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1. INTRODUCTION

1.1 The role of theaneuploidy in cancer

Aneuploidy is described as anaattion in number of chromosomes (at whole chromosome or
chromosome arm level). It is well known its implication in tumorigenesis as a defective
segregation meemism during cell division and, even tigh it is the oldest cancer alteration
found and desdoed by Theodor Bove(Boveri, 1902)around one century ago, nowadays, it
is still unknown if aneuploidy is a dice cause of cancer or malignant transformation.
Theodor Boveri between 1904 and 1014 inducedtipmlar spindles during mitosis
(multipolar spindle formation with three or fouolps) in sea urchins. The progeny of treated
urchins showed aneuploidy. Thibservation suggested that tumours originated from normal
cells with aneuploidy or aberrant chmosomal distribution as effect of aberrant mitosis
(Weaver et al., 2006)The Figure 1 show the aberrant mitosis artueir effects on the cell
progeny. The Boveri's theory was the first one about t@asmection between aneuploidy
and cancer. The scientific data reveals timeugloidy occur in solid tumours, even thought,

less commonly of tumours with nediploid karyotypegWeaver et al., 206).
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Figure 1. Mechanism generating aneuploidyWeaver et al., 2006)Copyright © 2006 Elsevier Ltd. All
rights reserved.



Aneuploidy is an intrinsic feature of tumour cells for four important reasons: 1¢aeges

cell transformation 2) it is observed in grancerous lesions of many diféat cancer types
such as cervixDuensing & Munger, 2004; Bd et al., 1999)head and necfAi et al., 2001)
colon (Cardoso et al., 2006; Ried et al., 1998¢sophagugDoak et al., 2004and bone
marrow(Amiel et al., 2005B) it is observed in premalignant lesions in experimental animals
such as breagMedina, 2002)and skin(Dooley et al., 19934) it modifies the trascription
equilibrium bringing to both upregulation of those genes promoting cell growing and
proliferation, and to downregulation of those ggwontrolling and reducing the cell growth.

In gereral, the cells have an innate mechanism to ensure a collrechosome segregation
through the s@alled mitotic checkpoint. Mutation and alteration in this mechanism can lead
to chromosome instabilityzondisjunction errors and nediploid aneuploidyn which copies

of one or a few replicated chromosomes areodit@d in the same daughi@veaver et al.,
2006) The mat important genes component of the mitotic checkpoint ateti®licheckpoint
serine/threoningrotein kinase (BUB family) and MAD genes in which a mutation,
alteration, elimination lead to aneuploidy acltfomosomenmis-segregation(Weaver et al.,
2006)

Any nonconformity from the 2 normal karyotype of any region in tlgggnome is a copy
number alteration (CNA). Historittg, gains or losses of whole chromosomes have been
called aruploidy or wholechromosomeneuploidy, while gains or losses involving
chromosomal arms or large chromosomal regions have been generallgd call
partial/segmental/structural aneuploi@en-David & Amon,2020)

Generally, CNAs refer to pogiygote alterations and then in somatic cell and they are termed
as somatic copy number alterations (SGNWhile CNAs occurring in the germline, are
better termed as copy number variants (CNVs) and they are inhexit&immarizing,
amplifications of chromosomal portions, entire chromosomal arms or entire chromosomes,
are generically called gains, while ded@s of portions / arms / entire chromosomes are
cdled losses. The cancer chromosomal aberrations (amplifisatts deletions) can be
subdivided intofocal (small size < 10% of a chromosomal arm) amebad (whole-
chromosome or arffevel aberrations), @ahit was suggested that focal and broad Copy
NumberAberrations (CNAs) can have different consequences for tubiolagy (Mermel et

al., 2011) In contrast to focal CNAs, few arfavel CNAs show high changes (>3) in copy
number (Mermel et al.,, 2011) The cancer phetype and cancer progression are
consequences of digeilibrium in transcript levels correlated to gene dosageceff

(Condorelli et al., 2018)Broad Copy Number Aberrations (BCNAS) is another term to

6



collectivdy indicate a special type of chromosomal aberrations including classicarical
aneuploidy(i.e. an incorrect number of one or more chroomess like monosomy, trisomy,

or tetrasomy), andtructural or segmental aneuploidgainsor lossesof chromosomiarm as

well as of large chromosomal segments with a size > 50% chromosomdMem)el et al.,

2011; Zack et al., @3) It is supposed an important role of BCNA in cancer progression
although, the majority part afancer research is focused on focal CN8sndorelli et al.,

2018) An important concept in tuma@enesis regards abilities and capabilitiest cancers
acquired and that are shared by all tumours type is about the hallmarks of cancer. The first
authos to review these topics were Douglas Hanahan and Robert A Weinberg in their articles
AThe hadfl maa fHzsreahas & Weinberg, 200 nd fAHal | mar ks of C
Ne xt Ge nHalimarks obQaricer: The next Generatiofl2)

e

Derequlating cellular a m Avoiding immune
energetics destruction

Sustained
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L(Enamnng Charactensncs)—/

Figure 2 Hallmarks of Cancer. Copyright © 2022 Elsevier Inc.(Hanahan & Weinberg, 2000; Hallmarks of
Cancer: The next Geraion, 2011)

The figure 2 shows the Himarks and the emerging hallmarks and enabling characteristics.
Among the hallmarks tumours development we fodhdnsensitivity to growtkinhibitory
(antigrowth) signals 2) evasion of programmed cell death (apisp 3) seHsufficiency in
growth signés 4) sustained angiogenesis 5) limitless replicative potential and 6) tissue
invasion and metastasis. Other egieg hallmarks (not yet validated) are: 6) avoiding
immune destruction 7) tumqgromoting inflammatia 8) deregulating cellular energetics
(reprogramming of cellular metabolism) 9) genome instability and mutation.

Usually the normal cells may go througlgenetic transformation getting random mutations,
which do not provide any contribution to the acgiga of cancer hallmarks. Such mutations
are calledpassenger mutations However, the same process can randomly generate other
mutations, calleddriver mutations, that carry cells to a cancer progression with the

activation of cancer hallmarks.



The driver mutations are usually the same in différgatients, the passengers are all
different, so it is believed that those are neutral, and they play no deader.

While the strategy for distinction between cancer driver and passenger mutations ilyelativ
well-established for singlgene or abo-gene mutational events (such as single nucleotide
substitutions, small indels, gene fusions, focal high lewgblifications, and focal epigenetic
modifications), the task is more difficult for broad genomieradtions that simultaneously
affect seveal adjacent genes by copyimber dependent mechanisms (Somatic Broad Copy
Number Aberrations: BCNASs). In the cemt of the classical twehit mechanismfor
inactivation of tumor suppressor genes(TSG), providing that the first allele has been
inactivated g a singlegene mutational events (inactivating point mutation or small focal
deletion), the remaining functiorgnallele can be removed by a broad genomic loss (for
instance a chromosome monosomy). Along this lafereasoning, the accompanying
hemizygoudoss of several genes contained in the same genomic segment can be considered
as passenger mutations, i.e. nalutor the evolution towards a cancer phenotype. In contrast
with this simple view, it is conceivablbat the simultaneous loss or gain of exal genes
contained in broad deleted or amplified chromosomal regions can also exert positive (driver)
or negatve (deleterious) effects for cancer phenotype sele¢Ray et al., 2016; Solimini et

al., 2012) The main role of BCNAs, and genes relatedhent, 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 (bil
inactivation) to produce cancer phenotype. Even so, a monoallelic inactivation of TSGs could
induce a phenotypic modification independgniby a second hit by haploinsufficiency
(Condorelli et al., 2018)f more than one TSG show hapisufficiency there is a cumulative
haploinsufficiency effect which isnough to develop cancer. It has beergsatged that a large
majority of TSGs involved in sporadic cancer are haploinsuffigiPawoli et al., 2013)A
similar approach can be applied toemndneof so ca
gene copies (oncogenes) due to a contextual increment of cdoorabportion or whole

chromosoméDavoli et al., 2013)



1.2 Numerical and structural chromosomal aberations

Historically, from a cytogenetics point of view, the chromosomal aberrations are classified in
two large groups: numerical and stwral aberrations. A Numerical chromosomal aberration
refers to a change ithe normal number of chromosomes asssimg (monosomy) or gaining
(trisomy, tetrasomy) of portions (p and q chromosomal arm) or whole chromosomes. A
structural chromosomal abeticn refers to a change in the structure or shape of
chromosomes. The mo&hown numerical chromosome aberrationslude Monosomy X
(Turner’s syndrome), Monosomy 5p (Cri du chat syndrome), 1p36 Monosomy syndrome,
Tri somy 18 (Edwar do6s 2% yDownr syndeme). @he dstructurai s o my
chromosomal aberrations are severgety including: 1)Deletions loss of genkc material
involving a single missing base pair or piece of the chromosoniev@jsion: Segment of
chromosomes come up against a doubknst breaking, followed by a turning around and a
reattaching to itself. @the base of the breaking point arouhd tentromere, the inversions

are classified in pericentric and paracentric. As rule parents can pass on inversions to their
offspring, buthey donot al ways resul't ifranslosayiam:d r 0 me
exchange of chromosomal portions or entimms belonging, mainly, to different
chromosomes (nehomologous exchanges). Translocations can be reciprocal with portions of
chromosomal ans exchanged and resulting in two different derived chromosomes, or non
reciprocal where the transfer of chromosdmmaterial 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 genetidahaterbserved. 4)

Rings chromosome A chromosome bends and fuse together, forming a circular ring.
Sometimes rings chromosome shows a loss of genetic material, in other indtagais ot.
Chromosomal translocations are very common phenomena in heemagr, particularly in
hematopoietic ah 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)n oncogenic chromosomal translocations, rearrangementaltean

the original positions of protoncogenes, i.e. those genes that contribute to stimulating cell
proliferation and division, througkwo main modes: 1) Generating oncogenic fusion proteins

2) Transferring prot@ncogenes in proximity of ciegulatoy elements (promoters,
enhancersfZheng, 2013)



Usually, when the translocation generates oncogenic fusion pratespossible to jusy

the pathogenesis @ancer, but in many other cases the translocation does not produce any
aberrant products and it is difficult to ungmd the exact biological role in the pathogenesis

of cancer. Since no alterations of single genes have beenee\ataor near the brep&int
junctions of several unbalanced chromosomal aberrations, there is a wide consensus that
genedosage transcriinal effects are playing a role in tumorigenesis and cancer progression.

As it will be discussediater this is thease of the derivativid,16) in breast cancer.

1.3 The cancer genome atlas (TCGA)

Nowadays many studies are trying to clarify the role afugioidy in tumorigenesis and to
investigate the possibility to develop tumenecific aneuploidy models. Studiesveal that

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

tumour type(Taylor et al., 2018)A milestone in the understanding cancer aneuploidy and
chromosome arrevel aneuploidy is the method proposedAtgon M. Taylor et al(Taylor

et al.,, 2018)by performing a pagancer computational analyses on 2@.5umors of 33

cancer types deposited in the Cancer Genome Atlas (TCGA) database. The 10.522 samples
were analyzedor somatic DNA copy number by Affymetrix SNP 6.0 arrays,drpression

values bylllumina mRNA sequencing platform and for mutations byolglexome DNA
sequencing platform. Thanks to a bioinformatics approach to manipchatenosomes,

Taylor group calalated the ploidy and absolute total copy number of each chromosome (p
and q armyand each segmemt the genomeln general, they considerettleted, neutral or
amplified a segment with a copy number s mal
respectrely. While, for the alterations (amplifications/deletions), segments were eoedid
altered if deletion or amplification was more than 2@% the chromosomic length.
Successively, they clustered tumours in aneuploid and-aneuoploid and for each
chromo®me they have assigned a value to calculate the number of alteredlaifnist, O if
nonaneupl oi d, +1 i f gai vakeab,so aasigded iekeAhen surhmea t h e |
and for each tumor were assigned an score, the so called aneuploidy scdreangpc from

0 to 39 (sed-igure 3B) (the max value corresponds to all armsratieboth long and short

arms for each neacrocentric chromgome, and only long arms for chromosomes 13, 14, 15,

21, and 22]Taylor et al., 2018)TheFigure 3is a summary of the bioinformatics analysis of

the specific aneuploidy pattern of cancer typeg(re 3A) by using tle Pearson’s method in

a hierarchical clustering. For each arm (p e q) of eacbnubsome is visualized the
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corresponding mean arm alteratioalue (blue =-1/loss, white = O/neutral and, red =
+1/gain). InFigure 3C is a graphic representation of the sufmAaeuploidy score with the
blue colour are identified theumoursnot doubled, vth greencolourthe genome with one

fold genome doubling ahwith red the genome more than one fold genome doublings). The
33 cancers typeF{gure 3C) are ordered from the enwith less aneuploidy (THCA) to the
one with the most aneuploidy (TGCT).
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Figure 3: A) Hierarchical clustering showing the mean arm alteréion in each chromosome (p and g arm)
and for each cancer type B) the schema to attribute the valuéd, 0, +1 to céculate the aneuploidy score. C)
Graphics representation of the tumours ranked fom 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 camgges. For example 26% of

thyroid carcinomas show arfavel alteration, glioblastomas (99%), uterine carcinosaaso
(96%) and testicular germ celimours(99%) (Taylor et al., 2018)Undoubtedly, Taylor’s

results cavince on the role of aneuploidy in cancer and on the existentcaheertype-

specific chromosome arrdevel aneuploidies patterns Proof ofthis, Colorectal (COAD
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READ), nonrsquamous oesophageal (ESCC), stomach (STAD), and pancreatic (PAAD) show
gains of chr8q, chrl3q, and chr2(Qraylor et al., 2018)In Ovarian cancer (OV), lung
adenocarcinoma (LUAD), bast cancers (BRCA), and liver hepatocellular carcinoma (LIHC)
show gain of 1qg Wwh high sCNAs(Taylor etal., 2018) Low grade glioma (LGG),
glioblastoma (GBM), uveal melanoma(UVMEgnal clear cell carcinoma (KIRC), and renal
papillary cell @arcinoma (KIRP) show gain of chr7 with few sCNsylor et al., 2018)In

lung squamous cell carcinonfeUSC) cooccur loss of chr3p (80% of tumours) and gain of
chr3q (60% of tumour§Jaylor et al., 2018)

The aneuploidy produce consequences on the driver genes such as the cancer hallmark genes,
instead, when 3p whicls deleted across TCGA samples, the cancer hallmark sets of cell
cycle (E2F targts/G2M Checkpoint), epithelial mesenchymal transition, fieten gamma
response, and TNFagnallingare upregulate@Taylor et al., 2018) The association betwee
mutational state and aneuploidy was as well exploited. In general, cancers with low
aneuploidy scores have higtutational ratéTaylor et al., 2018)In COAD and uterine corpus
endometrial carcinoma (UCEC) low aneugiocancers with high mutation rate is associated
with POLE mutation and microtalite instabilityTaylor et al., 2018)

