3 0 0 0 0 

Neuregulin-4    + NRG4 15 neuregulin 4 0 0 0 0 

Tomoregulin    + TMEFF1 9 

transmembrane 
protein with EGF 

like and two 
follistatin like 

domains 1 

0 0 0 0 

Neuroglycan 
C 

  +  CSPG5 3 
chondroitin 

sulfate 
proteoglycan 5 

7.745753 16.47262 0 0 

Table 32: ErBs receptors ligands and theis Transcript per Million (TPM)  

These combinations could be responsible of the EGF treatment response we have observed in 

CAL148.  

Concerning the validation of transcript levels of over-expressed genes in group A which have 

been identified by RNAseq analysis through bioinformatics pipeline, and have been 

experimental tested through qPCR and cell viability MTT assay, we can affirm that 

expression trends concerning NCSTN, CDH1 and BCL9 genes confirm the TPM values 

observed in RNA-seq data in CAL148, CAL51, MCF7 and MDA-MB-231. 

The γ-secretase complex is able to cleave various proteins within their transmembrane 

domains. It is composed by APH1A, NCSTN and PSEN2 proteins and an increased 

expression of those genes in hormone receptor-positive breast cancers has been previously 

reported (Filipović et al., 2011; Peltonen et al., 2013). Some subunits of the gamma-secretase 

complex were found to be encoded by genes located on 1q (APH1A, PSEN2, and NCSTN) 

and were overexpressed and upregulated in cytogenetic groups bearing 1q-gain (Privitera et 

al., 2021). APH1A, NCSTN and PSEN2 enter in the NOTCH signalling and its transduction 

signalling. The γ-secretase (GS) inhibition has been broadly proposed as potential strategy to 

turn off the dysregulated Notch signalling in cancer.  However, the γ-secretase inhibitors 

(GSI) do not act on Notch receptor equally (Ran et al., 2017). In cell viability MTT assays 
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conducted in this PhD thesis, the γ-secretase inhibitors PF 3084014 hydrobromide and DAPT 

were used. In CAL148 treated with PF 3084014, we observed a drastic cell death at 24h, 48h 

and 72h with the half maximal inhibitory concentration (IC50) close to 10.86 μM in CAL148 

EGF+ at 24h. Increasing the time of treatment the IC50 value is reduced at 6.58 μM in 

CAL148.These results and these preliminary experiments can suggest a real promising 

therapeutic candidate target  as well as a specific altered pathways associated to the specific 

chromosomal aberration der1,16 borne by CAL148.  

To further investigate the involvement of notch pathways and its elements, a siRNA 

interfering treatment on CAL148 cells was performed. A reduction of the PSEN2 mRNA 

expression of around 50% at 72h was observed at 40nM siRNA concentration (Figure 55B). 

The transfection on CAL148 by using the combination of two siRNAs (APH1A+PSEN2) and 

(NCSTN+PSEN2) produces a reduction of cell viability -15.59% and -9.52% respectively. 

Future efforts will focus on the silencing of the gamma secretase complex in combination 

with BCL9, a target gene active in the Wnt enhanceosome and b-catenin formation pathway.  

The integrated genomic analysis of 1,16-chromogroups provided the following insights on 

pathogenesis of invasive breast adenocarcinomas: 

Invasive lobular carcinomas could be observed both in the presence or in the absence of 16q-

loss, although 16q-loss-associated lobular carcinomas were much more frequently observed 

(155/201, 77%), as already reported (Ciriello et al., 2015). Interestingly, 16q-disomic lobular 

carcinomas were found to be a distinct subgroup of cancers characterized by a near-euploid 

karyotype, suggesting that a different form of genome instability is driving this cancer 

subtype. In the presence of a significant aneuploidy score (>4), 16q-loss was found to be a 

main determinant of lobular carcinomas, as shown by the lack or rarity of this phenotype in 

16q-disomic groups B2 and C. The frequent co-occurrence of 1q-gain and 16q-loss could be 

observed in both ductal and lobular carcinomas, although a substantial proportion of lobular 

carcinomas (group D) could occur in the absence of 1q-gain.Transcriptome and pathway 

analysis revealed several dysregulated 1q- and 16q- genes that are overexpressed or 

underexpressed in 1,16-chromogroups in both ductal and lobular cancers and highlighted 

functional networks that may underlie the breast cancer progression. 1q-located genes, such as 

