AlmaMater Studiorum - Universita di Bologna

DOTTORATO DI RICERCA IN

SCIENZE CARDIO NEFRO TORACICHE

Ciclo 33

Settore Concor suale: 06/E1 - CHIRURGIA CARDIO - TORACO - VASCOLARE

Settor e Scientifico Disciplinare: MED/O3 - GENETICA MEDICA

TUMOR HETEROGENEITY IN ESOPHAGEAL ADENOCARCINOMA: A GENOMIC

APPROACH
Presentata da: |sotta Bozzarelli
Coordinator e Dottorato Supervisore
Gaetano Domenico Gargiulo Elena Bonora

Esame finale anno 2021



ABSTRACT

INTRODUCTION: Esophageal adenocarcinoma (EAC) is a severe
malignancy in terms of prognosis and mortality rate. Because its great
genetic heterogeneity, disputes regarding classification, prevention and
treatments are still unsolved.

AIM: We investigated intra- and inter-EAC heterogeneity by defining
EAC’s somatic mutational profile and the role of candidate microRNAs, to
correlate the molecular profile of tumors to clinical outcomes and to
identify biomarkers for classification.

METHODS: 38 EAC cases were analyzed via high-throughput cell sorting
technology combined with targeted sequencing and whole genome low-
pass sequencing. Targeted sequencing of further 169 cases was performed
to widen the study. miR221 and miR483-3p expression was profiled via
gPCR in 112 EACs and correlation with clinical outcomes was investigated.
RESULTS: 35/38 EACs carried at least one somatic mutation absent in
stromal cells. TP53 was found mutated in 73.7% of cases. Selective sorting
revealed tumor subclones with different mutational loads and copy
number alterations, confirming the high intra-tumor heterogeneity of
EAC. Mutations were in most cases at homozygous state, and we identified
alterations that were missed with the whole-tumor analysis. Mutations in
HNF1A gene, not previously associated with EAC, were identified in both
cohorts. Higher expression of miR483-3p and miR221 was associated with
poorer cancer specific survival (P=0.0293 and P=0.0059), and recurrence
in the Lauren intestinal subtype (P=0.0459 and P=0.0002). Median
expression levels of miRNAs were higher in patients with advanced tumor
stages. The loss of SMAD4 immunoreactivity was significantly associated
with poorer cancer specific survival and recurrence (P=0.0452; P=0.022

respectively).



CONCLUSION: Combining selective sorting technology and next
generation sequencing allowed to better define EAC inter- and intra-tumor
heterogeneity. We identified HNF1A as a new mutated gene associated to
EAC that could be involved in tumor progression and promising
biomarkers such as SMAD4, miR221 and miR483-3p to identify patients at

higher risk for more aggressive tumors.
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1. INTRODUCTION

1.1 Epidemiology of Esophageal Cancer

Esophageal Cancer (EC) is the seventh most common cancer worldwide,
ranking sixth in terms of mortality [1]. It was estimated that 572,034 newly
diagnosed cases occurred in 2018, with 508,585 deaths (Figure 1 and 2).
EC can be classified into two main distinct histological subtypes:
Squamous Cell Carcinoma (ESCC) and AdenoCarcinoma (EAC) [2].

The differences in geographical distribution of EC subtypes are
remarkable: ESCC is the predominant esophageal cancer subtype in
Southeastern and Central Asia (the so-called esophageal cancer belt), in
Southern and Eastern Africa, in South America and among African
Americans in North America. The Asian countries alone contribute to
nearly 80% of the global ESCC cases [3]. In contrast, EAC is the main
histologic subtype in Western countries, constituting around 46% of global
adenocarcinoma (AC) cases [4].

ESCC incidence is broadly declining, while since 1970s we have witnessed
to a rapid increase in EAC cases in many Western countries, including
Europe, North America, and Australia, where the incidence and mortality
rates associated with esophageal adenocarcinoma have overtaken those of
ESCC in several regions [5]. EAC is the most rapidly increasing form of
cancer in some populations; its incidence has increased 4-10% each year;
in the US, the incidence of EAC among men surpassed that for ESCC
around 1990 and continues to increase [6].

EAC increases in incidence with age, peaking in the seventh and eighth
decades of life [6], and it is characterized by a striking male predominance

in incidence, stronger than that of any other non—sex-specific cancer in



several populations, reaching, in the US, a male to female ratio as high as

9:1[7].