Even if the Taylor's study has clarified many aspects ofezahiblogy, many questions
remains unsolved. For example, whes the selective pressure which select the cancer with
aneuploidy? Which is the role of the stroma interactiorameuploidy? These and other
unsolved questions need to be exploited throughlesicells analysis, cellular modelling, as

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

An experimental desigto investigate the broad copy number alterations (BCNASs)-(evel

or whole chromosome aneuploidy) and their effects on transcriptomitepiofcancer is

proposed in Condorelli et al. 201Bigure 4). The model aim is based onidntification of

BCNAs in a specific type of cancer 2) Grouping the tumour samples with a specific
chromosome aberrations (gain or loss of a chromosoanal or awhole chromosome) to
determi nat es d lhec tseod c& B®upigly teutypmdwsamples not bearing

tha t specific chromosome aberr@dntornolt 4grdeaitpesr
Grouping the normal colon mucosae samples 5) Performimgpaitional analysis to

identify significant differential expressed genes (DEGs) betweertsdl€CRC group and
comresponding control CRC group (this comparison determines a group of genes called OverT

or UnderT) or between selected CRC group and norn@hicomucosae group (to determine

UpT and DownT genes). The consecutive steps regard 6yaheaton of transcriplevels of

a given transcript class by the parameter A
Biological function analys{€ondorelli et al., 2018)

Selected cancer group Control crimcer group
[ )
{e.g. trisomic selected chromosome) (e.g. di icsel d chr )
tumors bearing a broad gain tumors lacking any aberration
on the chosen chromosome on the chosen chromosome

cted | Control l

cancer

Normal Colonic
Mucosae
Figure 4: Model to investigate aneuploidies in canceiCondorelli et al., 2018)
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The model discussed was developed to investigate BCNAs in Colon cancer (COAD),
nevertheless it is appable to any cancer type. In this PhD thesis the model was improved by
using a normalizedhtomosomal distributio index (NCDI) instead of an only Chromosomal
distribution index (CDI) which takes into account the number of transcripts enriched in a
specf i ¢ Atranscript classo but nor mali zed as
numbe of transcript in onehromosome as better described in material and method section.
The computational analysis was much improved developing a bioinformaticngipe
applicable to each cancer type. The range of data has been extended by considerseg RNA

data, SNParrays dta and mutational data such as whe®me sequencing.
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1.5 Aneuploidies in Breast Cancer

Breast cancer displays recurrent genome copy nuraberrations as demonstrated in
combined studies of genome copy number and gene expressifiimgardn particular
recurrent chromosome aberrations regards the gain of 1q, 8g e 16p and the loss of 16q e 17p
(Chin et al., 2006; Ried et al., 1999\s reported in the Mitelman Database of Ghisome
Aberrations and Gene Fusions in Cancer (https: //mitelmandatabasgeisby/, accessl on

1 August 2020) as well as in multiplicity studi@utrillaux et al., 1990; Farabegoli et al.,
2004; Kokalj Vokac et al ., 1993; MuNikbsu s wa mi
Pandis et al., 1992, 1995; Russnes et al., 2010; Rye et al.,, 2015; Teixeira et al., 2002;
Tsarouha et al., 1999n breast cancethe most common cytogenetics abnormalities refer to

1) the derivative chromosome der(1;16) (q10;p10) 2)ishehronosome 1q (i(1q)) and the
deletion of del(16qg). The der(1;16) (gq10;p10) is considered to be the consequence of a
centromereclose translocation t(1;16) and it consists in a gain of long arm of chromosome 1
and a loss of long arm of chromosomeFig@re 5-6). The i(1g) consists in a loss of the

entire short arm (p) of chromosome 1 with subsequent duplication of the entire long arm (q)
of chromosome 1Higure 5-6). The del(16q) consists in a deletion oflégg arm 1 Figure

5-6).

Balanced translocation t(1;16)

1 !l |||| il || "“’ -
® @ .

i - I“q 111-
Chromosome 16 Chromosome 16
(2nic)

Chromosome 1 (2n2¢)

Chromosome 1 (2n2¢)

(2n1c)

Possmle combinations of parent cells 2n= d|p|°|d karyotype
2c = two chromatids
1c = one chromatidium

[2n1c) .'\

Normal Karyotype Balanced translocation der (1;16)

Figure 5: A modelfor 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 ges@sage transcriptional effects are playing a role in

tumorigenesis of breast cancer by gairentra opies of chromosome 1.

2 copies 1p

N

der(1;16) (q10;p10)

2 copies 1p

3 copies 1q
1q gain

der(1;16)

der(1;16) (q10;p10) x3

1 copy 16q

169 loss

4 copies 16p
/ 16p gain

(g

]

A

5 copies 1q
1qg gain

1 copy 16q
16q Loss

der(1;16) x3

i(1q)

3 copies1q
1q gain 1copy 1p

/ 1p loss

del(16q)

2 copies 16p

1 copy 16q
—
— 169 loss

16 16

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 paneltop: isochromosome 1q (i(1qg)), a chromosome formed by two long arms of chrl.
Right panel bottom: deletion of long arm of chrl6.

Though the frequent association of-dajn and 16doss suggests a cooperation between

those aberrations, it has been also regabtha breast cancers can bear onlydajns 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 -fj§23and the loss of

16g12qter as chromgomal rgion involved in the der(1,16) in breast cancer as well as minor

amplification events in 7p222, 20p11.2 and 20gi23.1 chromosomal regioriBarabegoli et

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

(IDC) and the invasive lobular carcinoma (ILC). The dajn istypically present at every

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

invasive lobular carcinom@arabegoli et al., 2004Lonsidering the molecular classification,

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

Basallike and Normalike, according to the PAMS50 intrinsic subtypes classification
(Picornell et al., 2019jGnant et al., 2014)Dowset et d., 2013) The frequency of this 1q
gain/16q loss is higher in Luminal A related to HE&#%#iched or basdike. (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 wlecular patterns which bring to molecular and histological

classificationgNascimento & Otoni2020).

1.6.1 Molecular classification

According to the PAMS50 (Prediction Analysis of Microarray 50) intrinsic subtypes
classification(Picornell et al., 2019)Gnant et al., 2014)Dowsett et al., 2013% based on a

gene expression study screening 9000 genes. A list of 550 genes were identified as crucial to
discriminate the phenotype of individual tumo@Prou et al., 200Q)Sarlie 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, Blikaland Normalike.

Tumors can be classified accordimgER status in ER+ and ERA 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 aboe@b%Oof tumors
(Russnes et al., 2017)ynmunohistochemistry (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 recéRtmspes 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 (Moefier et al.,

2018) The subgroup Luminal B has generally a high expression of gene involved in cell
proliferation and mitosi§Russtes et al., 2017)The group called Baséike, are characterized

by genes typically expressed in myoepithelial or basal epithelial cells.-Ba&salbtype are

ER negative, PgR negative and Her2 negative and known asreigéive 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 prolifer@fioasser,

2007) On the other hand, the bas&k tumours, specifically triple negative and £Rave

the worst shorterm prognosis, even though is less frequent than the other two previously

descibed.
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1.6.2 Hstological Classification

Tumours used to be generally classified by histopathologic analysis on the base of tubule
formation, mitotic counting and the degree of nuclear pleomorp(famsres et al., 2017)

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

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

(ILC). Other minor types of breast cancer are @peg¢ cribriform and mucinous carcinoma so
classified according to the growth patte(Weigelt et al., 2008)In figure 7 it is reported a

classification of the main breast cancer histotypes.

> INVASIVE DUCTAL CARCINOMA (70-80%)

BREAST INVASIVE
CARCINOMA

SPECIAL TYPE . I\'}'.-\Sfl\'F. LOBI 'l.-}R CARCINOMA (15%0)
(ST) * TUBULAR CARCINOMA (2%)

¢ CRIBRIFORM CARCINOMA (1-3.5 %)
* MUCINOUS CARCINOMA (2%)
*  MUCINOUS CYSTADENOCARCINOMA
* INFILTRATING MICROPILLARY CARCINOMA
¢ APOCRINE CARCINOMA (1-4 %)
*  METAPLASTIC CARCINOMA (1%)

*  SECRETORY CARCINOMA 1%

¢+ CYSTIC ADENOID CARCINOMA (0.1%)

* MUCOEPIDERMOID CARCINOMA

*  POLYMORPHIC ADENOCARCINOMA

*  ACINOGENIC CELL CARCINOMA HIGH CELL

¢+ CARCINOMA WITH INVERTED POLARITY PLEOMORPHIC

*  ADENOMA ADENOMYOEPITHELIOMA NAS
+ NEUROENDOCRINE TUMOR (NET)

*  NEUROENDOCRINE CARCINOMA (NEC)

Figure 7: Schema about the main histological subtype.

The histological special types (ST) show a more homogeneous phenotypeothecial

type (NST).Many of these tumours are treated with neoadjuvant and chemotherapy but for
the secretory and apocrine carcinoma, which represents only 1%4a#ddf breasinvasive
carcinoma special type apocrine carcinoma, there is any effitecapy. 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 usuallgllext, even in case of nodal
involvement or metastasis.

The secretory eainoma shows a tubular, solid and/or microcystic architecture and abundant
colloid-like extracellular secretion. The secretory carcinomas show particular gene feature,
the ETV6ENTRKS fusion gene(Pareja et al., 2021)This chimeric gene derived from the
t(12,15)(p13;925) translocation that involves the dimerization domain ofrémscriptional
regulator (ETV6{located on chromosome 1and the membrane receptor tyrosine kinase
(NTRK3) (alsoknown as TRKCand located on chromosome) l(Knezevich et al., 1998)

producing a ptent tyrosine kinase with high transforming effé@t Liu et al., 2000; Wai et
18



al., 2000)(Wai et al. 2000, Liu et al. 2000). ETM8TRK3 expression actes two effector
pathways of wildtype NTRK3 which have an impact for cell proliferation and survival in
breast cancer: 1) the REBAP kinase (MAPK) mitogenic pathway and 2) the gploatidyl
inositol3-kinase (PISK)JAKT pathway mediating cell survivdlTognon et al., 2001; Wai et

al., 2000) In particular, ETVENTRK3 leads to a constitutive activation of membrane
receptor of tyrosin&inases. This observation focus the attention on the NTRK signaling, also
known as Trk signaling, to be used as targets for new cancer thdiigpies et al., 2002)s

well as tohypothesizea genetic target..

Instead, a screening of chemical libraries to find inhibitor of trk signaling, have identified the
drugknownas Entrectinib, as inhibitor of TRKDoebele et al., 2020)

Undoubtedly these resujtepen 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 emotherapy and reliable genomic diagnosis.
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1.7 Aneuploidies in Colon Carcnoma

Colon cancer is one of the most common humafignancies and 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 fe(Raldmy et al., 2015)The vast
majority (over 95%) of the cancers that origin in the colorectal region are classified as
adenocarcinoma$amilton et al., 2010)At least two forms of genomic instability have been
described in colorectal adenocarcinomas:omosomal instabilitfCIN) and microsatellite
instability (MSI). CIN is characterized by numericnd 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 microsatedifieats due to defects in the DNA
mismatch repair genes. AlthoughS¥land CIN have been considered mutually exclusive, it is
now clear that MSI tumors also shawarying degrees of CIN and that a percentage of the
tumors can be considered positive for biatim of instability(Grady, 2004)In an early study
involving 172 colorrectal samples (40 santps earlystage adenomas, 40 adenomas and 92
carcinoma), allelic deletions of chromosomes 5, 17, and 18 are foassl.of chromosome 5

was found in 285% of adenomas and carcinoma. Loss of iggo of chromosome 18 was
deleted in 78 perecgage of carcinoma, in 47 percentage of-Etae carcinomaand 1113 %

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

In colon cancer biology the increase of chromosomal number of dapiesnosomal gaing

a critical topic of considerable interestChromosome 20 amplificatiomre common
chromosome aberratipmas demonstrated bgequencing aohort 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 mutatios in KRAS and BRAF were well documented in
literature and they are found in 10% of colorectal carcinoma be2@g@mplification and in

45% of colorectal carcinoma bearing 20q gain, and 72% of colorectal carcinoma no bearing
aneuploidy of 20dPtashkin et al., 2017)t has ber observed a causal correlation between
increase of chromosomal number of copies and high gene expressiorelibesaesgenes are
more dosage sensitive than lexpressed gengbehrmann et al., 2015)aylor et al(Taylor

et al.,, 2018)have studied a negative correlation between hotspot mutations and colorectal
carcinana (COAD and READ), founding a high level of MSIBOLE mutation in samples

with low aneuploidy rate, demondiregy how aneuploidy is a sufficient aberration for
tumorigenesisA pattern of aneuploidy was proposed by performing a hierarchical clustering

with Pearson's correlation. The results showed -accorring alteration of chr7p, chr7q,
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chr8q, chrl3q, and chdg (Taylor et al., 2018) In Condorelli et alby analysing Broad Copy
Number Abnormalities (BCNAs)(aberration in at least 25% of chromostength in 46
colon samples and 26 normal mucoseehigh frequencyof gains(chr20q, chr8q, chrl8,
chr7g,chrXq, chr9q) and losses (18q, 8p, 17p, 1%gre foundCondorelli et al., 2018)he
main resits concerning the association betweenregulated driver cancer genes and the
gene deage 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 ceragbrabur.Basedon

the study conducted by The Cancer Genome Atlas Research Network (TCGA) and gublishe
on the Cell Journal (2013) with the title AT
common chromosomal amplifications in GBM involve the chromosomes 1, 4, 12abg
analysing 543 CGH samples data and performing a GISTIC interrog&rennan et al.,

2013) Glioblastomas is characterized igpcitratedehydrogenase 1 (IDHDyutationin 12%

of GBM patients The glioblastomaswithout IDH mutations are characterized by
chromosomal aberrationsuch asgain of chromosome 7 andoss d chromosome 10
(Breman et al., 2013)The chromosome 7 is specific feature of GBM and undergoes to a gain

of the entire chromosome 7-@ain) alone or in combination with a focal amplification (FA)
located on the cypgenetic band 7pl11.2 (#A), a region including the EG¥Fgene (Brennan

et al 2013). In addition to focal amplification-PA), another EGFR mutational condition is
defined as Regional gain in comparison to the Euploid definition which does not show
alterdgion in EGFR region. Moreover, focusing on the rolehef EGFR and its mutation with

or without the 7gain alteration, its genomic alterations are correlated with the specific
molecular subtype of GBM. According to Brennan et. al 2013 and Verhaak €00,
classification@Brennanet al., 2013; Verhaak et al., 201@BM is divided in 4 subtypes
(Classical, Mesenchymal, Neural, Proneural). As a consequence of a gene dosage effect, the
transcriptional upregulation of some sffie genes located in the #A region or widespread

to the entire chromosome 7 has been repeatedly observed in the two aberrations, respectively
(Beroukhim et al 2007, Brennan et al 2018ther gliomas llow grade gliomas are
characterized by 1p loss@&i9q gain correlating with IDH mutatibhCGA, 2015) The ce

gain of chromosomes 19 and 20 is also linked to a ri@awaurableprognosis alidated bya

124 cohoraCGHsamplegGeisenbergeet al., 2015)It is interesting that in a special type of
glioma, so called oligodendroglioma, it has been found-debetion 1p/19q as the result of

an unbalanced translocation der(1;19) (q10)pand this aberration correlates with a better
prognosis(Jenkins et al., 2006)ndeed, deletions of 1p and 19q are associated withreumo

with oligodendroglial components.