BCL9 and gamma-secretase components, might play central roles in such cooperating 

networks. The usage of appropriate cancer cell models that recapitulate the molecular features 

observed in breast cancers bearing aberrations of chromosomes 1 and 16, has generated a 

series of testable hypotheses on actionable functional pathways that can be investigated in 

such models. 
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5.2 COLON ADENO-CARCINOMA (COAD) 
 

The effect of BCNGs on the level of transcripts encoded in the same chromosomal region (the 

gene-dosage transcriptional cis-effect) is well-known, and it has been reported in several 

published studies (Condorelli et al., 2018). The availability of SNP array and RNA-Seq data 

from a large number of TCGA colon adenocarcinoma samples characterized for genome 

instability allowed us to devise better control groups in order to identify changes in expression 

due to specific BCNGs. Indeed, the selective use of CIN samples allowed the generation of 

tumour control groups devoid of a specific BCNG, although displaying a similar range of 

other chromosomal aberrations. Our analysis shows that, in chromosomes selected for the 

presence of recurrent BCNGs, cancer up-regulated transcripts (PositiveT) are more likely to 

be affected by gene-dosage transcriptional effects than down-regulated ones (NegativeT) 

(Figure 61 and Figure 62). This phenomenon is also shown by the depletion of OverT among 

down-regulated transcripts (NegativeT) in BCNG-chromosomes (Table 25). 

It is easy to conceive that changes in enhancer activity in down- or up-regulated genes can be 

determinants of the sensitivity to the gene-dosage transcriptional effect. The availability of 

genome-wide data on the markers of active chromatin in colorectal cancer (Cohen et al., 

2017) allowed us to test if the aberrant enhancer activity is associated with any sensitivity to 

BCNG-associated gene dosage effects. Indeed, a significant enrichment of BCNG-

overexpressed genes among the so called “recurrent gained VEL” was observed in this work, 

suggesting that an active state of chromatin is one of the determinants of the gene-dosage 

transcriptional sensitivity. Moreover, a high density of recurrent gained VEL and super-

enhancers have been observed in some chromosomes (such as chromosome 20 and 13) that 

undergo frequently to BCNGs in colon cancer. It is possible that the attainment of a saturation 

level in enhancer activity in cancer-related genes makes the increase in copy number the only 

efficient mechanism for a further increase of transcriptional activity. 

It has been also reported that genes with a high expression level are more dosage sensitive 

than low-expressed genes (Fehrmann et al., 2015). Our data confirm this observation but 

reveal that up-regulated transcripts (PositiveT) are more susceptible to gene-dosage effects 

than down-regulated ones (NegativeT), independently of transcript levels.  

Indeed, when transcripts are divided in different bins according to transcript level the 

difference in dosage sensitivity (measured as the chromosomal density of overexpressed 

transcripts in selected BCNG chromosomes) between PositiveT and NegativeT is maintained 
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in all subsets (Figure 63). A similar result has been previously observed by using microarray 

technology for transcriptome analysis (Condorelli et al., 2018). 

However, the increased BCNG-associated transcriptional activity does not necessarily 

translate in cancer growth advantageous features. Indeed, several downstream compensatory 

mechanisms are present, or the increased transcriptional activity is just a passenger feature 

that does not affect the functional pathways relevant for cancer progression. In agreement 

with a functional role in cancer progression, we have previously shown a significant 

enrichment of cancer-related genes among overexpressed and up-regulated genes (Condorelli 

et al., 2018). In the present study we show that genes required for cell growth or viability in 

colon cancer cell lines, identified by genome-scale CRISPR-Cas9 screens (Behan et al., 

2019), and called fitness genes, are significantly enriched among BCNG-overexpressed 

genes. Indeed, the overexpression of specific “cancer fitness” genes might represent an 

important step in the mechanism underlying the role of recurrent BCNGs in cancer evolution. 

Hart et al. report some examples of fitness genes that have been found to be amplified across 

several cancer tissues and cell lines (Hart et al., 2015). 