Number of new cases in 2018, both sexes, all ages

Number of deaths in 2018, both sexes, all ages
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Figure 1: Worldwide incidence and mortality for esophageal cancer in 2018. Image
from GLOBOCAN, aviable on http://globocan.iarc.fr/).
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Figure 2: Worldwide rates of esophageal cancer incidence. Image from GLOBOCAN,

aviable on http://globocan.iarc.fr/).
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1.2 ESCC and EAC are characterized by a

different molecular landscape

Although ESCC and EAC have been grouped together based on their
anatomic location, molecular studies clearly defined the two cancer
subtypes as distinct entities, in terms of cell of origin, epidemiology, risk
factors and molecular features [2]. Squamous cell carcinoma is often
localized in the proximal to mid-esophagus, and originates from squamous
epithelial cells, whereas EAC occurs from glandular cells in the distal
portion of the esophagus, in proximity to the gastro-esophageal junction
(GEJ) [8], [9].

Other evidence based on recent genomic analysis also confirms that EAC
and ESCC are different cancer entities [10]. In the molecular study by the
Cancer Genome Atlas Research Network (TCGARN), 164 ECs derived from
Western and Eastern populations were analyzed, providing further
evidence that ESCC and EAC differentiate at molecular level [11]. Indeed,
while ESCC resembles the head and neck squamous cancer, EAC is closer
to the chromosomal instable subtype (CIN) gastric cancer (Figure 3). With
the exception of TP53, which is the most commonly altered gene in both
EAC and ESCC, the genomic profile of these subtypes of EC is considerably
different. ESCC bears frequent alterations in PIK3CA, CCNDi, PTEN,
NFE2L2, NOTCH1, MLL2, SOX2, FGFR1 and MDM2. In EAC the most
frequently somatic alterations have been found in ERBB2, KRAS, EGFR,
SMAD4, ARID1A, VEGFA, CCNE1 and GATA4/6 [11].
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Figure 3: Molecular subtypes of gastroesophageal tumors. Each subtype is present in
different proportions in different anatomic regions (as highlighted by the widths of the colour
bands). Key features of subtypes are indicated in associated text. Image from The Cancer Genome
Atlas Research Network, 2017 [11].

1.3 Risk factors

1.3.1 Non genetic risk factors

EAC has a complex etiology, with the involvement of genetic, behavioral
and environmental factors. One of the most prominent risk factors linked
to the development of esophageal adenocarcinoma is gastro-esophageal
reflux disease (GERD) [12], where the esophageal epithelial cells are
exposed to gastroduodenal acid and bile in a constant loop of damage and
regeneration of esophageal tissue, that causes histologic and genetic
changes [13], [14], directly but also indirectly through chronic
inflammatory reactions [15], [16]. Studies have shown that there is a
strong association between the 2 most common GERD symptoms
(heartburn and regurgitation) and EAC risk, which increases with
increased duration and/or frequency, arriving to a 6 fold higher risk in

patients having heartburn for more than 20 years [17].



Chronic GERD can lead to the onset of Barrett’s esophagus (BE), a
metaplastic condition characterized by changes in the lining of the distal
esophagus, where the normal squamous epithelium is replaced by an
intestinal columnar type [18]. Barrett’s esophagus is considered a
premalignant condition and one of the common risk factors of EAC [19],
that can lead to its development through consecutive steps, from erosive
esophagitis to non-dysplastic BE, low-grade and high-grade dysplasia, to
adenocarcinoma [20] (Figure 4). Retrospective population-based studies
found that the risk of progression from BE to EAC is 0.13%-0.40% per
patient per year [21], [22], and the likelihood of developing EAC is
increased 1.7 times with GERD and 10.6 times in patients diagnosed with
BE [23].

However, the reason why some cases of BE progress into EAC and some do
not is still unclear. EAC can arise with neither GERD or BE being present:
up to 40% of patients diagnosed with EAC do not report GERD symptoms
[24] and a systematic review found that only 24% to 64% of resected EAC

specimens had histological evidence of BE at the time of surgery [25], [26].

Normal squamous Barrett's oesophagus Barrett's oesophagus with Barrett's oesophagus with Adenocarcinoma
low-grade dysplasia high-grade dysplasia

“\1.

Figure 4: Barrett’s esophagus progression: Transition from squamous epithelium to
intestinal metaplasia, low-grade and high-grade dysplasia, and adenocarcinoma. Image from: Ong

et al., 2010 [27].



The rising incidence of esophageal adenocarcinoma in Western
populations could be related either to the increasing prevalence of GERD
alone and to obesity plus GERD, in combination with the declining

prevalence of Helicobacter pylori infection [4].