The Epidermal Growth Factor ReceptdEGFR) gene, Cyclhdependent kinase 6 (CDK6)

gene and MET Prot@ncogene Receptor Tyrosine Kinase (MET), which are known to be

putative oncogenes or tumour suppressor genes, atedoon 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 tgp@roposes 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 reportedhénpresent thesis are focused on Breast
Invasive Carcinoma (BRCA), Colon Carcinoma (COAD) and Glioblastoma multiforme
(GBM). The BRCA has been explored both bioinformatically and experimentaihtro
respectively while for the cohorts of COAD and GBkejanalysis and posinalysis 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, che8r13, chrl8 and chr20 already applied G®DAD.

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

The main goal of BRCA project regarthe following steps 1) the exploration of the most
frequent chromosomal aberrations as reported inMitelman Database of Chromosome
Aberrationsand Gene Fusions in Cancer (https: //mitelmandatabasgisbrg/, accessed on

1 August 2020) which are the derivative chromosome der(1;16) (q10;p10), formed by the
short arm of chrl6 and the long arm of chril Hre isochromosome 1q, i(1q), formed by two
long arms of chrl. 2) classification of BR@émoursin so-called 1,16 chromogroups by the
combined analysis of cytogenetics (ShlfPays), transcriptomics (RN#eq) and mutational
(WES) data in order to invegate the chromosomal aberrations and thilogical 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 Taxmomy of Breast Cancer International Consorti (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 1,6 chromogroups in the TCGA series and periiog 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 1.16chromogroups features by investigating ¥@y Number Variation (CNV) cell

lines data (Affymetrix SNP6.0) with 37279 gene coverage and 1047-s8gAell lines data

(counts data) with 20213 gene coverage retrieved from Cell Model Passportvi#p In
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validation of the results obtained from prewsbusteps on, mainly, CAl148 (bearing the
der(1;16) aberration) , CAB1 (not bearing the cytogenetics aberrations) and the control cell
group (MCF7, MCF10, MDAMB-231) by performing drugreatment and siRNA
interference.

Other minor questiiabout theprognostic role of ETVBNRTK3 fusion protein in secretory
breast carcinoma, the immunohistochemistry (IHC) verification of HER2 expression protein
and the triplonegativity of hormone receptors in CAL148, CAL5d BMICF10A have been
explored.

The main goabf COAD project regards 1) The explorations of the main broad copy number
gains (BCNGS) in those chromosasmesulting to be the most aberrant in COAdDr7, chr8,
chrl3, chrl8 and chr2y analysing 433 colondanocarcinoma (COAD) samples (data
obtainedby Affymetrix SNP 6.0 arrgyandexpression profiles of 480 COAD samples and 41
mucosal normal samples (n=521) retrieved from GDC Data Portan&lysis ofthose
tumours showing Chromosomal INstability (CIN) (33tumours) and MicroSatellite
Instability (MSI) (60 tumours) 3) Differential Expression Analysis of those genes up
regulated (PositiveT) and downregulated (NegativeT) in comparison to mucosal normal
sampls and those genes ovekpressed @Qverl) and dowrexpressed (DownT) in
comparison tocontrol 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 (VEDL (identified by high resolution
H3K27acChlPseq pofiling) as well as those genes required for cancer cell fitness (Fitness
genes) (identified by genonseale CRISPRCas9 screening) Fathways analysis of Over
Positive T and FitnesQverT.

The main goal of GBM referto a massive analysis of the chmmsome 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 dai&An

the percentageof thosetumour typs with a high frequeng of chrztrisomy (> 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 samplesggRidra

(174 samples in tek subdivided in 128 primary tumowand 5 normal tissue) and whole
exome sequencing (WES) data (345 samples) from The Cancer Genome Atlas (TGCA) 2)
analysis ofthe role of the Epidermal Growth Factor Receptor (EGFR) gene in association
with or without thetrisomy7 in GBM 3) Subtype clagsiation (Classical, Mesenchymal,

Neural, Proneural accordingp (Brennan et al., 2013; Verhaak et al., 2018hd their
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association with EGFR mutationatatus which are defined as Regionghin, Focal
amplification and Euplid 4) Other goals are to evaluate the overall survival of the most
common mutatiogin EGFR (EGFRvIII, A289D/T/V and G598V/A) as well as to evaluate

the cogain chrl9/chr20 5) Gene ontologies analysis.

My thesis effort ould be also considered a work lofainstorming 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
technologiesof next generation sequencing atheir updage represent a significant challenge

in terms of ability to data management, data analysis andapastsis. The technologies
needed to perform massive bioinformatics analysis, such as-#®NASNParrays, whole
exomeseqguencing and the more eet single celRNAseq (scRNAseq) 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 METHOD S

The present work of thesis focused orthree different tumours, Breast invasive carcinoma
(BRCA), Colon Carcinoma (CGnd Glioblastoma Multiforme (GBMjor which it has been
performed bioinformatics analysis with a common initial approdelsed onl) Data
Collection oftranscriptomic§YRNA-seq) and cytogenetics (SNiPray) data?) Filtering and
data organization in according the proposedmodel 3) Statistical Analysis 4) Post
analysis

The breast cancer was further exploretth the following $eps 5) Data Collectionand
analysisof transcriptomics and cytogenetics data refer to the cell lines 6) Cell cultures 7)
Primers design 8prow-curves in MTT assay 9) gamrsacretase treatments Thetuning

the genesilencing method on breast culture.

To betterunderstandingn deep eachiumoursapproachthis section is organized ithree
dedicated sulsections Breast invasive carcinoma (BRCA), Colon Carcinoma (CC) and
Glioblastoma Multiforme (GBM).

3.1 BREAST INVASIVE CARCINOMA (BRCA)

3.1.1 Data colection: transcriptomics, cytogenetics and mutational data

The data about Breast Invasive Carcinoma (BR€#&)cerningThe CanceiGenomeAtlas
Project, were downloaded from  The Genomic Data Commons (GDGQGjata portal
(https://portal.gdc.cancer.gofJomczak et al., 2015; Weinstein et al., 20I3)e RNA-seq
data(HTseq countsare1222 BRCATCGA samplesTheWhole Exome Sequencing (WES)
data (in Mutation Annotation Format (MAF) filavhich was analysed bgomaticSnipr
algorithms(Larson et al., 2012)are 976 samplesThe cytogenetiddata (Affymetrix SNP 6.0
arrays) vere downloaded from cBioPortal for cancer genomics (https://www.cbioportal.org)
(Cerami et al., 2012; Gao et al., 2018} a total of 1084 sample$he data were associated to

the clinical, survival and classification data.
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3.1.2 Prefiltering

The RNAseq data we filteredwith the same method used for COAD samples. In paaticul
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-ARCEAH#

11A Sample IDwereselected. RNAsegand SNParrays were matched together by using the
corresponding sampie. 1058tumoursamplesare sharedetween RNAseq and SNfrrays

and 946 samplesre sharedamong RNAseq, SNParrays and WESeq technologies
(corresponding caseddvere used)The Stable ensembl IDs (i.e. ENSG###) were matched
with the corresponding gene name and additional annotation by using Bi@filzstlla et

al., 2011)and GRCh38.p13 genome version (Ensembl Release 99; January 2020). All
deprecated genes between GRCh3Y¥@RCh38 genome versions were not considered.

3.1.3 Statistical Analysis: Tools andpproach

In comparison to the COARnalysis described in par. 3.1, in BRCA analysis it has been
introduced background noise removing by excluding low count genes (daes wia 70% of
samples). The initial number of genes in RE&q count files were 6048after prefiltering

we obtained 35923 genes and after removing deprecated genes 35903 genes. Heg RNA
BRCA counts were organized the so calledl,16.chromogroups s@described in the result
section and then normalized as previously described in3paB Statistical Analysis: Tools
and Approach.

The fragments per kilobase per million reads (FPKM) weoaverted in Transcripts per
Million (TPM) accordingto the stadard procedures. TPM wagsedto compare gene level

expressionn 1,16 chromogroups

3.14 PostAnalysis: Semisupervised Hierarchical Clustering, Pathway
analysis

The data wre organized in 1,16 chromogmps and undergo tohe hierarchical clustering
algorithm (Eisen et al., 19984] in the pheatmagKolde, 2012)by usingR packags. The
row values wereentredand scaled. Thenweighted pair group method with arithmetic mean
(UP-GMA) was used aknkage agglomeration methad apply & Euclidean distance.

The pathways analysi® investige the biological significanaaf the our genes listvas
performed byMetascape(Zhou et al., 2019pand with the Gene set enrickm analysis
(GSEA) (Subramanian et al., 2005he WESseq data were analyzég using the Maftools
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R Package (Mayakonda et al., 2@B). The Venn diagramsnalysiswere performed by
Interactive Venn free softwa(eéleberle et al., 2015)

3.1.5 METABRIC: Molecular Taxonomy of Breast Cancer International
Consortium.

The Molecular Taxonomy of Breast Cancer International Cdangsa (METABRIC) is the
largestcohort of breast carcinommaln particular, METABRIC includes2509 samples of
breast carcinoma and thenorresponding548 samples of normal mammary tissue.
METABRIC study has explored breast cancer ftoamscriptomicendcytogenetics poirstof

view. In addition, it focusedon molecularbased 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 (&lustd Lobular) (https:/ega
archive.or (Pereira etlg, 2016JRueda et al., 2019 urtis et al., 2012jRussnes et al., 2017)

3.16 Data collection: CNV METABRIC

The large data cohort from theMolecular Taxonomy of Brest Cancer International
Consortium KMETABRIC) was download@ from cBioPortal for cancer genomics
(https://www.cbioportal.ordgiCerami et al., 2012Fao et al., 2013)in particular 2173 CNV

samples waanalysed

3.17 Overall survival (OS)

The overallsurvival (OS), theProgressionfree survival (PFS)and theDiseasefree survival
(DFS) data were evaluated by ti@plan Meiercurvein GrapHPal Prism software version
8.0 (GraphPad Software, San Diego, CA, USAyw.graphpad.com Log-Rank Testwas

used.

3.1.8 Translation of Bioinformatics results in Cell Model

In order to translate the 1,16 chromogroups suitable cell modebk, an additional
bioinformatics analysis waserformed Transcriptomics and cytogenetidata 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 linesath
(Affymetrix SNP6.0)with 37279 gene coverage; 2) 1047 Ridégcell linesdata (counts
data)with 20213 gene coverage.
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Only the cell linesmatchable with the two technologies argferred exclusively to breast
cancemwereconsidered52 Cdl Lines)

The Cell Lines CNV Data were classifiedcording tothe classiftation in chromogroups
1,16 proposed in Privitera et al, 2021. The main tHémogroupsare: 1) Group A, bearing
lg-gainand 16gloss, 2) Group B, bearing dgpin/1ploss, 3) Group C, bearinttgain and
normal chrl6, 4) Group D, bearing 16lpss and normal chrl, 5) Control (CTRNo
aberrations in chrl and chrl6.

The groups so coposedwerethen analysed to individuateetdifferential genes (DEGH)y
used the bioinformatic pipeline previously described in this section

3.19 Cell Model and Cellmaintenan®

The Cell Lines CNV Data were further used to investigate the aneuploidy assessment of cells
in order toidentify the breast cell moddbearing the derivate(1;16) (CAL48) and a control

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

To compare the cell adels proposed with these two cell lines, GA8 e CAL51, other

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

The Table 1 shows the karyotype and the chromosome 1 and 16 statiSFEI0A, CAL-51,
CAL-148, MDA-MB-231 andMCF7.

The cells maintenance has taken place at the laboratory of Cell Culture in the Department of
Biomedical and Biotechnologal Sciences Section of Medatal Biochemistry c/o Biological

Tower, Via Santa Sofia n.89, Cataii&icily i Italy.

29



Cell-lines

1,16 chromogrups

Classification

Repositories andliterature

1p

1q

16p

16q

Karyotype

References

MCF10A

Thekaryotype is stabland neadiploid, these cells ar
nonetheless cytogenetically abnormal. These cel
harbor a deletion of thecus containing p16 and

p1l4ARF, as well as amplification of MYC. Notably

MCF-10A cells expreswild-type p53. MCF10A cells

are negative for estrogen receptor (BRECF-10A
cells are almost diploid cells with several chromosol
abnormalitiesMCF-10A cellshave a reciprocal
t(3;9)(p14;p21) translocation and an unbalanced
translocation from chromosome 5q to the derivaflv
Loss of the p16 locus associated with t(3;9)
translocation is believed to contribute to the
immortalization of MCF10A cells Also, a
t(6;19)(p25;q12) rearrangement can be see@ir-
10A cells Trisomiesof chromosomes 20 and 1dd
derivative of chromosome 8

Debnath et al2003
Cowell JKet al., 2005
ZientekTargosz, Het al, 2008

Brenner Adet al., 1995

CAL-51

disomic

disomic

disomic

disomic

(ISCN notation)46(45 46), XX
Human neadiploid karyotype with 28% tetraploidy
46<2n>XX, no consistent abnormality detectedre
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 neadiploid 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)(g1?1g1?3), der(16)t(1;16)(g22 - 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 = 6
range = 52 to 68), with chromosome counts in the-n
triploid range. Normal chromosomes N8 and N15 w
absent.

Most of the chromosomes of the normal complemer|
are disomic, but chromosomis. 2, 6, 14, 15, 18, 19,
and X are monosomic, whereas chromosomes No.
17, and 20 are trisomic. Chromosome No. 8 is miss|
in 4 of the 6 metaphases examined and chromosonm)
No. 1 is trisomic in 4 out of 6 metphases. An 11q
marker, an isochromosanfor liq,i(11) (q ter-~cen-
~q ter), is present.