Our data on the relationship between colon cancer fitness genes and recurrent BCNGs are in 

agreement with recent data obtained by a gain-of-function screening with a modular ORF 

expression system (Sack et al., 2018). This screening effort is, somewhat, complementary to 

CRISPR-Cas9 screening inactivating proposed by Behan et al. (Behan et al., 2019). Sack et 

al. have defined experimentally overexpressed genes that significantly enhance cancer 

proliferation as GO genes (Sack et al., 2018). They show that taking in consideration GO 

genes significantly improved the predictions of the frequency of deletions and amplifications 

of chromosomal arms and whole chromosomes within a pan-cancer tumour set. 

Recognition of overexpressed cancer fitness genes in selected chromosomes undergoing 

recurrent BCNGs, such as Chr20, 8, 13 and 7, allowed a combined pathway analysis of this 

gene list and the identification of several significant canonical pathways linked to cancer 

progression. Indeed, intra-chromosomal and inter-chromosomal cooperation of multiple genes 

can explain the recurrence of BCNGs and their frequent association in colon cancer. As an 

example, we have here reported the highly significant EIF2 signalling pathway, identified by 

the contribution of genes EIF2S2 (chr20q11.22), EIF3B (chr7p22.3), EIF3E (Chr8q23.1) and 

EIF3H (chr8 q24.11). These genes encode eukaryotic initiation factors (eIFs), which are 

protein complexes involved in the initiation phase of translation. In particular, the EIF2S2 

gene encodes one of the subunits of eIF2 (eIF2β). EIF2 is composed of three subunits (α, β, 

γ), forms a ternary complex with GTP and the initiator tRNA, and binds to a 40S ribosomal 
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subunit. This eIF3 is formed of 13 subunits (a-m) and participates in the assembly of the 40S 

ribosomal subunit on mRNA, thus forming a functional pre-initiation complex. It has been 

reported that eIF3 binds to the 5’ untranslated region of a specific set of mRNAs involved in 

cell growth control (Lee et al., 2015), and that the increased expression of EIF3H gene 

potentiates colorectal cancer growth and invasiveness (Pittman et al., 2010). Interestingly, 

another eukaryotic translation initiation factor, eIF6, is included in the list of Over-PositiveT 

and Fitness-OverT genes located in Chr20. This result is in agreement with our previous data 

by microarray transcriptomics (Condorelli et al., 2018) and Gandin et al. (Gandin et al., 2008) 

have already reported that this factor is rate-limiting in translation, growth and transformation. 

Another significant pathway identified through the analysis of Over-PositiveT and Fitness-

OverT is the “Cleavage and Polyadenylation of Pre-mRNA”, that contains multiple subunits 

of CPSF and CSTF complexes. Our analysis identified CPSF1, CPSF4 and CSTF1 among 

Fitness-OverT genes. Interestingly, Yang et al. have recently reported that a knockdown of 

CSPF4 in human colorectal cancer cell lines inhibited cell proliferation, migration, invasion 

and stemness maintenance. Moreover, ectopic overexpression of CPSF4 enhanced tumour 

growth in mouse models with colon cancer xenografts (Yang et al., 2019). Behan et al. 

classified CPSF1, CPSF4 and CSTF1 among context-specific fitness genes. In other words, 

those genes are required for cell fitness in specific molecular or histological contexts, in 

contrast with “core fitness” genes, that play an essential role in all cell types(Behan et al., 

2019).  

This observation can be important in the selection of drug targets because the inhibition of 

context-specific fitness genes has a reduced likelihood of inducing toxic effects in healthy 

tissues. 

In conclusion, our data suggest the hypothesis that an overexpression of specific cancer 

fitness genes might play a significant role in the functional selection of gained chromosomal 

arms during cancer evolution. Therefore, Fitness-OverT, as defined in the present paper, 

might represent candidate targets for a silencing transcriptional therapy in tumours bearing 

specific BCNGs. These genes have already been shown to be functionally involved in cancer 

proliferation by the CRISPR-Cas9 inactivation, but the anticancer effects of their partial and 

combined downregulation remain to be investigated. 
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5.3 GLIOBASTOMA MULTIFORME (GBM) 
 

Glioblastoma multiforme (GBM) is a malignant primary brain tumour showing a complicated 

genomic profiling as revealed by the Cancer Genome Atlas project which has involved 

around 200 human tumour samples (Parsons et al., 2008). Second-generation technologies 

have focused on recurrent genetic alterations, leading to classify molecularly distinct entities 

and subtypes (Brennan et al., 2013; Verhaak et al., 2010b) 