Even though the increasing incidence of EAC seems to have started before
the start of the obesity epidemic [28], [29], obesity is another important
risk factor in EAC onset [30], and it is associated with a risk of EAC that is
increased by a factor of 2.4 to 2.8 [31], [32]. In particular, visceral
abdominal obesity is associated with an increased risk of BE and cancer
[33], possibly through a mechanical contribution given that intra-gastric
pressure can disrupt the lower esophageal sphincter leading to hiatal
hernia, and promoting and exacerbating GERD [34], [35]. Obesity is a
systemic disease that may increase EAC risk through inflammatory and
metabolic alterations [36]. Studies have shown associations between
serum leptin and insulin levels, as well as metabolic syndrome
components, and an altered risk of BE [37], [38]. Also, hypertrophied
adipocytes and inflammatory cells within fat deposits create a low-grade
inflammation environment that promotes tumor development through the
release of adipokines and cytokines [33]. Abdominal adiposity is more
common in men, which has led to speculation that it could explain some
sex-related differences in cancer risk. However, comparing lean and
overweight individuals, the male predominance seems to persist at a

similar level [39], [40].

There is an inverse correlation between infection with the gastric
bacterium Helicobacter pylori and EAC incidence: meta-analysis of
observational studies have reported a 40%—-60% reduced risk of EAC
among persons with H. pylori infection [41], [42]. The prevalence of H.

pylori infection has started to decrease in Western regions since the



middle of the 20th century, and may have contributed to the rising EAC
incidence in Western populations [43].

A possible mechanism of this inverse association may be related to a
reduced acid production because of atrophic gastritis following H. pylori
infection, so decreasing reflux and thereby reduce the risk of EAC [44],
[45].

Few studies have been conducted on the roles of bacteria other than H.
pylori in development of EAC. There is a complex but conserved
population of resident microbes in the esophagus, and it was shown that
the esophageal microbiome changes in patients with GERD or BE
compared to healthy individuals, decreasing in diversity and with an
altered community composition in patients with EAC; however, it is not
clear how the intestinal microbiome affects risk of EAC and further studies

are needed [46], [47].

Tobacco smoking is a well-established and moderately strong risk factor
for EAC. A study from the International Barrett’s and Esophageal
Adenocarcinoma Consortium (BEACON) showed that the risk of EAC is
approximately twice as high among current smokers as it is among people
who have never smoked, and that there is a dose-response association,
rising to a 2.7-fold increased risk for individuals who had 45 or more pack-
years of smoking history and 30% reduced risk individuals who have
stopped smoking for at least 10 years compared with current smokers [48].
Instead, although alcohol is a recognized risk factor for the development of
many cancers [49], pooled analysis studies have shown no significant
association between alcohol consumption and esophageal adenocarcinoma

[50], or the risk of progression from BE to EAC [51].

In a large prospective study in the USA high intake of red meats, fats, and

processed foods seem to be positively associated with EAC whereas high



intake of fiber, fresh fruit, and vegetables is associated with a lower risk

[52], [53].

Given the strong male predominance in EAC [6], the involvement of sex
hormones in the etiology of EAC was investigated. A meta-analysis of 5
observational studies found a reduced risk of EAC in post-menopausal

women who use menopause hormone therapy compared with non-users

[54].

1.3.2 Genetic risk factors

Genetic susceptibility to EAC has been studied in depth. Approximately 7%
of cases of Barrett’s esophagus (BE) or EAC occur within families [55],
[56]. A whole-exome sequencing study in 2016, of a multi-generational
family in which 14 members were affected by BE or EAC, identified a
variant in the V-set and immunoglobulin domain containing 10 like gene
(VSIG10L), encoding S631G, as a possible cause of familial EAC [57].
Genome-wide association studies (GWAS) from various consortia led to
the identification of genetic variants for BE and EAC susceptibility. These
studies analyzed thousands of germline DNA specimens in order to
identify single nucleotide polymorphisms (SNPs) that can be recognized as
a genotypic marker, which is more likely to be associated to a specific
phenotype, therefore more frequent in patients with a particular disease
compared with healthy individuals. Many of the SNPs have been found in
loci at or close to genes that regulate development and differentiation of
the esophagogastric tract.

The first GWAS analysis to identify BE’s predisposing variants was
conducted by Su and colleagues. Two SNPs were identified: one was
detected in the telomeric region of the MHC (O.R. 1.21), the other found
close to the FOXF1 gene (O.R. 1.14), belonging to a family of transcription

factors that regulate gastrointestinal and esophageal development [58].



Levine and colleagues evaluated genetic variants in BE but also EAC
patients, finding SNPs associated to CRTCi gene (CREB-regulated
transcription factor; O.R. 1.18); FOXP1 (O.R. 1.18), and BARX1 (O.R. 0.83,
involved in esophageal differentiation) [59].

Palles and colleagues identified new BE-associated SNPs, close to GDF7
gene (OR 1.14, encoding a ligand in the BMP pathway); and SNPs in TXB
(O.R. 0.90, a transcription factors involved esophageal and cardiac
development), and ALDHIA (O.R. 0.90, involved in retinoic acid synthesis
and alcohol metabolism) that showed a protective effect [60].