Copyright 2016 ATCC All
rights Reserved
(SatyaPrakash et al., 1981)

MCF7

loss

40%loss
50%gain

47%loss
48%gain

57%loss
42%gain

65 (61 72).1x1, der(1)t(X;1), 2x2, der(2)t(2;3)(q36;7
3x2, del(3)(p?), der(3)t(3;6), B<5x3,
der(5)t(5;13)(p12?;922), 6x1, der(6)t(6;7), der(6)t(3
7x1, der(7)t(1;19;7;6), der(7)t(7;19;7), 8x1,
der(?)t(16;11;8;11;3), der(8)t(8;15), der(8?)t(8;12)
der(8)t(8;16), 9x2, der(?)t(6;20;9;3), der(9)t(8;9),
10x2, der(10)t(7;10)(?;922), 11x2,
der(?)t(11;1;17;19;17), 12x3, der(19)t(12;19),
del(13)(g?), der(13)t(13;15;11;16), der(13)t(13;14
der(13)t(13;16), 14x2, der(?)t(7;14), 15x2,
der(16)t(15;16), 16x2, 17x1, der(17)t(3;17), 18x2
der(18)t(18;21), 19x1, der(19)t(7;19), 20x1,
der(?)t(17;1;19;120), der(20)t(3;20;1;20;1;20),
der(20)t(20;1;21), 21x3, der(22)t(7;22),
der(22)t(16;22), Xx2 cp[6]
Cytogenetic Analysis:modal number = 82; range = 6
to 87.
The stemline chromosome numbers ranged from
hypertriploidy to hypotetraploidy, with the 2S
comporent 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 gene
one large submetacentric (M1) and 3 large
subtelocentric (M2, M3, and M4) markers were
recognizable in over 80% metaphases. No DM werg
detected. Chromosome 20 was nullisomic and X wa|
disomic.

(Davidson et al., 2000)
Copyright 2016 ATCC All
rights Reserved

Table 1. Karyotype of the cell lines.
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CAL -148(DMSZ No: ACC 460, breast carcinoma) cell line was purchased from the Leibniz
Institute DSMZGerman Collection of Microorganisms and Cell Cultures. The cytogenetic
features describes a karyotype humaaraképloid with 16% polyploidy- 45-48<2n>XX, +1,
+7, -8, -13, +20, add(1)(p36), der(1;16)(gq10;p10), del(2)(q11g2?2), del(13)(q1?1ql?3),
der(16)t(1;16)(q121- pll) (sedigure 8)
CAL-148 were cultured in Dulbecco's Medium 4.5g/dL Glucose w/Glutamax ¢®)bc
supplemented with:

- 20% fetal bovine serum (FBEat. No. 10274L06; Life Technologies, Monza, Italy).

- 1% of 1/1 penicillifi streptomycin (Cat. No 1514Q22; Life Technologies).

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

Figure 8. CAL148 (magnification 100%x400X) The imeges 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 Celil@@res. The cytogenetic
featuresdescribea karyotype with 28% tetraploidy46<2n>XX, no consistent abnormality
detected rare example of tumor cell line with normal karyotype (Segire 9).
CAL-51 wee cultured in Dulbecco's Medium 4.5g/dL Glucose wt@max (Gibco®)
supplemented with:

- 10% fetal bovine serum (FBS; Cat. No. 10A1®; Life Technologies, Monza, Italy).

- 1% of 1/1 penicillifi streptomycin (Cat. No 1514Q22; Life Technologies).
The cell cultures were grown in flasks (25 cm2) and incubagéd37 °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:1 031 7, nor mal 6 06 iker Febeosystic Rigedsd) he |l i a
cell line was provided by prof. Luca Lanzané 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 (séegure 10).
MCF10A were altured in Dulbecco's Modified Eagle’s F12 w/15nM HEPES and sodium
bicarbonate, w/o iglutamine (Sigma®) supplemented wifmal concentration):

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

- 10ug/mL Insulin (Cat.No.,-1.882, 100mg; SigmaAldrich, USA).

- 0.5ug/mL Hydrocortisone (Cat.No.-6B88, 1g; SigmaAldrich, USA).

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

- 1% of 1/1 penicillifi streptomycin (Cat. No 1514Q22; Life Technologies).

- 20ng/ml Epidermal Growth Fact¢eGF) (Cat. No E9644, Sigm@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 wh an inverted
microscope (Olympus CKX53).

MCF7 (ATCC No: HTB-22, breast adenocarcinoma) cell line was purchased from the
American Type Culture Collection (Rockville, MD, USfseeFigure 11).
MCF7 were culteed in Dulbecco's Medium 4.5g/dL Glucose w/Glotax (Gibco®)
supplemented with:

- 10% fetal bovine serum (FBS; Cat. No. 10A1®; Life Technologies, Monza, Italy).

- 1% of 1/1 penicilliri streptomycin (Cat. No 1514Q22; Life Technologies).
The cell cultureswere grown in flasks (25 cm2) and incubated3@t °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 syaurchased from
the American Type Culture Collection (Rockville, MD, USAgeFigure 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. 1021M06; Life Technologies, Monza, Italy).
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- 1% of 1/1 penicillifi streptomycin (Cat. No 1514Q22; Life Technologies).
- 1% of Glutamine
- 1 % EsseMEM NotEssential Amino Acids Solution (100X) (Cat.No 11140050,

Thermofshe)

- 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.mm

3.1.10Cell growth curve

The evaluation of a growth curve was useful to investigate the characteristipsguation
doubling time) of CAL-148, CAL-51, MCF7 with or without Epidermal Growth Factor
(EGF). Four timepoints (24h, 48h, 72h, 144kgnd fou cell concentration (2000, 4000, 8000,

16000 cel/well) were evaluated.

3.111 Cell Proliferation Assay

The evaluation of cell proliferatiowas performed withVybrant/2 MTT Cell Proliferation

Assay Kit Cat. No.V-13154 Themorfisheraccordingtotheam uf act ur er s i nstr
The MTT solutionwaspreparecby adding InL of sterile PBSLX to one 5 mg vial of MTT
(3-(4,5-Dimethylthiazot2-yl)-2,5-Diphenyltetrazolium Bromideand then distributed (20 )

in each well (96well plate). tubation for 2h a87 °C. The purple formazan compound was

solubilized by adding 20€L of dimethyl sulfoxided6 (ODMSO).
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The absorbances evaluatednsidethe Eppendorf 96 Flat Bottom Clear Polystyrene tissue
culture treated Cell Cultutey usingPlateReder AF2200Wavelemth at 600nm

3.112 Primer design

PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primdnast) and PrimerBanKSpandidos

et al., 2008)(Spandias et al., 2009 X. Wang & Seed, 2003)pnline tools were used to
primer designThe chosen criteriavere
PCR product size Min 70nt and Max 300nt,
Primer meltingtemperatures (Tm) Min = 58 °C, Opt = 59 °C, Max = 60 °C,
Tm difference =1°C;

1)
2)

3)

4)
5)

Exon junction span: primer must be an exxon span junctions and Primer

pair must be separated by at least one intmerthe corresponding genomic

DNA;

Primer Size: Min = 18nt0Opt = 20nt, Max = 25nt;

Primer GC content (%): 460% but forPYGO 20-60%.

Genome Data Viewehttps://www.ncbi.nlm.nih.gov/genome/gdlwas used to check the

distarceamong exons and the exacslye among introns.The primer design was performed
for PYGO2,APH1A, NCSTN, PSEN2, CDH1 ahBCL9 (Table 2). The primershave been

orderedfrom Eurofins Genomicshitps://eurofinsgenomics.gu/

RefSeq mRMs Tran_scrlpt Gene Right Primer Left Primer Ampllcone Chr N Intron size
numbers Variants Name Size (bp) arm exons
AGTCCAGAAA CCGAAGTCATC
NM_138300.4_New I PYGO2 AGAAGCGAAGG TTCAAAAGGGT 131 1921.3 3 2F_3R(1130bp)
CCGGTCTGCA GTGATCCACCA 1-2(447bp)
NM_138300.4_0Old I PYGO2 AATGAAGAGT TGGGAGTTG 113 1921.3 3 2F 3R 1130bp)
NM_015331.3 Variant 1
- GGCAATGGTT TGGCACATAGT
NM_001349729.2 | Variant5 | NCSTN 142 1923.1 17 5F 6R(971bp)
NM_001290184.2 | Variant 2 TGGCTTATGAAG CGGAAGGTTG
NHL_D0MT.E_ vananl 2| AcCTcATCTG TCCTCCTCTT 190 | 1q42.13| 13 19(-}1101((1318432221
NM_012486.3 Variant 2 CCATGGTGTGG CCTCCAGCTC e bp)
NM_001077628.3 | Variant1
NM_016022.4 Variant 2 GGTGGTTGGG GCGCTGAATA
NM 0012437712 | Variant3d | T A | AGTCACCTACT | CTTCGGAGGG 148 213 7 5-6 (418 bp)
NM_001243772.2 | Variant 4
NM_004360.5 Variant 1
NM_001317184.2 Variant 2 CDH1 égizﬁ;rrgggé é?g%ig%?_g; 177 16g22.1| 16 10-11 (3520bp)
NM_001317185.2 | Variant 3
GCCAAAGTGG GATATCTGTGTGT 6F_8R
NM_004326.4 New /i BCL9 TGTACGTGTT TCAGAGGGG 155 19211 | 10 (1186bp)
CCCCATCAAAT TTTCAACCTGG
NM_004326.4_0Old 1 BCL9 GOTACAGCC CCOTTCAAAA 165 1g21.1 10 6-7(1186bp)

Table 2: Primers features
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3.113 RNA extraction

Starting fromD 2 x 1@ cdls, total RNA was extracted from CAL148, CAL-51, MCF7,
MDA-MB-231, MCF10A cell lines, using RNeasy Mini Kit (Cat. No. 74104; Qiagen, Milan,
l'taly), according to The BNAwassuetim30¢ ofR&NAaGes 1 n st
Free Water.

The RNAex t racti on was also performed by wusing T
15596018; Invitrogen, USA). Starting cell concentration of 2 %cklls. Cell lines: CAE51

and MCF10AThe RNA was eluted in 30 Lof RNAase Free Water.

The concentratin and quality of the RNA were determined using an NDOO

spectrophotometer (NanoDrop, Thermo Scientific, Pero, Italghle 3).

RNeasy Mini Kit ¢cwLl 2fn wSk3ISyd
Cellline y 3k > 260/280 260/230 Date y 3Kk > 260/280 260/230 Date
CAE148 2951 203 1.34 17/06/2021
(+ EGF)
CAL148
Ceon) 690.9  2.00 2.06 17/06/2021 Not
CAE148 5979 200 2.00 17/06/2021 Performed
(Direct Lysis)
CAE148 6350 201 1.93 17/06/2021
(Tryp + Lysis)
CAL51 3525  1.98 1.56 23/06/2021 1368.2 1.93 1.3 01/07/2021
MCF7 5843 2.01 1.68 30/04/2021 Not
MDA- Performed
MBo3l 11773 204 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 celllines.
Two method of RNAextration RNeag MiniKitand TRI zol E Reagent

3.1.14 cDNA synthesis

cDNA synthesis of CAE148, CAL-51, MCF7, MDAMB-231 and MCF10A cell lines was

al so performed usi ng -GapguityiceN\ R&ersesTyasseriptions E Hi
Kit™ (cat. n.944404, Applied Biosystsmaccor ding to the manuf act
reactions were performed in a final volume ofe¢e20and 100ng L Primers final

concentration of 18pmal/ L
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3.115 Qualitative PCR

Qualitative PCR was performed usingre@dmp PCR System 9700 by Applied Biosystem
(Applied Biosystems, Foster City, CA, USA).

The reaction (5& [ was performed on 100 ngf cDNA from CAL-148, CAL-51, MCF7,
MDA-MB-231 and MCF10A cell lines using Dream Taq PCR Master Mix (Thermo Fisher,
cat n°K1L082).Thefinal concentration oéach primer was df8pmolé L

The reaction was carried out using primer pairs described above ar8l ®Ctin Beta, NM
001101.5) was used as internal control. Amplification conditions included a cycle of
denaturation at 98 C for 3 minutes followed by 35 cycles of denaturation at 95 ° C for 30
seconds, annealing at 57 °C for 30 seconds and extensi@Cafor 1 minute, then a final
extension takes place at 72° C for 10 minutes.

Following qualitative PCR, fragment sizegm confirmed carrying out with 2% agarose gel
electrophoresis, using SYBR Safe staining (Invitrogen, cod. S33I02¢lectrophores run

for 70 min at 90V.

3.116 Quantitative PCR

Quantitative PCR was performed by using StepOne -Rea PCR Systems Agbied
Biosystem (Applied Biosystems, Foster City, CA, USA).

The reaction (20 € L-9ug off RBIA fom rCAlLASM €AL-510 n 1
MCF7,MDA-MB.231,MCF10A by using Kit Sybr Green PCR Master Nia.No. 4367659
Thermofishey according to the manufacturé s pr ot ocol . The Primers
18pmolk Lwas used.

The reaction was carried oby using primer pairs describedae and ACTB (Actin Beta,

NM 001101.5) as internal control. Amplification conditions included a cycle of denaturation
at 95 ° C for 10 minute® activate the AmpliTaq Gold ® DNA Polymerasellowed by 40

cycles of denaturain at 95 ° C for 15 secondsyr@aling at 580 °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 gmamin of cDNA in relation toa calibrator ample

serving as a physiologicaeference. The calibrator sample in each case is the cDNA from
either the untreated cells or patients, or a specific tissue Rgselltsare also normalized to

an endogenous control such as ACTB.
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3.117 Immunocytochemistry(lI CC)

The immunaytochemisty was only performed on CAll48, 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. Ingrassemdaizi
OspedalierdJniversitaria "Polidnico Vittorio Emanuele”, Anatomic Pathology, School of
Medicine, University of Catania, Italy

ErbB2 (HER2) Monoclonal Antibody (CB11)Cat. No. MAX35720, ThermoFishenvas
used as primary antibodies, with a dilutiofnl:500.

Incubation with the smndary antibody (biotinylated antnouse immunoglobulins, Dako)
and the peroxidaseonjugated streptavidin (Dako) was performed for 20 min at room
temperature. Peroxidase activity was developed in the 3,3'diaminober{8jn&) substrate
with 0.01% HO- for 5 min. Slides were counterstained with hematoxylin.

The slides so mounted were analyaethverted microscope (Olympus CKX53).

3.1.18 Cell viability andGamma secretas@hibitors.

The Gammasecretas@nhibitors wereused to test tha-silico resuls showedin (Privitera et
al., 2021) The drugused are:
- PF 3084014 hydrobromide (Cat.No. 5751ci® 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 13the molecular structure is showed.

PF 3084014 hydrobromide
DAPT (25)-2-[[(2S)-6,8-Difluoro-1,2,3,4-tetrahydro-2-naphthalenyl]lamino]-N-[1-[2-[(2,2-
(25)-N-[(3,5-Diflucrophenyl)acetyl]-L-alanyl-2-phenyl]glycine dimethylpropyl)amino]-1,1-dimethylethyl]-1H-imidazol-4-ylJoentanamide dihydrobromide
1,1-dimethylethy| ester

Q Ph

4
H 4 HN

Fmr‘]\;}}\ﬁj\é{o\\/ F HN/[IF:> y

\|’7 H\Ao 2HBr

Figure 13: Molecular structur e of Gamma-secretase inhibitors
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Threedifferent experiments were performed:

1) CAL-148, CAL:-51 with or without Epidermal Growth Factor (EGF), three tpoats
(24h, 48h, 72h) and one cellating density(4000 cells/well). Drugs coratrations (for both
compounds) were 0 M 1uM, 10uM,50uM.