In this thesis, a wide-transcriptomic and integrated bioinformatic analysis of 33 TCGA cancer 

types by using cytogenetic data (SNP-arrays) has identified GBM as the first tumours to be 

characterized by the highest percentage of 7-gain (67% trisomy or tetrasomy of wchr7), 

followed by KIRP (55.47%), COAD CIN (46.90%), READ CIN (45.09%). These results have 

oriented the analysis to the deep understanding of the impact that chromosome 7-gain gives to 

tumorigenesis of GBM. In our analysis involving 592 GBM SNP array samples the gain of 

chromosome (chr) 7 occurs for 72% in p arm and for 74% in q arm. Another relevant 

chromosomal aberration is the loss of chr10 (p:74%, q:80%) and the gain of chr19 (p:38%, 

q:25%).  The chromosome 19 loss is usually more frequent in secondary rather than primary 

GBM (Alifieris et al., 2015; Wilson et al., 2014). Verhaak et al. have seen a co-occurring of 

chromosome 7 amplification and chromosome 10 loss in 100% of the Classical subtypes 

(Verhaak et al., 2010b). Exactly because the cytogenetics of GBM is so various and complex, 

at the beginning we have tested the significant association of chr7-gain and chr19-gain with 

the well-known amplification of EGFR region (7pFA+)(Brennan et al., 2013). Chr19-gain 

shows a strong association with 7p-FA con p value < 0.0001 and relative risk of 2.071.  

Applying the strategy model to investigate broad copy number alteration in GBM cohort we 

could distinguish 4 groups characterized by the presence of chr7-gain or chr7-disomy in 

association with EGFR focal amplification (7pFA+ or 7pFA-): 1) Chr7-gain/ 7p-FA+ (n = 

40), 2) Chr7-gain / 7p-FA- (n=42), 3) Chr-7disomy/7pFA- (n=15) and 4) Chr7-disomy 

/7pFA+ (n=8). 

The classical subtype is predominant in those groups characterized by 7p-FA+. Verhaak et al 

2010 have found EGFR amplification (7p-FA+) in 97% of classical subtype performing a 

copy number alteration analysis. (Verhaak et al., 2010b) 

Systematic transcriptomic analysis revealed an enrichment of transcripts class (the so-called 

OverT) which are over-expressed in Chr7-gain/ 7p-FA+ group. Precisely, we found 467 

OverT genes and, among these, 40 genes were located on chr7p11.2. Regard chr19-gain and 

7p-FA also associated with chr7-gain, we found 238 OverT genes. The genes cooperation was 
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assessed, and main genes were identified. It is relevant the involvement of biological 

functions in mitochondria based on genes cooperation chr19/chr7/7-FA+. CHCHD2, 

NIPSNAP2 are genes both located on 7p11.2, while NDUFA13 and NDUFB7 are genes both 

located on chr19p13. CHCHD2, NIPSNAP2, NDUFA13 and NDUFB7 are over-expressed 

genes as well as shared genes between chr7-gain /7-FA+ and chr19-gain groups.  Among 

these genes there is a cooperation based on gene dosage-effect which has important 

repercussions within mitochondria. It has been observed how changes in mitochondrial 

function or structural changes are a characteristic at different levels in GBM (Arismendi-

Morillo, 2011; Katsetos et al., 2013). Malignant glioma cells because of energy deprivation 

undergo necrosis rather than apoptosis (Steinbach et al., 2003) CHCHD2 is an anti-apoptotic 

protein localized on the mitochondria and it interacts with Bcl-xL. NDUFA13 is a cell death 

regulatory gene that promotes apoptosis and a negative regulator of cell growth, and it is also 

involved in mitochondrial metabolism. These and more observations will be required to shed 

light on the complex mechanisms bringing to tumorigenesis in GBM.  According to literature, 

the most recurrent genetic alterations are epidermal growth factor receptor (EGFR) up-

regulation, phosphate and tensin homologue (PTEN), isocitrate dehydrogenase 1 (IDH1) and 

p53 mutations (Brennan et al., 2013; Wilson et al., 2014). Analysing 60 GBM samples (WES 

data matched with RNAseq data, SNParrays) we found that EGFR point mutation 

characterizes the Chr7-gain FA + Group. There is a mutual exclusion between TP53 points 

mutations and EGFR mutation in the chr7-gain FA- group.  
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