These associations have been validated in further studies [61]-[64].

The meta-analysis conducted by Gharahkhani and colleagues, not only
confirmed the loci already identified in the previous studies, but detected
other new risk variants. Among them, the one having the strongest
association with Barrett’s metaplasia and EAC was an intronic variant
within CFTR (OR 0.84) ,which is mutated in cystic fibrosis. Considering
that patients with cystic fibrosis have increased incidence of GERD, the
authors suggest that CFTR could play an important role in the process of
GERD, common to cystic fibrosis, BE, and EAC [63].

They also identified a risk variant near HTR3C/ABCC5 that was associated
with EAC and not with BE (OR 1.17). ABCC5 encodes for an ATP-binding
cassette membrane protein that is involved in transport and has been
implicated in cancer development and progression; furthermore, it has a
role in the embryonal development of the intestine [63].

Researchers also investigated germline variants in genes that regulate
inflammation, androgen signaling, and cancer-related processes for their
association with risk of Barrett and EAC. Variants associated with BE and
EAC risk were identified at the MGST1 locus (a gene with roles in the
cellular response to oxidative stress) [65], in the androgen-related genes
CYP17A1 and JMJDi1C [66], and at the CDKN2A locus [67], but further

studies in larger sample sizes are needed to replicate these findings.



In a recent linkage analysis the Y-chromosome F haplogroup was found to
be a risk factor for EAC with an OR 1.5, while the Ria and the K
haplogroups were significantly underrepresented in the BE/EAC group
compared to the GERD group (O.R. of 0.63 and 0.56 respectively) and
seems to confer a protective effect against the development of BE [68].

The risk of BE and EA onset is influenced by a combination of germline

genetic variants of small effect, with a shared polygenic effect [69].

1.4 The classifications of EAC

An accurate classification is a main requisite for the diagnosis, treatment
and prognosis of cancer. Historically tumor classification was based on the
anatomic location and histologic features, assuming that cancers from the
same site of origin shared comparable pathogenic processes and treatment

results.

1.4.1 The Siewert classification
Siewert and colleagues introduced a classification to separate gastro-
esophageal-junction (EGJ) adenocarcinomas into three types based on the
relationship between the EGJ location and the epicenter of the tumor
(Figure 5) [70]-[72]. In particular:
e Type I tumors (or distal esophageal tumors): have their epicenter
(or more than two-thirds of their bulk) located 1—5 ¢m above the
EGJ, and they may infiltrate the esophago-gastric junction from
above;
e Type II tumors (or true carcinomas of the cardia): the tumor
epicenter arises within 1 cm above to 2 cm below the EGJ;
e Type III tumors (or subcardial gastric carcinoma): those where the
epicenter is located 2—5 cm distal to the GEJ, and infiltrates the EG

junction and distal esophagus from below.

10



Figure 5: The Siewert classification. Image from Chevallay et al., 2018 [73].

The Siewert classification is widely used for preoperative assessment of the
tumor location in order to plan the best surgical approach related to the
fact these three types of tumor show different patterns of lymphatic

dissemination [71], [74], [75].

The current 8th edition of American Joint Committee on Cancer (AJCC)
staging manual guidelines [76] has introduced simplified categories
including adenocarcinomas of the esophagus and esophagogastric junction
in a single section [10] comprehending all tumors located in the distal
thoracic esophagus, esophagogastric junction and within the first 5 cm of
the stomach [77].

In the 5th edition of the World Health Organization (WHO) classification
of digestive system [78] there is a change in anatomical definition of
junctional esophageal adenocarcinoma which now are defined as all
tumors with the epicenter within 20 mm (instead of 50 mm) proximal or
distal the esophagogastric junction. Cancers whose epicenter is more than
2 c¢m distal from the GEJ are staged using the stomach cancer TNM
staging, even if the GEJ is involved [79].

This approach for classification is still controversial, since it does not take
into account the molecular profiles and different biological behaviors

imply that EAC may be consistently heterogeneous [75], [80]-[82].
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1.4.2 The Lauren classification

The Lauren classification is a commonly used histopathological
classification system originally designed for gastric adenocarcinomas [83],
[84], whose prognostic value has been expanded to EACs too to stratify
patients [85].

According to the Lauren classification EAC are divided into three subtypes
(Figure 6):

e Intestinal type, which is mostly well to moderately differentiated
and it forms glandular structures reminiscent of adenocarcinoma of
the large intestine;

¢ Diffuse type, which is composed of poorly cohesive tumor cells with
little or no gland formation, often containing various proportions of
signet ring cells;

e Mixed type, which exhibits features of both intestinal and diffuse

type carcinomas.

Figure 6: The three different subtypes of EAC according to the Lauren classification.
A. Intestinal type; B. Diffuse type; C. Mixed type. Image from van der Kaaij et al., 2017 [85].