2) MCF10A with EGF (the option without EGF was excluded becMSE10A cells are not
able to survive without it)three timepoints (24h, 48h, 72h) and one cgilating density
(4000 cells/well) Drugs concentrations (for both compounds) weres0M 1uM, 10uM,
50uM.

3) MCF10A and CAL148 with EGF, two tiroints (48h, 72h) and one cgtlating density
(4000 cells/well). Drugs concentrations (for both compounds) were 0L1uM, 10uM,
50uM Bothdrugs were tested.

The efficacy of the treatment wasadvated with cell vitality assaydt. The absorbanceas
read by PlateReader AF2200 by Eppendorf. Wavelength of 600nm.

The half maximal inhibitory concentration (IC5®as calculated with GraphPad. The
analysis settingiare: 1)nonlinearregression 2) Dasresponse inhibition 3) leghibitor vs
response (three parameters). The data were expressed as percentage of the control group

(absorbance in the cells + vehicleQ-Hor DMSO only)).
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3.119 siRNA transfection

The siRNAs vereused to test thm-silico results showed ifPrivitera et al., 2021and they

refer to the molecular component of thangnasecretase complex: PSEN2, NCSTN,

APH1A. Each siRNA (1pmol) was resuspended inelQ0f RNAasefree water to obtain

10uM accordi

ng

t o

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

Product name Cat.No Target Sequencing
Hs_PSEN2_4| SI00009828 | CAGCAGGTTTATCCAGAT
Hs_PSEN2_5| SI02623460 | CAGGAGAGAAATGAGCC(
Hs_PSEN2_6| SI03038742 | ACCATAGAAAGTGACGTG
Hs PSEN2_9| SIl04380201 | TTCATTGGATGCAGTTGT

manufacturer 6s

- NCSNT (Cat.N0.1027416, 1nmol siRNA, FlexiTube Gene SmtuiQiagen)

Product name | Cat.No Target Sequencing

Hs NCSTN 8 S102781198 AAGGTTTAATGTCAGGGT(
Hs NCSTN 7 S102780953 TCAGATTGGGATTAACATA
Hs NCSTN 11 | S104439176 CAGGCAGGACCTAAGGT(
Hs NCSTN 10 | SI04439169 CTGAGAGCCGCTGGAAAG

- APHI1A (Cat.No. 102744, 1nmol siRNA, FlexiTube Gene Solution, Qiagen)

Product name | Cat.No Target Sequencing

Hs_APH1A 1 | SI02777516 TTGGTGTGATAAATACCCI
Hs APH1A 2 S102777523 ATGAAATTAATGGAGGCT(
Hs APH1A 6 S104386123 ATCGGGACTGACATTCCT(
Hs APH1A 7 | S104386130 AACTGGCARCTGGAACTA/

protoco

A nontargeted siRNA sequence was designed accordimpridnumanreferene genesand
Eurofins Genomicsynthesized thasiRNA. The sequence opositivesensestrandwas 5 -Nj
[ACGUGACACGUUCGGAGAAUUL3 Nj
(AAUUCUCCGAACGUGUCACGUS3 Nj) .

Figuresfrom 14 to 16showthe coding sequenaehere each siRNA span

and anti sense- st
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Figure 15:
(yellow)
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Figure 16: selected siRNAs spanning APH1A coding sequence (grey line) and transcripts sequence
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One experiment was performed by wsiMCF10A at 4000 Cells/well concentration and

treated vith PSEN2 siRNAsthree siRNA concentratia{10nM, 20nM, 40nM)and twotime

points (48h, 72h) were considered.

HiPerFect Transfection Reagd@at.No 301705, Qiagen) was used as pebilizing reagent

to form transfection complexesiRNA+HiPerfect) by usingiTransfection of Suspension Cell

Lineoin 24We | | Pl ates according to the manufactur
From each well, RNA was extracted with RNeasy Mini Kit (Cat. No. 74104; Qiagen, Milan,

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

real time one stepln Table 4 are indicated the concentration(eid). of the extracted RNAs

and the calculation to obtain a final concentration of 5ngi 2Ce Lof final volume

RNA MCF10A 48h

Cind> [ | 260/280 260/230 | Vfrex 20> [ | Cf50ngk [| Vio  [| H20
10nM Psen2 (1) 3125 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 siRNA1) | 385.4 1.98 1.62 20 50 2.59 17.41
10nM non-targeted siRNA2) | 292.8 1.99 0.79 20 50 3.42 16.58
20nM non-targeted siRNA1) | 391.5 1.96 1.25 20 50 2.55 17.45
20nM non-targeted siRNA2) | 339.9 1.98 1.59 20 50 2.94 17.06
40nM non-targeted siRNA1) | 365.7 1.97 1.81 20 50 273 | 17.27
40nM non-targeted siRNA?2) | 378.4 1.96 1.3 20 50 2.64 17.36
CTRL + HP (1) 424.2 191 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

/ A y 3260280 |260/230]+F NBE/ T pnltA dH20

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 11 20 50 2.24 17.76
40nM Psen2 (1) 433.2 1.94 11 20 50 2.31 17.69
40nM Psen2 (2) 434.2 1.93 141 20 50 2.30 17.70
10nM nontargeted siRNA (1) 432.4 1.93 1.93 20 50 2.31 17.69
10nM nontargeted siRNA (2] 412.9 1.99 1.48 20 50 2.42 17.58
20nM nonttargeted siRNA (1) 405.9 1.93 1.92 20 50 2.46 17.54
20nM nonttargeted siRNA (2] 411.6 1.94 1.45 20 50 2.43 17.57
40nM nontargeted siRNA (1) 385.8 2 0.85 20 50 2.59 17.41
40nM nontargeted siRNA (2] 396.9 1.94 1.94 20 50 2.52 17.48
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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(nd ¢)Lof the extracted RNAs and the calculation to obtain a final
concentration of 50ndg ¢ ib 20 ¢ &f final volume

3.1.20 Reattime one step:MCF10A T PSENZ2silencing

Quantitative PCRonestep was performedby using StepOne Realime PCR Systems
Applied Biosystem (Applied Biosystems, Foster City, CA, USA).

The reaction (20 SnYy ¢ BMAsfronp BICHLA@AT byn @ising KN
Quantinova SYBR Green RFCR KIT (Cat.No. 208152, Qiagengaccording to the
manuf act ur @able§). TheProniers fma toncentration of 6pmok viias used.

Components Volume X1 Reaction| X 24 => X 27 Reactio8 Plus)
2 X QN SYBR GreerfROR 1n > | 270

Master.Mix

QN ROX Reference Dye 1:20 25

(Applied Biosystems cycler only 1> [(2n >\f)
StepOne HighROX dye Cyclerg

QN SYBR Green-RITX 0.2> [ 5.4
10X primer mix 1> [F 27> [F
Cf Primer Forward => 0z5a 1> R 27> R
Cf Primer Reverse>0.5> a

QN IC RNA (optional) NO NO
RNA <= 200ng 100fg/reaction 2uL

Cf Scelta = 50mg> |

H20 48> [ 129.6
Volume Finale 2n > | 540> |

Table 5: Composition of reaction mix.

The reaction was carried out using PSEN2 pripars described above and ACTB (Actin
Beta, NM 001101.5) as internal contrdhe reaction parameters alg:Reverse transcription
for 10min at 50 °C2) PCR initial activatiorfor 2min at 95 °C3)Denaturabn for 5s at 95
°C, 4) Combined annealing/extson for 10s at 60 °C. Number of cycles-35.
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3.2 COLON CARCINOMA (COAD)

3.2.1 Data collection: transcriptomics, cytogenetics data

The Colon adenocarcinoma (COAD) Transcriptomics Data (RBddata) were obtained

from The Genomic Data Commons (GDC) Dd&artal (https://portal.gdc.cancer.gov) by
selecting the Cancer Genome Atlas (TCGA), PanCancer proffamczak et al., 2015;
Weinstein et al., 2013We downloaded the RNAegdata by obtaining 480 COAD samples

and 41 mucosal normal samples (n = 521).

The cytogenetic results (SingMucleotide Polymorphism (SN Arrays data)obtained by
Affymetrix SNP 6.0 arrays technology regarded 439 samples of COAD and were downloaded
from dBioPortal for cancer genomicht{ps://www.cbioportal.org(Cerami et al., 2012; Gao

et al., 2013) Fromthe entire amount of data, the only samples matched to FCGAD

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

3.2.2 Pre-filtering

The RNAseq data included different typef samples tissues identified by a number ihi®
TCGA-Barcode. TCGA - ## - ####-01A = Primarytumour, -02A = Recurrentumour, -

01B-C; PrimaryTumourvial 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 tumouras sample type and only unique sample ID) and
removing the other typesQ(lB, -01C,-02A, -06A), thus providing 461umour samples and

41 mucosal normal samples. The Stable Ensembl gene IDs (i.e., ENSG###) were matched
with the correspading gene name and additional annotation by using BiofKansella et

al., 2011)and Genome Reference Consortium Human Build 38.p13 genome version
(GRCh38.p13)(Ensembl Release 99; January 2020)dejrecated genes between GRCh37

and GRCh38 genome assemblies were not considered.

3.2.3 Statistical Analysis: Tools and Approach

The cata were analysed with adequate R packages to manipulate big amount of data. The raw
RNA-seq data (counts data) wetee n nor mal i zed with -valhes fitri
( TMM) 0 method intr oduc e (Robmson &0shlack, 2@l®Theand Os
TMM assumes that the majority part of gemesot differentialy expressed and it does not

consider gene length. The TMM is suitable in normalization of samples coming from
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different tissues. The TM is an implementation and a function in the used packages to
perform differential expression analysis of transcriptse packages are edgé@RcCarthy et

al., 2012; Robinson et al., 2018nd compcodeRSoneson2014) The outputarea logfold
change (FC) between the comparison two chosen groups of analysisi{pervs normal or
tumourvsi control group). The {values were adjusted for multiple comparisansording to

the BenjamiriHochberg correctior{Benjamini & Hochberg, 1995)The logfold changes

were converted into linear folchanges.

3.2.4 PostAnalysis: Grouping and Pathways Analysis

The data supplied with statistical significance amerlifoldchange where further grouped
according totheir level of linear folechange 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 ammsome arms. The number of transcripts in that part

of chromosome is reported as @amtage of the total number of transcripts and then
normalized for the total number of transcripts. The parameter so described was previously
introduced in(Condorelliet al., 2018; Condorelli et al., 2019)

Zp T

NCDI of chromosomal regioa = — Z =

where xn is the number dfanscrips belonging to a specific transcript class in the nth
chromosomal region, Xn is the total number of transcriptseémth chromosomal region, T is
the total number of chromosomal regions subdividing the entire genome. The ratio between
xn and Xn represents tltiromosomal density of the transcript class.
The linear foldchange of the expression level and themdglue < 0.05are the specific
parameters to identify the transcript clags particular, the parameters are based on 4
different differential analyss
1 FC1: Linear foldchanges obtained comparing all COAD samples vs. normal colonic
mucosae
1 FC2: linear foldchanges obtained comparing COAD samples bearing a specific arm
level CNA (Selected COAD group) to samples not bearing it (Control COAD group).
1 FC3: linear foldc hanges obtained comparing #AContr
colonic mucosae.
1 FC4: linear foldchanges obtained comparing fASelect
colonic mucosae.
Applying specific threshold to these parameters, different transcrggeskre determined
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1 UpT (FC2 > 1.3 and gepvalue < 0.05)
DownT (FC2 < 1.3 and gepvalue < 0.05)
Over-UpT (FC2 > 1.3 and a¢pvalue FC2 < 0.05 + FC3 >1 and adjpvalueFC3 < 0.05
+ FC4 >1 and adjpvalueFC4 < 0.05)
1 Under-DownT (FC2 < 1.3 and adjpvalue FC2 <0.05 + FC3 <1 and adjpvalueFC3 <
0.05 + FC4 <1 and adjpvalueFC4 < 0.05).
The data s@rganized are then submitted to pathway analysis by using the dedicated software
Ingenuity Pathway Analysis (IPA) (QIAGEN Inc.).
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3.3 GLIOBLASTOMA MU LTIFORME (GBM)

3.3.1 Daa collection transcriptomics, cytogenetics and mutational data

Data about Glioblastoa (GBM) produced by The Cancer Genome Atlas (TCGA) study
(Taylor AM et al. 2018), were downloaded from the online resoiife® Genomic Data

Commons (GDC) https://portal.gdc.cancer.gd¢Tomczak et al., 2015; Weinstein et al.,

2013) Two types of data were selectéjlthe RNAseq data (counts data) by selecting 144
GBM samples (only primarytumou and 5 normal tissue and 2) the Whole Exome
Sequencing (WES) data. The molecular ggtoetic analysis of 592 TCGG&BM (Affymetrix
SNP 6.0) (Taylor et al., 2018) were retrieved fromcBioPottal for cancer genomics
(https//www.cbioportal.org(Cerami et al., 2012; Gao et al., 2013)

3.3.2 Prefiltering

The only primarytumouss samples (RNAeq courd and SNParraysdata) were matched by
using the corresponding sample id. The filB@oursamples were in common between RNA

seq and SNRrrays and 60 samples among RE&q, SNParrays and WESeq tebnologies

by using the corresponding case id. The annotation was matatiedhe corresponding
stable Ensembl IDs (i.e. ENSG###) by using BioM#insella et al., 2011)The genome
versions were GRIGB37 and GRCh38.p13 genome version (Ensembl Release 99; January

2020). Alldeprecated genes were excluded.

3.3.3Statistical analysisRNAseq normalizationTools and Approach

The gene coustshowing a low count (zero values in at least 70 % of the sampkae
excluded. The preliminary number of geneaswB0483; subsequently the exclusion of low
count genes, we obtained 37450 genes. The samples were organized inagoougsg to

their cybgenetics features as well as the presence or absence of fpification of EGFR.

The normalization was performed by using the Trimmed Mean-vMes (TMM) algorithm
(Robinson & Oshlack, 20} @vithin the edgeRMcCarthy et &, 2012; Robinson et al., 2010)

and compcodelRSoneson, @14) packages. The gene expression ratio is expressed-inltbg
change as well as in linear fetthange. BenjamiAHochberg correctionBenjamini &
Hochberg, 1995)were used to adjust the-values for multiple comparisons. The
Differentially expressed genes (DEGs) of the analysed cytogenetics groups were obtained

thought the lineafold change value which evaluathe expredgsn level of the considered
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cytogenetic groupversusthe CTRL group (group without chromosomal aberrations for
chromosome 7).

Subsequently, the Normalized Chromosomal Distribution Index (N®@k calculated to
evaluate the densities of each class of tapts in a specific chromosomal, regiaocording

to the formuladescribed in par. 3.1.4 PeAhalysis: Grouping and Pathways Analysis.

3.3.4 PostAnalysis: Semtsupervised Hierarchical Clstering Pathway
analysisand GO analysis

The GBM data already mmalized 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 convertddamscripts per
Million (TPM) according tdhe standard conversioprocedures.

The TPM values were used performa hierarchical clusterinfEisen et al., 1998)y using

the pheatmap packagkolde, 2012) The genes correspond to the values in the rows, while
the samples correspond to the column Uibed data were normalized by using a modified z
score as indicated in formula (1).

Modified z-score =& | @¢ | -@——o (1)

The agglomeration method was the unweighted pair group method with arithmetic mean
(UPGMA) applied to Euclidean distance.

The pathways analysis and the biolog®ighificance of the analgs groupswereperformed

by using theGene Set Enrichment Analysis(GSEA) an available software GSEAv4.1.0
[build:27], www.gseamsigdb.org/gsea/index.jgubramaniamt al., 2005)

In addition a gene ontology (GO) analysis was peréat in two steps: 1) The PANTHER
(Protein ANalysis THrough Evolutionary Relatitiyss) Classification SysterMi et al.,
2021)was used to categorizbe gene list inBiological Function (BF), Molecular Process
(MP) andCell Componen{CC) 2) GO results wreelaborated by usinGOPlo{Walter et al.,
2015)R package.

The WESseq datawere analysed, summarized and annotated by using the Maftools R
PackaggMayakonda eal., 2018) The Venn diagrams were generated by the Venn diagrams
tool in Van de Peer Lab (http://bioinformatics.psb.ugent.be/webtools/Venn/whidle data
organization was performed entirely in R Studio (RStudio Team (2015). RStotligrdted
Develgment for R. RStudio, Inc., Boston, MA URittp://www.rstudio.com The statistical

analysis was performed Wboin R than with GraphPad Prism software version 8.0.
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3.3.40verall survival (OS)

The oveall survival (OS), theProgressionfree survival (PFS) and the Disedsee survival
(DFS) data were evaluated by the Kaplan Meier curv@rapphPad Prism softwarversion
8.0 (GraphPad Software, San Diego, CA, USAyw.graphpad.am). Log-Rank Test was
used.

51


http://www.graphpad.com/

4. RESULTS

4.1 BREAST INVASIVE CARCINOMA (BRCA)

In this work, we exploited the large amount of molecular cytogenetic(siaigle nucleotide
polymorphism (SNP) array data) provided by The Cancer Genome @WaGA) study
(http//cancergenome.nih.gov/ (accessed on 29 October 2019)) in order to generate groups of
breast invasive carcinomas (here called ‘th®mogroups) chacterized by a pattern of
armlevel somatic copy number aberrations congruent with thiereht cytogenet
abnormalities of chromosomes (chr) 1 ab@l (see introduction section 8..). After the
cytogenomic characterization of 1;tBromogroups, three maitypes of analysis of
differential gene expression among tcBomogroups were perfoed: (I) involving &

BRCA samples, (Il) restricted to ductal adenocarcinomas belonging to the LumA subtype,
and (ll) focused on the differences between ductal anddolmvasive adenocarcinomas.
general schematic workflow of thmoinformaticsanalysis performetbr the presenthesisis
shownin Figure 16. Thetable 6 specifiesthe number of samples used for the bioinformatics

analysis.
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Figure 16: Schematic workflow of the bioinformatics analysis

52



Arm -level copy number 1,16-chromogroup Brief description Cytogenetic Number of samples
1p 1q 16p 16q name of copy number chromosome SNP RNA -Seq WES
aberrations in aberration array
chrl and chrl6 inspiring copy
number criteria
D G G/D L group A 1g-gain and 16¢ der(1;16) 178 175 151
loss
L G NF NF group B 1g-gain/1p-loss i(1q) 171 165 151
L G G/D L subgroup B1 B with 169-loss i(1q) 101 98 98
L G D D subgroup B2 B w/o 16¢g-loss i(1q) 18 17 17
NF G D D group C 1g-gain and 90 89 85
normal chrl6
D D G/D L group D 16¢-loss and 75 72 69
normal chrl
D D D L subgroup D1 D w/ o0 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 71 68 48
chrl and chrl6

Table 6: Number of samples and armlevel copynumber criteria for each 1,16chromogroups. G: gain; L:
loss; D: dsomic; NF: no filter during selection; w/o: without.

4.1.1 Cytogenomics by SNP Array and 1 A&hromogroups

Figure 17 shows the frequencies of chrosomal arrdevel aberrations for the entire series of

1084 BRCA samples from TCGA. The gain of chrlq dmal lbss of chrl6g were thmost
detectedabnormalities followed by 17mss, 16pgain, 8ploss, 8qgain, 2kss, 13goss, and

20g-gain.
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Figure 17: Percentage of samples bearing chromosomal artevel gains or losses in the cohort of SNP

array samples.

In order to study the transcriptional effects of aberrations of chrl and chrl6, alone or in
combination, we defined diffent subgroups of breast cansamples according to the copy
number status of those two chromosomes (tlirémogroups). As reported the Mitelman

Database of Chromosome Aberrations and Gene Fusions in Cancer

(https:
//mitelmandatabase.istgc.org/, accesed on 1 August 2020), two comn cytogenetics
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abnormalities in breast cancer can underlie the gain of 1qg: the derivative chromosome
der(1;16) (g10;p10), formed by the short arm of chrl6 and the long arm of chrl, as well as the
isochromosome 1q, i(1q),dmed by two long arms of chrl.

Considering the copy number changes frequently associated with the presence of der(1;16)
(Figure 6), we sdected 178 BRCA samples composing group A, as reportechinte 6.
Though we could not formally exclude the presenceotbier cytogenetic abnormalite
leading to the same pattern of alenel copy number changes in chrl and chrl6, we assumed
that der(1;1pis highly enriched inumoursof group A, relying on the fact that it is one of the
most common l@berration shownni conventional cytogenetics gias in breast cancer
(Dutrillaux et al ., 1990; Farabegol i et al
1994; Nikos Pandis et al., 1992, 1995; Rye et al., 2015; Teixeira et al., 2002; Tsarouha et al.,
1999)

Moreover, group A showedsgtinctive properties from another group bearing concomitant 1q
gain and 16doss (group B1)The (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 anoralous chromatid separation that leads to the generation of a chromosome formed by
two 1q arms. Sut aberration produces a-tain associated with ipss Eigure 6, right

panel top). According to this pattern of copy number changes, we formed-th#éestgroup

B (n = 171). The groups A and B were disjoint because of the different condition estdblishe
for Chrlp (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 chromosdn{€able 6), although a large
fraction of samples of group B (67%) were found to bear a loss gpfHéwever, we also
formed a subset of group B, denominated subgroup B1, in which only samples showing a lost
169 and a gained or a disomic 16p were inclughed 101). Another subgroup of B, called

B2, was formed by samples of group B bearing a disomi@¢&fm = 18). Finally, a group C

(n = 90) was formed by selecting samples bearingdig and disomic Chrl16. Groups C and

A were disjoint because of chrl6 tsts, 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 chrl6 not accompanied by aberrations of chrl, we
also generated a group D@ € 75) characterized by normal Chrihdal6gloss. This group

could be subdivided in two subgroups: the first ane 8), called subgup D1, was formed

by samples bearing 18gss and no arAevel copy number abnormalities in 16p, 1p, and 1q.
Chrl6 aberration in group D1 may corresponchtodeletion of chrl6q, del(16q), as observed

in conventional cytogenetic studigSiqure 6). The £cond subgroup Dn(= 47), called D2,
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was characterized by normal chrl, 46gs, and 16ain. No clear correspondence to
reported conventional cytogenetibrermalities could be identified for this subgroup.
Subgroups D1 and D2 were disjoint becauséefdifference in chrl6p (disomic in subgroup

D1 and lost in subgroup D2).

In summary, grougA and subgrouBl1 contained BRCA samples bearing concomitant 1q
gan and 16gloss, groupC and subgrou®2 were formed by BRCA samples bearingdajn

in the absene of aberrations of chromosome 16, and Grbuand its subgroup®1/D2 were
formed by samples bearing t&uss in the absence of aberrations of cfirdb{e 6). Finally,

we formed a group containing cancer samples not bearing anlewaehaberrations in ¢t

and chrl6. In the context of the present analysis, the latter group played a special role and was
denominated controlQTRL) cancer group for this reasomaple 6). The basic assumption

was that CTRLtumous follow a different evolutionary pathway towar malignancy.
Therefore, the analysis of differential gene expression (other chromogroups versus CTRL
group), was used to generate lists of putative desaggtive cancer driver genes associated
with 1grgain and/or 164doss.

Figure 18 shows the frequemes of armlevel aberrations in the abodefined 1,16
chromogroups. In accordance with the procedure followed for group formation, the main
differences betwen the various groups involve chrl and chrl6. However, an increased
frequency of 8epain in subgraps 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 ofsamples bearing armlevel gains or losses in
chromosomes 122 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 thdlistribution of the aneuploidy score (AS) (i.e., the number oflaxel
aberréions per cancer sample) for each i¢ch8omogroup. The control group showed the
lowest averaged AS (mean = SD: 4.46 £ 5.53; median: 2; interquartile range (T@R)It G5
interesting that an enrichment of samples with a low AS was observed in GroogaA ¢
SD: 8.24 + 6.32; median: 6; IQRi 80) and Group D (mean + SD: 7.88 £ 5.75; median: 6;
IQR: 4i 9), while an enrichment of samples with a high AS was observed in gromedh (+
SD: 18.30 = 6.96; median: 19; IQR:i28) and subgroup B1 (mean + SD:49.+ 6.82;
median: 21; IQR: 161%23.5). Indeed, the increased AS in groups B/B1 was due to the higher
frequency of armevel aberrations, mainly losses, in several differembrmiosomegFigure

18). An intermediate value of AS was observed in subgrouprB2at + SD: 13.88 £ 6.27,;
median: 14; IQR: 91516.25) and group C (mean + SD: 10.53 £ 7.04; median: 9.5; IQF)4
(Figure 19).
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4.1.2 Transcriptomics in 1,16Chromogroups

The differential expression analysis of transcript levels between differentir@éogroups

was performed by the edgeR packdiyieCarthy et al., 2012; Robinson et al., 20Hdd
expressed as the linear folkchange (FC) betvem a selected 1,i¢hromogroup and the CTRL
group ECvsCTRL. The numbers of samples in each group are reportéchlae 6 and

Figure 20. We called OverT (OverexpressedTranscripts) or UnderT (Underexpressed
Transcpts) those transcripts expressing a vatithe FCvsCTRL>1.3 or <1.3, respectively.

OverT and UnderT were selected at a false discovery rate adjugtdde (adjp) of <0.05. As
shown inFigure 20, the chromosomal distribution of OverT and UnderT géarpressed as
normalized chromosomal digiution index (NCDI); (Condorelli et al., 2019 was in
agreement with the anhevel akerrations selected for each chromogroup (compayares 18

and 20). In order to easily identify the modifications of the chromosomal distribution of
OverT and UnderT, the chromosomal distribution of all transemgbding genesn(=
56,540) is also reported Figure 20. For instance, Group A showed an increased density of
OverT in 1q and 16@and a decreased density in 16q, in agreement with the fact that copy
number aberrations in those chromosomal arms wereassetteria for théormation of such

group (Figure 20). A similar correlation could be observed in all other ich6omogroups.

Such correlation extended to chromosomal arm aberrations that were not primarily selected
during formation of the 1,26hromogoups, such as theareased frequency of 8q gain in
subgroups B1 and D2. This was an expected result that is easily explained by -teowall
Afgene dosage tfdrcdcnOi pteipomdledciiann sever al pu

in (Condorelli et al.2019; Condorelli et al., 2018)
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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 (AlIT) 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 iQverT (OverT encoded by genes located in
chromosome 1q; FCvsCTRL > 1.3; adjp < 0.05) andUhderT (UnderT enated by genes

|l ocated in 1q; FCvsCTRL < 1 1.-Ghromogrdupsp Thee 0. O°F
OverT/UnderT ratio clearly distinguished groups bearing a combinggibcand 16doss (A

and B1) from those bearing only the-dain (B2and C) and those siwing only a 16¢oss

(D1 and D2). The number of 1€gverT and 16gJnderT are also reported in the safable

7. As expected, an increased number of-WBglerT can be observed in groups bearing the
16¢loss (groups A, B1, D1, and D2).

. Shared 0 19- shared 0 ratio
19-OverT with A % of A Under™  with A % of A OverT/
UnderT
A 756 756 100 180 180 100 4.20
Bl 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
160- shared 160- shared ratio
Ove?T* with A % of A Unde?T** with A % of A OverT/
UnderT
A 20 20 2.65 418 418 100 0.05
Bl 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 0.2
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 1¢ and 16gOverT and 1gand 16gUnderT in 1,16-Chromogroups.

4.1.3 Hierarchical Clusteringof Significant OverT andUnderT

We selected DEGF(Cvs CTRL > 1.3 or <11.3 at adjp < |
CTRL group. We focused on DEGs located on chrl and chrl6, thus obtaining a list of 1471
DEGs that were -AlRBGIMO naneédt idt L6omprise 830
1.3) and 641 UnderT Gv s CTRL < 11. 3) . I n order to obta
expression of 1,28-DEGs in 1,16chromogroups, we performed a hierarchical clustering
analysis wusing the fAimodified FCvsCTHQWwe val ue:
21; chromogroups ircolumns) A clear clustering of the groups according to similarity in the
chromosome aberration pattern was observed. Group A and Bl clustered together in
agreement with the fact that those groups harbor a concomitant 1g gain and 16q loss; group C

and B2clusteredn accordance to the shared-dajn and disomic chrl6, while the clustering
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of D1 and D2 reflected the shared 16gs and disomic chrl. The clustering at the gene level

(rows in Figure 21) clearly showed the formation of clusters correspondinggéne

expression changes concordant with copy number changes. For instance, gene cluster 4 was
found to contain genes located in chromosome 1q and overexpressed in -bgagaig

groups, gene cluster 1 was found to mainly be composed of underexprassethghHg-loss

samples, and gene cluster 5 was found to contain overexpressed genegam lgmples.
Interestingly, clusters 3 and 2 were characterized by genes, mainly localized in chromosome

1q, that showed a higher expression in gsoApand B1, tle two graips simultaneously

bearing legain and 164 o s s . The values of the fAmodi fie

Figure 22 for some representative genes belonging to clusters 1, 3, and 4.