The majority of tumors can be classified as intestinal and it was shown a
correlation between the histological subtype and overall survival: the EAC
diffuse type has a more aggressive nature, has a higher risk of lymph node
metastases and it is associated with a significantly worse prognosis

compared with intestinal type tumors [85], [86]. Moreover, neo-adjuvant
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chemo-radiotherapy appeared to be more effective in intestinal type

carcinomas than diffuse/mixed type carcinomas [87].

1.4.3 Immunohistological classification of esophageal

adenocarcinoma
A classification for EAC is based on the presence (+) /absence (-) of Barrett
intestinal metaplasia (BIM) and gastric intestinal metaplasia (GIM) and on
different immunoprofiles [75]. By assessing the presence or absence of
BIM and GIM, three groups were defined for the esophageal and cardia
adenocarcinomas: a Barrett’s like type (BIM+GIM-), a gastric cancer—like
(BIM-GIM+) and a cardiopyloric like type (BIM-GIM-). The BIM/ GIM
subtypes categorization was further validated by the immunohistochemical
IHC profile of these three groups: indeed, the expression pattern of tumor
cytokeratin 7 (CK7) and cytokeratin 20 (CK20) was found to be related to
the presence or absence of intestinal or gastric metaplasia [75].
Thus, three different immunoprofiles were identified:
- The greater expression of the Cky intestinal markers (CK7+/CK20-)
in BIM+/GIM- defines the Barrett’s esophagus-like type;
- The gastric cancer—like type (BIM-GIM+) is characterized by a CK7-
/CK20+ pattern;
- The cardiopyloric like type (BIM-GIM-) has a mixed profile
(CK7+/CK20+).

As described in the literature, different immunoprofiles have
consequences on the tumor behavior: according to the presence or absence
of BIM and GIM in the esophagus and cardia, EAC show different patterns
of lymph nodes metastatic spread [82].

Also, the BIM-/GIM- group includes patients with higher stage (III-IV)
tumors and a more aggressive disease compared to the BIM+/GIM- ones.

This is in agreement with the idea that EACs cannot always be treated as

13



unique pathological entity and always a GERD-related tumor and other

pathogenic pathways should be taken into consideration [82].

1.4.4 The EACSGE histological classification

Recently, a novel histological classification based on morphologic features
of esophageal/esophagogastric junction adenocarcinomas was developed
by the anatomo-pathologists of our research group.

Seven morphologic subtypes were identified, based on the growth pattern
and cytostructural characteristics, showing different degrees of
aggressiveness (Unpublished data):

- Glandular Well Differentiated (GL-WD): the entire tumor has a
glandular structure and no significant loss of intercellular cohesion
is seen;

- Glandular Poorly Differentiated (GL-PD): glandular structure is lost
in more than 10% of the tumor but intercellular cohesion is
maintained;

- Mucinous Well Differentiated (M-WD): the mucinous component is
present in at least 50% of the tumor and the growth pattern is
exclusively expanding;

- Mucinous Poorly Differentiated (M-PD): characterized by the
presence of poorly cohesive tumor cells, floating in extracellular
mucin lakes; infiltrative growth pattern, it may have signet ring
features;

- Diffuse Desmoplastic (D-D): poorly-cohesive cells infiltrating the
wall and producing marked fibroblast-rich desmoplasia; signet ring
cells are often limited to the most superficial part of the tumor;

- Diffuse Anaplastic (D-A): poorly-cohesive cells which with an
infiltrative growth pattern and frequent angioinvasion; no signet

ring features;
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- Mixed (Mix): admixture of glandular aspects and poorly-cohesive

cellular components.

Based on survival curves this classification allows the discrimination of
two major prognostic groups the Low grade carcinomas group (including
GL-WD, M-WD and D-D subtypes) (FIGURE) and the High grade
carcinomas group (which includes GL-PD, M-PD, DA and Mix subtypes)
(Figure 7).

This classification has proved to have a statistically significant prognostic
impact, especially if coupled with stage. Indeed, the stage plus histotype
combination shows a high discriminating power for cancer specific
survival, ranging from 86.9% to 0% at 5 years, depending on histologic

subtype.
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Figure 7: The EACSGE histologic classification. Haematoxylin eosin stain of EAC histotypes
assigned according to the EACSGE classification. A. Glandular well differentiated; B. Mucinous
well differentiated; C. Diffuse desmoplastic; D. Glandular poorly differentiated; E. Mucinous
poorly differentiated; F. Diffuse anaplastic; G. Mixed. By kind permission of Professor Roberto

Fiocca.
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1.5 Unraveling the genomic signature of EAC

As cancer is a highly heterogeneous disease that arises from complex
genetic and epigenetic alterations, it is crucial to identify the molecular
events underlying each cancer, for the optimization of treatment decisions
and the improvement of patient outcomes. The advent of high throughput
molecular tools in the past two decades has enabled us to visualize the
most relevant molecular features, in order to better understand the
behavior of each cancer and then categorize them in sub-types based on
genetics and expression characteristics in addition to the -classical

histologic classification in a perspective of “personalized oncology”.