4.14 Integrated Cytogenomics and Transcriptomic Analysis

The globalanalysisin the previous paragraphs confirmed that the transcriptionatdpsage

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 meschamnvoVved in

generating putative cancer driver effects. The sensitivity of different genes to the dosage
effect may depend on the cellular contéRollack et al., 2002; Upender et al., 20@4y, in

the case focancer cells, on the specific cancer type or subtype. Moreover, it is likely that only

a subgroup of those fAdosage sensi tspecifc gene:
aneuploidies, are exerting driver effects. Several strategies hamepbeviaisly devised to

identify such genegAure et al., 2013; Davoli et al.,, 2013, 2017; Hawthorn et al., 2010;

Siihari 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 <11.3 at adjp < 0.001) Only LC

foranaly si s. The transformati on eafr fFICion eamo dH Cd etdo | i medirf
ilineao FLC |inear FC > 1 or to fAlinear FC + 10 if i1
gap between 11 and +1 pr ¢asaerclusteredby the unweighted Bl groua | u e s .

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 indicaed by colors in the first column on the left and is repated in some cases by
overwriting the data columns (in yellow letters). Chr: chromosome.
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In the present work, our strategy was foundedhenhypothesis that functional interactions
between the products of genes located in 1g and 16q can underlie the cancer driver effects of
co-occurrent legain and 16doss. Such functional interactisncan take place at several

different levels, such as tracriptional regulation, neocoding RNAS interactions, protein
interactions, postranslational modifications, pestanslational degradations, and metabolic
pathwaysTranscriptome data from the fiifent chromogroups and some arguments based on
previousstudies 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, drdata supporting this statement were already reporti imtroduction.

The second argument is that transcriptional changes driven bydgeage are the only

effects shown to be induced by der(1;16) or i(1g) up to now; other mechanisms, such as gene
fusions, enhancer hijacking, or chromatin transcriptiotgtregulation, have not been
detected. The third argument is that cancer driver genes located on 1qg/16q are likely to be
differentially expressed, at the transcript level, between-dhtémogroup baring lggain

and16ge oss and the ACTRL group. O

Taking sich arguments into account, what are the appropriate descriptors of the
transcriptional dysregulation of 1g or 16q genes in the differentchid@nogroups? In the

previous paragraph, we used theter fiover expressi onodo and fAunde
increases or decreases of transcript levels comparing cancers bearinglanehiaberration

of chromosome 1 and 16 with a-called CTRL group. The corresponding transcripts have
been deno@veafMféedaas ®Wnder T, 0 and taditativgyar a me t
such differenceschasgdeesn. cabhedolid o( HECvs CT|
important descriptor of cancer dysregulation relies on a comparison between the cancer group
and he corresponding normal tissue. Increased or decreassttipts in such comparison

ar e indicated her e as AUpregul at ed Transcr
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(DownT) , and the corr espondichagge gsunarmaldist uaet o v e
(FCvsN). In the following paragraphs, we use theasemeters, alone or in combination, in
order to select putative candidate driver genes associated with transcriptional increases linked
to 1ggain or to transcriptional decreases linked to-b&g.

As reported inTable 8, the three 1,1@hromogroups beenrg a diploid 1gq (D1, D2, and
CTRL) showed an approximately equal number ofdogted UpT and DownT (UpT/DownT

ratio ranging from 1.0 to 1.6), while groups bearing theydip (A, B1, B2, and C) skheed a

higher number of UpT (UpT/DownT ratio ranging froBa01l to 3.45). A relatively large
number of genes (aboutiZ®% of cancer upregulated transcripts detected in 1q) were found

to be specifically upregulated in -b@in bearing cancers. The number @Tuand DownT in

chrl6q are also reported Trable 8: as &pected, the ratio UpT/DownT in 16q was lower in

cancer groups bearing the 18gs (groups A, B1, D1, and D2).

1,16 Shared Shared with % of Shared Shgred % of UpT/Dow
Chromogro 1g-UpT* i a7 OFA " orpy cTRL  1ODownT™  ipa YROFA - with nr')l' Ratio
ups CTRL

A 939 939 100 525 88.53 312 312 100 229 6173  3.01
B1 897 840 8946 526 88.70 298 259 8301 218 5876  3.01
B2 744 690 7348 511 86.17 241 204 6538 196 5283  3.09
C 898 798 8498 550 92.75 260 225 7212 210 56.60  3.45
D1 487 476 5069 426 71.84 373 261 8365 277 7466 131
D2 480 469 4995 423 7133 479 284 9103 320 8625  1.00
CTRL 593 525 5591 593 100 371 229 7340 371 100 1.60

Shared Shared with % of Shared Shgred % of UpT/Dow

16aUpT™  in A POTA R cTrL LBaDownT= pa %OFA (‘;ﬂtgl_ CTRL ni; Ratio
A 138 138 100 129 40.44 375 375 100 135 9247 037
B1 179 126 9130 162 50.78 320 300 80.00 135 9247 056
B2 301 118 8551 251 78.68 117 110 2933 90 61.64 257
C 329 128 9275 275 86.21 164 161 4293 122 8356  2.01
D1 104 89 6449 102 31.97 290 280 7467 129 8836  0.36
D2 129 102 7391 119 37.30 359 309 8240 145 9932 036
CTRL 319 129 9348 319 100 146 135 3600 146 100 218

* FCvsN > 1, adjp < 0.05;* FCvsN @ w,Ndip < 0.05.

Table 8. Number of 1¢ and 16a¢UpT (Upregulated Transcripts) and 1q and 16gDownT (Downregulated
Transcripts) in 1,16-chromogroups.

Gene expression data were also analymetbcusing on the comparison between the CTRL
cancer group and each of the other dchGomogroups, as described in the presisactions.

Such comparison allowed for the classification of transcripts as OverT (overexpressed versus
CTRL, FCvsCTRL > 1.3 taadjp < 0.05), a class enriched in gelosagesensitive genes.
However, OverT could be upregulated (OverUpT), downregulatecer{@wnT), or not
significantly changed in comparison to normal tissue. On the basis of previous studies

(Condorelli et al., 2018; Condorelli et al., 201%e only pioritized those genes that are
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overexpressed (FCvsCTRL > 1.3, adjp < 0.05) and upregulated (FCvsN > 1, adjp < 0.05) as
candidae driver genes located in gained 1gq and called ther®verUpT Out of 2410
transcripts located in chromosome 1q, 639 transcrgoiuld be classified as OverUpT in
group A (1gA-OverUpT). Indeed, after identifying 4QverUpT in all chromogroupsve
observed that a large number of genes were shared amayagnlgroups: 437 among groups

A, B1, and C and 436 among groups A, B, an@Figure 23A, left panel).

Moreover, the following nineteebgq-OverUpTgenes are also shared with the Group D (not
beaing 1ggain): TRIM46, SLC19A2, BCL9, CRABP2, SOX13, AL136987.1, SLC30A1,
CIART, DENND1B, C10rf100, AL391001.1, TUFT1, TRAF5, PIAS3, AGI19, CFAP45,
F13B, and ANXA9. Those-Oyenmndp Twer eanaaltlhed efkxpa
reported as TPM,faepresentative transcripts are showifrigure 23B.

In order to select candidate genes located in 16q that can cooperateep@tlerUpT, we
prepared a list onderT genesn the comparison group A vs. contrélGQvsCTRL< 1T 1. 3,
adjp < 0.05). In the cas® 16¢loss, the differential expression against the normal tissue was
not included among the selection criteria because, as previasslissed by Condorelli et al.
2018(Condorelli et al., 2018) decreased expression of both upregulated and downregulated
genes might play a sagficant role in cancer progression. Out of 1078 transcripts located in
chromosome 16q, 418 transcripts could be giagsas UnderT in group A (164-UnderT).
Indeed, after identifyingl6gUnderT in all 1,16chromogroups we observed that a large
number & genes it = 208) were shared among ks groups (A, B1, and D) and other 80
genes among group A and D, as showtheVenn diagram ifrigure 23A (right panel).
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Figure 23. (A) Venn diagrams showing the number of shared I@verUpT (transcripts that are
overexpressed in comparison to CTRL and upregulated in comparison to normal tissue) (left panel) and
16g-UnderT (right panel) among different 1,16chromogroups. The 1gOverUpT shared among groups A,
B, and C are indicated by a red box (436 genes). (B) Resentative core 1g0verUpT in ductal or lobular
breast carcinomas; expression values are reported as averages (AVG) of TPM (transcripts per milliof)
SEM. The total number o ductal and lobular cancer samplesrf) 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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4.15 Pathway Enrichment Analysisf 1¢OverUpT and 16¢JnderT Genes

In order to obtain information on functiongathways linked tdg-OverUpTgenes in group

A, we submitted the list of 639 14-OverUpT genes FCvsCTRL> 1.3 at adjp < 0.05 and

FCvsN > 1 at adjp < 0.05) to Metascag&hou et al.,2019) and performed a pathway
enrichment analysis and a profiginotein interaction analysis (PPI). Metascape identified all
statistically enriched terms in the list usingfeliént knowledgdases and the top 20
pathways are reported Figure 24A. A similar pathway enrichment analysis was performed

using the list of 43@.q-OverUpTgenegindicated by a red box iRigure 23A) shared by all

lggain groups A, B, and C. As shown kigure 24B, mostof the top-ranking genes were

shared among the two analysigith the APHIPSENZNCSTN complex as the tefost

pathways in both lists.

In order to explore the functional cooperationang 1g and 16q genes, a combined list of

639 1gA-OverUpTgenes FCvsCTRL> 1.3 at adjp < 0.05 arfelCvsN>1 at adjp < 0.05) and
41816¢A-UnderT genes was submitted to Metascape. The results of the pathway enrichment
analysis are shown iRigure 24C (top 20 pathways). An analysis of pathways including 1q

and 16g genes revealed a cooperatii®SENDf t he
NCSTN compl exo ( CORUMOpahweBdiFigueedsd ahdt A& OT €pl3
Activation and Transmission of Signalttoh e N u c-HSA-Q903607] pathways.
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List of 639 1q-OverUpT genes in Group A

CORUM:2735: APH1A-PSEN2-NCSTN complex

R-HSA-141424: Amplification of signal from the kinetochores
G0:0032259: methylation

R-HSA-3247509: Chromatin modifying enzymes

G0:0042157: lipoprotein metabolic process

G0:0090335: regulation of brown fat cell differentiation

G0:0032543: mitochondrial translation

G0:0034660: ncRNA metabolic process

G0:0048193: Golgi vesicle transport

G0:0046628: positive regulation of insulin receptor signaling pathway
G0:0048103: somatic stem cell division

R-HSA-191273: Cholesterol biosynthesis

R-HSA-201722: Formation of the beta-catenin:TCF transactivating complex
G0:0000070: mitotic sister chromatid segregation

G0:0006999: nuclear pore organization

G0:0045786: negative regulation of cell cycle

G0:0034508: centromere complex assembly

G0:0030879: mammary gland development

G0:0060338: regulation of type I interferon-mediated signaling pathway
G0:0006883: cellular sodium ion homeostasis

List of 436 1q-OverUpT genes shared in Group A, B, C
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CORUM:2735: APH1A-PSEN2-NCSTN complex

G0:0140053: mitochondrial gene expression

G0:0043414: macromolecule methylation

R-HSA-68886: M Phase

R-HSA-201722: Formation of the beta-catenin:TCF transactivating complex
G0:0034660: ncRNA metabolic process

R-HSA-3247509: Chromatin modifying enzymes

R-HSA-191273: Cholesterol biosynthesis

G0:0000070: mitotic sister chromatid segregation

G0:0048193: Golgi vesicle transport

G0:0006999: nuclear pore organization

G0:0034508: centromere complex assembly

G0:0032781: positive regulation of ATPase activity

G0:0071108: protein K48-linked deubiquitination

G0:0033599: regulation of mammary gland epithelial cell proliferation
G0:0045786: negative regulation of cell cycle

R-HSA-211000: Gene Silencing by RNA

R-HSA-379724: tRNA Aminoacylation

G0:0035455: response to interferon-alpha

G0:0016236: macroautophagy

List of 639 1q-A-OverUpT genes and 418 16g-A-UnderT genes

~N
e

6
- log10(P)

@

10

G0:0061687: detoxification of inorganic compound
R-HSA-1640170: Cell Cycle

00:0090407: organophosphate biosynthetic process
G0:0022613: ribonudeoprotein complex biogenesis
G0:0048193: Golgi vesicle transport

CORUM:2735: APH1A-PSEN2-NCSTN complex
G0:0051383: kinetochore organization

G0:0006999: nuclear pore organization

R-HSA-8953854: Metabolism of RNA

G0:0007093: mitotic cell cycle checkpoint
R-HSA-8953897: Cellular responses to external stimuli
G0:0008610: lipid biosynthetic process

CORUM:3551: COG1COG8-COG2-COG3COG4 subcomplex
G0:00224II: cellular component di bly
G0:0051301: cell division

R-HSA-5357786: TNFRI-induced proapoptotic signaling
CORUM:1197: Telomere-associated protein complex
G0:0090335: regulation of brown fat cell differentiation
R-HSA-191273: Cholesterol biosynthesis

G0:0030879: mammary gland development

Figure 23 Pathway enrichment analysis using: (A) the list of 639 X@verUpT genes in goup A, (B) the

list of 436 1gOverUpT genes shared among the three 1gain groups, and (C) the combined list of 639 1q
A-OverUpT genes (FCvsCTRL > 1.3 at adjp < 0.05 and FCvsN >t adjp < 0.05) and 418 16epA-UnderT

genes. Pathways in red letters in (B,Care present also in (A).
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4.16 Gene Set Enrichment Analysis (GSEA)

In a previous subsection, we determined whether the list of a special group of differentially

expressed genesalled1g-OverUpTand16gUnderT, was enriched for pathway or ontology

terms.As is the case with oveepresentation 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 analys of genomewide gene expression profiles,lled GSEA

(Subramanian et al., 20053 SEA takes the expression values of all transcripts, not only those

abowe an arbitrary cutoff of folthange or signi€ance, 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 i8n@ly

Comparing group A vs. CTRL, 21 pathveafyom 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 inTable 9, 20 out of 21 togpathways included genes Ided in

chromosome 1g among the leading eddesst

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 0620 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 0588 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

** SUMOYLAT ION_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 1qg 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 pathwgs with normalized enrichment score (NES) > 1.5

Clues about functional interactions among transcriptionally dysregulated genes could be

derived by the analysis of the pathways

ANOT

t he Nucl eus, othefbBt& aad teinv ant itam nsfa c tii Fvoart mantgi ocno no
thebetac at eni n: TCF t r an Jable9).ilnter@dtingly, ghe wpamked Igen&so
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in the two betacatenin pathways were BCL9, PYGO2, RBBP5, and CDCW& topranked

genes i nNnCH2zheAcitNOQ/Tati on and Transmission of Si
APH1A, PSEN2, and NCSTN, w h 0 s-gecrgiasep @ pratebse we r
complex able to cleave various proteins within their transmemigtan&ins. Indeed, an

increased xpression of those genes in hormone receptsitive breast cancers has been
previously reported Fi | i povi i et al ., .A&lGhesk gened édlohgotm e n e
the 1¢-OverUpTgroup, and their pathways weealready identified in the Mascape analysis

reported in the previous subsection.