With a next generation sequencing (NGS) approach, genomic analysis
performed on EAC samples provided a deeper understanding of the
tumorigenic process, enabling the identification of recurrent genetic
alterations and specific signaling pathways associated with EAC.

Whole exome (WES) and whole genome (WGS) sequencing allowed the
identification of somatic structural rearrangements, copy number
alterations (CNA) and single-nucleotide mutations, suggesting a high
heterogeneity in EAC, with chromosomal instability and subsequent
genome doubling constituting a defining characteristic of EAC. Genome
instability is proposed to occur as an early event in EAC tumorigenesis
[11], [88].

Chromosomal instability is characterized by DNA aneuploidy, structural
changes of chromosomes (i.e. translocations) and mutations in various
proto-oncogenes and tumor suppressor genes [89]. Based on a study
where more than 3000 cancers and 27 tumor types were compared, EAC
was included in a group of tumors with the most frequent CNA [90], [91].
In EAC the median frequency of chromosomal rearrangements was

reported at 172 per tumor (range of 77-402). Approximately 20% of these
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rearrangements were classified as inter-chromosomal translocations [92]
These studies outlined complex structural and whole chromosome

abnormalities in EAC.

In the initial systematic WES study that included 149 paired samples of
EAC tumor and normal tissue, Dulak and colleagues identified 26 genes
with significantly recurring mutations among which TP53 (72%), ELMO1
(25%), DOCK2 (12%), CDKN2A(12%), ARID1A (9%), SMAD4 (8%) and
PIK3CA (6%); they also found amplifications in KRAS (21%), HER2 (19%),
EGFR (16%), CCND1 (10%) and MET (6%), and loss of SMAD4 (34%),
CDKN2A (32%) and ARID1A (10%) [92].

A pattern of A>C transversions at AA dinucleotides was the most frequent

type of mutation in EAC [92], [93].

Secrier and colleagues reported a WGS analysis on 129 EAC samples,
proposing a mutational signatures classification with potential therapeutic
relevance [94]:

e mutagenic: characterized by a dominant T>G mutational pattern
associated with a high mutational load and neoantigen burden;

e DNA damage repair (DDR)-impaired: with enrichment for BRCA
signatures with prevalent defects in the homologous recombination
pathway;

e C>A/T mutational pattern: with evidence of aging imprint.

Receptor tyrosine kinases (RTKs) were frequently found co-amplified in
EAC (potentially explaining the low success rate of RTK monotherapies)
and these events showed a higher prevalence in the C>A/T dominant
subgroup. Very few genes are recurrently altered by point mutations,
supporting the idea that most gene alterations are the result of

chromosomal instability [94].
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Although the considerable level of genetic heterogeneity, TP53 is the most
frequently mutated gene in EACs, as reported in the study conducted by
The Cancer Genome Atlas (TCGA) Research Network. The study also
revealed high frequency of mutation in CDKN2A, whose level of
inactivation increased up to 76% when considering also epigenetic
silencing [11]. The cell cycle pathway is also affected by amplification of
CDK6, CCNE1 and CCND1 genes, that encode for protein kinases and
cyclins involved in cell cycle regulation [11], [95].

Among other frequently amplified genes, we can find MYC (in
approximately 30% EACs), which regulates proliferation [96] and receptor
tyrosine kinases (RTKs) of the EGFR family and their downstream
mediators. Amplification of the ERBB2 gene (32% of EACs) and EGFR
gene (15% cases) [92] can activate the phosphatidylinositol-3-kinase
(PI3K) pathway [96] which can be further altered by mutations in PI3KCA,
PI3KR1 and PTEN [88]. In addition, EACs shows amplifications of KRAS
VEGFA, FGFR2, IGFiR, and MET genes [11], [88]. Another major
dysregulated pathway in EAC is the is the transforming growth factor beta
(TGFp), which is involved in cell growth, development, differentiation,
apoptosis, and inhibition of proliferation and inflammation in normal
tissues [97], [98]. The TGF[ pathway can promote epithelial to
mesenchimal transition, invasion and metastasis during EAC development
[99]. EAC is characterized by increased expression levels of BMP4 that is
thought to promote invasive phenotype. Bone morphogenetic proteins
(BMPs) belong to the TGF[3 superfamily, and are involved in a wide range
of biological processes [100], [101]. During esophageal embryogenesis
BMP4 is involved in the columnar epithelial stage but it is not present in
the adult esophagus [102]. Serial analysis of gene expression (SAGE) of
Barrett’s sections from patients compared to normal controls revealed that
BMP4 is highly up-regulated in BE [103] and that BMP4 signaling is
activated as demonstrated by the presence of its downstream targets,

pSMAD1/5/8 and ID2 [104]. BMP4 and its targets are also present in the
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GERD inflamed squamous epithelium [104], [105]. Notably, exposure to
proinflammatory factors, such as bile salts, lead to an increased expression
of BMP4 [104], [106] and TGFp1 [107]. TGFf1 expression is also increased
in advanced stages [108].

In contrast, TGFf signal transducers (SMADs) are commonly lost in EAC,
with SMAD4 as one of the most altered gene [88]. The product of this gene
forms transcription complexes with other members of the SMAD protein
family and regulates TGFp-mediated transcription [109] Loss of SMAD4 is
associated with a poorer outcome and propensity to cancer recurrence
[110]. Although mutations in SMAD4 are quite common events in EAC, the
principal causes of reduced SMAD4 expression are represented by

promoter hypermethylation or deletion and protein modifications [111].

Frequent loss of heterozygosity (LOH) events occur at 17p and 9p, that
harbor TP53 and CDKN2A tumor suppressor genes, and TP53 LOH is
associated to genomic doubling, circumstance that Stachler and colleagues
observed to precede BE-EAC progression in the 62.5% of cases [112].
Nones and colleagues also showed that genomic catastrophes are frequent
in EAC, with almost a third of cases undergoing chromothriptic events
[93]. This disruptive process results in a sudden accumulation of
chromosomal rearrangements, gains losses and breaks involving large
regions of the genome, and may be explained by the high frequency of loss

of wild-type TP53 and the great impact that it has on genomic instability
[93].

These events could also explain why BE progression oftentimes does not fit
into the classical linear multistep process. BE was found to be polyclonal
and highly mutated even in the absence of dysplasia [93]. At the same
time, comparing adjacent EAC and BE, less than 20% of the mutational
profiles overlap [96]. This seems conflicting with studies showing that

many mutations in EAC are already present in BE [113]. The reason for
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this discrepancy may possibly be attributable to clonal variations and the
presence of dysplastic cells in analyzed specimens. There are different
pathways through which BE can progress to EAC, but suddenly tumor
evolution can dramatically accelerate [93], [114]. This may be attributable
to the loss of TP53 [112], genome doubling and chromosomal instability.
The fast progression of EAC in some BE patients may be potentially
explained by a high frequency of chromothripsis events that may cause

catastrophic genome rearrangements at any stage [93], [114] (Figure 8).

Figure 8: Paths of BE progression to EAC. Findings from next-generation sequencing studies
indicate BE progression can accelerate via genome doubling, genome catastrophes, and other
unknown mechanisms, even at early stages of tumor progression. Image from: Contino et al., 2017

[114].

Genetic alterations in EAC are accompanied by significant changes of the
epigenome. Hypermethylation is present in 70% of EACs [11]. Epigenetic
silencing through promoter methylation was found for the CDKN2A gene,
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and also in MGMT and CHFR genes, for which methylation has been
associated with responses to alkylating agents and microtubule inhibitors,
respectively [11].

Tumorigenic process in the esophagus is characterized not only by
hypermethylation of the CpG islands in BE compared to normal squamous
epithelium, but also by decreasing DNA methylation outside of the CpG
islands [115]. These two coexisting epigenetic phenomena force global
transcriptome alterations that play significant roles in the development
and progression of EAC [116]. Although promising, clinical application of

these epigenetic biomarkers requires additional investigation.

The high degree of heterogeneity in EAC landscape may be responsible for
its aggressiveness and its poor outcome, and also for the difficulty to date

in finding targets for tailored therapies [88].

1.6 Investigating the genetic heterogeneity in
EAC

The technological improvement that allowed to enter the Next Generation
Sequencing era (NGS) has been with no doubt a significant revolution in
the genetics field.

However, so far the NGS analyses carried out in EAC studies analyzed the
DNA derived from the tumor sample as a whole, composed not only of
tumor cells, but also of stromal and infiltrating immune cells. Therefore,
loss of heterozygosity, copy number alterations and the true zygosity of
somatic mutations in tumor cells could be masked by the presence of
stromal cells and/or subclones with different mutational profile.

In order to solve this limitation, our research group combined NGS with

high-throughput cell sorting technology that enables the recovery of
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individual cells or specific subpopulation of interest from mixture samples
and even from low cell count samples.