Among shared pathways between groups A and D or among groups A, B1, and D, several
pat hways, such as AMi tochondri al t RNA amin
Complexin GGNE R, 0 i n-cahduldgaeatetl §epes 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 th&g-OverUpT group. This result further confirmed that some 1q
genesinvolved in canceactivated pdiways were also overexpressed in a cytogenetic group

devoid of 1lggain (group D) and might functionally cooperate with genes located in 16p.
Therefore, such pathways may provide some clues about functional interactioredifguc

1g-gain and 16gmain abemations. Indeed, 16p gain was found to be a frequent aberration
shared bytumouss of groups A, B1, and D. However, such GSEA analysis could not provide
information about functional interactions between 1q and 16g genes éeganss were

ranked according tthe 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 transorglt dosageffect were

expecté to show positive scores if located in-dain 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 dfg-OverT and 16gUnderT genes. In order to @vcome 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 (realwsanalysis) were confirmed ithe analysis based on

the absolute value of Signal2Noisen t he group A analysi s, i
catenin: TCF transactivati ng -ocatenmptiarsactivatingi De a c
compl ex, 0 AMI tomihmoaacyladt it RN Abn andNT@ahsinissdon Act i v
of Signal to the Nucleus, 0 ANOTCH3 Activatio
and ASignaling by NOTCH206 showed an NES > 1
medi at ed r e p uahked among thé topcpesitibulsiedto the ldocated 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
pat hway ANOTCH3 Asmission & Signalto thea NuwtleuT r was enr i c he
group A (NES = 1.71, noming)-value = 0.001, FDRy-value = 0.28), B1 (NES = 1.75,

nominal p-value < 0.001, FDRy-value = 0.11), group B2 (NES = 1.52, nomipalalue =

0.005, FDRg-value = 0.30), group QNES = 1.75, nomingb-value < 0001, FDRg-value =

0.04), and group D2 (NES = 1.61, nomipalalue < 0.001, FDR-value = 0.12).

The absolute scoranalysis allowed for the identification of pathways including 1q and 16q

located genes among the leadsuge subsets. After excluding thmathways showing a
discordant functional effect olg-OverT genes andl6gUnderT genes, such analysis

suggested possible cooperative functional i
and Transmission of Signal toeth Nucl eus o i n DPRoupsn AheBAHANOZ
Activation and Transmission of Signal t o t he

19 genes encoding subunits of the gamma secretase complex (APH1A, PSEN2, and NCSTN),
which plays a positive roleni NOTCH3 signalling was found @ be functionally
interconnected with the reduced expression of the 16 gene WWP2, an E3 ubiquitin ligase

that negatively regulates NOTCHS8ignalling (Jung et al., 2014) Another pathway

I mplicating a functional cooperation betwee
Signaling by ERBB40 e nl6il, admndp-value: <@gd0h BRhg- D2 ( NI
value = 0.11). The involved 1g gene was APH1A and the 16 gene was WWOX,-a WW
domaircontaining protein that binds to a cytosolic fragment of ERBB4 (generated by the

gamma secretase complex) and prevents its tranglodatthe nucleugAgeilan et al., 2005)

4.17. Analysis II. 1,16 Chromogroup<uctal LumA Adenocarcinomas

In this work, we comparetbmoursbearing a specific arfievel 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. Howeayéhe choice of criteria used for the generation of therobnt

cancer group exerted a strong impact on the results. Indeed, two important points should be
taken into account: (1) althougtumours were found to belong to the same clirico
pathological typgbreast invasive carcinoma), phenotypic and genotypic lysreaity was

present in all cytogenetic groups; (2) cancersinthesol | ed fAcontr ol group
those in the study group, not only for the absence of the specific chromosomal abbtration

also for other mutational events and carcinogenesisvpgth Regarding the first point, it is
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possible to classify breast invasive carcinomas in histological subtypes using classical optical
microscopy or in molecular subtypes using specific moleduitamarkers and transcriptome
analysis(Ciriello et al., 2015; Koboldt et al., 2012)he frequencies of histological subtypes

and molecular subtypes the different cytogenetic groups are reporteigure 25. Invasive

ductal carcinoma was found to be the predominant histological subtype in all cytogenetic
groups. Invasive lobular carcinomalsosved the highest frequency in group A and were
associated v cytogenetic groups bearing ks (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 bashke suliype showed the highest frequency in the cytogenetic group
C, while the normalike subtype showed the highest frequency in the control group.

Molecular.Subtype

2 LumA
LumB
Her2
Normal-like
Basal-like
NA

Figure 25. Frequencies of histological subtypes (left panels) and molecular subtypes (right panels) in the
diff erent 1,16chromogroups.

Histological.Subtype
Breast Invasive Carcinoma (NOS)
Breast Invasive Ductal Carcinoma
Breast Invasive Lobular Carcinoma
Breast Mixed [
Metaplastic Breast Cancer




Therefore, in order toseduce pheotypic 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 cacinomas dbwed for the generation of group A, B, B1, C, D, and Big\jre

26). As expected, the NCDI values of 1q and 16p were increased in samples beayaig 1q

and 16pgain. The increased NCDI value of 8q was still detectable in subgroup D2.

Breast Invasive Ductal Carcinoma LumA
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Figure 26. NCDI values of OverT of each 1,1€hromogroup formed with breast invasive ductal
carcinomas of the LumA subtype. NCDI values of all transcripts (AlIT) analyzed by RNAseq in each
chromosomal arm are also reported for comparison.

The GSEA analysis was peated usig transcriptome data derived from 310 breast ductal
LumA carcinomas (herein called AAnalysis |
reported in the previous subseation Analysis Il, the comparison of group A vs. CTRL
identified 23 EACTOME pahways showing an NES >1.48able 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
- - gl - - - - — 20 0.65 1.68
RELEASE
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_TERMINATI ON 23 064 161
SYNTHESIS_OF_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI 18 0.71 1.60
RNA_POLYMERASE_IlI_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 0.61 157

DEFECTIVE_GALN T3_CAUSES_FAMILIAL_HYPERPHOSPHATEMIC_TUMORAL_CAL

CINOSIS_HFTC 16 0.67 156

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_SY NTHESIS_AND_LIGATION_IN_GG_NER 25 0.63 1.51
SULFUR_AMINO_ACID_METABOLISM 28 054 1.51
EUKARYOTIC_TRANSLATION_ELONGATION 94 0.73 1.50
MITOCHONDRIAL_FATTY_ACID_BETA_OXIDATION 36 054 1.50
TRNA_AMINOACYLATION 24 066 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 22 056 1.49

Table 10. REACTOME pathways showing a normalized enrichment score (NES) >1.48 in GSEA Analysis
Il.

Analyses | andll showed a good overlapping of the 50 fdgSranked 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 basai ke cancers in group C i
likely explanation for this discrepancy.

I nterestingly, AAnal ysis |10 shno=wld)damang | ar ge
groups A, B1, and D or A, C, and (Bigure 27). Indeed, Analysis Il (restricted to Ductal

LumA cancers) confirmed several pathwayswpreous |l y i dentified in #,
AMi tochondri al t RNA ami noac y-d¢arini tamsactvatimgDe a c t
compl ex, O AFor madti emi noofTCFhet ra@asacti vating
enri chment of AFeae mahi ©GF of r d ihea chteitvaat i ng c-
nominal p-value = 0.007; FDRy-v al ue = 0. 2-&bbrin mediated repuEsPmof

cell so (NES =pvalue 5§ 2.001; FDRmvalmea+ 0.211) were statistically

significant in Analysis Il performed witabsolute Signal2Noise values
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Ductal LumA — Real Value

Groups A, B1,D Groups A, C, D
Group A Group D Group A Group D
7 7
20 29 25 32

11 11

12 3 7 0
24 32

Group B1 Group C

Figure 27. Venn diagrams showing overlapping of topgranked functional pathways identified in GSEA
Analysis Il (restricted to 310 invasive ductal carcinomas of the LumA subtype) amonglifferent
chromogroups.

4.18. Analyss ll: 1,16Chromogroups Ductal and Lobular
Adenocarcinomas

A detailed molecular characterization of the differences between invasive ductal and lobular
carcinomas had been previously provided by integrated omiégsen@iriello et al., 2015;
Desnedt et al., 2016)The higher frequaty of CDH1 lossof-function mutations and the
lower transcriptional expression of the CHD1 gene in lobular carcinomas were some of the
main differences between the two histotypksleed, a decreased expression of CDH1, at
both the protein and transcrigviels, was probably underlying the discohesive phenotype of
lobular carcinomas. We confirmed the cleat difference in CDH1 expression between
ductal and lobular carcinomg&igure 28A). In this work, we could also compare the
transcript levels of CDH1nibreast cancer groups differentiated by the presence or absence of
Chrl and 16 aberrationgFigure 28C). As already shown inFigure 25, the 1,16
chromogroups characterized by-dain and 16glisomy (groups B2 and C) had no or few
invasive lobular carcinoas, 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 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 witldiskégy
(CTRL, B2, andC) showed a higher level of CDH1 transcripts in comparison to normal
breast sues, while CDH1 levels in invasive ductal carcinomas withld$s(group A, B1,

and D) were similar to those of normal tissue. This observation was in agreement with

74



previousimmunohistochemistry studies showing that igvade invasive ductal carcinomas
have stronger f£adherin membrane staining than that seen in the normal breast epithelial
cells, while Ecadherin loss may occur as a late event in a subgroup cighagle invaive

ductal carcinomagAlsaleem et al., 2019; Jeschke et al., 20@t) the contrary, adherin

loss is observed as an early event in lobular carcindMa€art Reed AE, Kutasovic JR,
Lakhani SR, 2015)Iin the present work, we found that CDH1 transcript levels were lower in
invasive lobular carcinomas ledr in 16gloss groups (A, B1, and D) and in the idigomic
CTRL-group when ompared to corresponding ductal carcinomas or to normal breast tissue
(Figure 28C). In other words, invasive lobular carcinomas had a CDH1 expression lower
than ductal carcinomasoth in the presence (groups A, B1, and D) and the absence-of 16q
loss (CTRLgroup). 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 functicofdtity
cadherin in lobular carcinomas, the transcript levels of lobular GDtithted cancers were

not significantly different from those of CDH4ild type oneg(Figure 28B). Indeed it has

been repeatedly suggested that other mechanisms, such as epigentfications, the
upregulation of CDH1 transcriptional repressors, and other forms of transcriptional
dysregulation, may account for the downregulation of CDH1 transcriptionobular
carcinomas(Alsaleem et al., 2019; Ciriello et al., 201%)ur analysis confirmed that the
transcriptional downregulation of CDH1 in ductal carcinomas is weaker than that in lobular
ones. Though 16tpss is frequently observed both in duaad lobular carcinoma@vith a

slight higher frequency in lobular ones; $&gure 30), the CDH1 transcriptional difference
between the two histotypes was detectable both in the presence (group A, B1, and D) or the
absence of 16tpss aberration§CTRL group; Figure 28C). Indeed, in the CTRL breast
cancer group, it was possibledbserve a relevant number of invasive lobular carcinomas in
the absence of 1§ loss, and it is interesting to note that this-tigapmic lobular subtype was
found to be charaetized by a neaguploid karyotypgFigure 30). Nevertheless, 16tpss is

a stong 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, beaigagnlout

not 16gloss (Figure 25). In conclusion, our analysis suggested thatqllbss can be
considered a critical chromosomal abnormality for the generation of lobular carcinomas in the
context of a significant aneuploidy score (>4) (Bégure 29, which showsa comparison of
armlevel chromosomal aberrations in lobular carcinomas ofCIhBL 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 bedobdSe@ither with
(group A and B1) or whout 1ggain (group D), in agreement with previous rep¢@siello

et al., 2015; Desmedt et al., 201@®)deed, the increased frequency of -l&ep in lobular
carcinomas was found to be accompanied by an increased frequencgaif,Lgonfirming
that the ceoccurrence of lgain aml 16gloss is a feature of both ductal and lobular
carcinomas in a larger safagpopulation(Figure 29; also note the increased frequency of 8p
loss and 8ggain in ductal carcinomas).

Statistically significant DEGs between lobular and ducéatinomas (LVSEDEGS) were also
analyzed by the EdgeR software separately for groups AaBd D (decreased in lobular
carcinomas: ' inear fold change | obul ar vs.
carcinomas: linear fold change lobular. dsictal > 1.5 and adjp < 0.05). 1B8&Gs shared
across all 16doss groups (A, B1, and Dgre reported in Table S7. As expec{sde also
Figure 28C), CDH1 was significantly decreased in lobular carcinomas vs. ductal carcinomas
in all 16¢loss groups (AB1, and D) and was the only 6qsD-DEGs that was coherently
decreased in lobular carcinasof those three groups. Moreover, CDH1 was the only gene
belonging to the class abgUnderTthat was further decreased in lobular carcinomas in 16q
loss groups16q¢LvsD-DEGs were found to represent only a minor fraction of-WéderT:

only 3 transcrips out of 208 were LvsIDEGs (AC040162.3, CDH1, 1L34) UnderT shared
across groups A, B1, and D (Table S7). In summary the analysis ofDE€ES revealed very

few speific transcriptional dysregulations superimposed to the commoxos8odependent

downregtation, 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 bearig a mutated CDH1 (CDH1mut) or a wildtype CDH1 (CDH1wt); overlaid boxes show
median and interquartile range; statistical significance by Manni 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. ntrstatistically significant.

A similar analysis was performed for -LgsD-DEGs by selecting those genes showing
concordant changes across-dgajn groups (A and B1)Again, those 1d4.vsD-DEGs
represented only a minor fraction ©OerUpTgenes shared amomggoups A and B1 (10 1q
LvsD-DEGs out of 54@verUpT shared between groups A and B1). Moreover, none of the
Acolg®verUpTo genes showed a detwkeeneauclnand labular e x p r e
carcinomas, suggesting that their putative functional role icireagenesis might be shared

between the two histotypes.

Given that the largest number of lobular carcinomas was observed in group A (bearing both
1g-gain and 164doss), it is reasonable to hypothesize that cooperative functional networks of

1q and 16q gersecould operate both in lobular and ductal carcinomas, the two histotypes
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being mainly differentiated by the deeper transcriptional downregulation eCD&tL in

lobular carcinomas.

Figure 29. Bar graphs showing the percentage of samples bearing aflavel gains or losses in
chromosomes 122 in invasive ductal or lobular breast carcinomas or in the different 1,1€hromogroups
formed with invasive ductal carcinomas orinvasive lobular carcinomas, as indicated in each graphs. The

number of samples () in eachchromogroup is reported in the corresponding graph.
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