Taking advantage of one of these cell-sorting systems, called DEPArray™
(Menarini Silicon Biosystems) [117], a pilot study was conduct to assess the
feasibility of the system to better investigate the genome complexity in
FFPE EAC samples. The case analyzed in this study was a 53-year-old
woman who underwent primary radical resection of a 2B HER-2-positive
Barrett’s type EAC, adjuvant chemo-radiotherapy, targeted HER-2 therapy
and two-stage resection of chest metastases.

The selective sorting technology is based on fluorescence for vimentin and
pan-cytokeratin in combination with the intensity of the DAPI signal (to
evaluate cellular ploidy) and allowed to discriminate 9 cancer (CK+/VIM-)
populations from 9 stromal cells populations (VIM+/CK-) present in the
tumor tissue section.

Targeted NGS on tumor and stromal populations, performed using the
OncoSeek panel, revealed that TP53 was completely mutated in the EAC
and metastatic clusters, while wild-type in the stromal cells, suggesting an
early event of loss of heterozygosity (LOH) at the TP53 locus.

Several LOH events were detected thanks to the purity of the sorted
samples, involving PDGFRA and KIT on chromosome 4 and CDK6 and
MET on chromosome 7 in the primary EAC and metastases (Figure 9A).
Copy-number analysis of the sorted cell populations revealed a high level
of ERBB2 amplification in all tumor subpopulations, whose fold-change
significantly decreased from the primary tumor to the two chest
metastases developed after Trastuzumab therapy (p < 0.01 M2/PT, p <
0.05 M1/PT) (Figure 9B).

The parallel Whole Exome Sequencing (WES) performed on the primary
EAC and the two metastases identified the somatic TP53 missense
mutation but at heterozygous state. Despite the “diluting” effect due to
stromal cells, ERBB2 amplification was revealed, even if at much lower

rate due to normal cells contamination. It was also observed a focal
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amplification in the second metastasis spanning RNFi146 and ECHDC1
genes.

Thus, the synergic use of high-throughput sorting technology and NGS
allowed to reveal the true tumor cell mutational status of the somatic
mutations and CNVs, without a “diluting” effect due to the presence of
stromal cells; and the progressive reduction of ERBB2 copy-gains in the
two recurrent metastases compared to the primary tumor, not detectable
by immunohistochemistry. This is an important aspect from a therapeutic
point of view because the lower copy number in the metastases indicates a
selection of sub-clones more resistant to treatment.

Genomic information derived from cancer cell sub-populations could help
understanding tumor progression and somatic phylogenesis. Combining
these data with available clinical variables could further stratify patients,
in order to select the ones with highest risk of malignant progression or for
targeted therapies.

The data obtained from this research work were recently published [118].
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Figure 9: A. Variant identification in tumor (blue) and stromal (red) sorted cell populations from

0.05,%* = p < 0.001, NS = not significant. Image modified from Isidori et al., 2018 [118].

24




1.7 The role of MicroRNAs in Esophageal

Adenocarcinoma

1.7.1 MiRNAs regulate gene expression

Gene expression is the process through which the information carried by a
gene is converted into functional macromolecules that allow the cell to
differentiate, perform its functions and modify them in response to specific
stimuli. Different systems in every step ensure a fine-tuned regulation of
gene expression, during transcription, mRNA processing, translation,
compartmentalization and activity of the synthesized protein. MicroRNAs
(miRNAs) are a large class of single-stranded, non-coding RNAs of about
18-25 nucleotides length that, by binding a target mRNA in its 3'-UTR
(UnTranslated Region), negatively regulate gene expression at post—
transcriptional level, either inducing mRNA degradation or preventing
translation [119], [120].

To date, 1917 miRNAs have been identified in humans
(http://www.mirbase.org November 2020) and it is estimated that they
are involved in the regulation in up of 60% genes [121]. A single miRNA is
able to regulate the expression of different genes and the same gene can be
regulated by different miRNAs.

MiRNA regulation of gene expression influences several cellular processes
such as apoptosis, proliferation, cell differentiation, embryonic
development, hematopoiesis, development and function of the nervous
and immune systems [119], [122]. Each tissue is characterized by a specific
set of miRNAs, based on the type of tissue and stage of development [123],
[124].
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1.7.2 MiRNAs biogenesis and mechanism of action

The production of a mature miRNA is divided into three phases:
transcription and processing of larger ribonucleotide sequences in the
nucleus, translocation into the cytoplasm, and maturation (Figure 10).
miRNAs can be located either in intronic regions of a “host” gene [125], or
in intragenic independent units with specific promoter elements and
polyadenylation signals [126]. They can be encoded individually or in
clusters, with formation of polycistronic transcripts.

A long precursor (pri-miRNA) is transcribed by RNA polymerase II [127].
It has a 5" CAP, a 3’ polyadenylated tail and a "hairpin" secondary
structure. Then the microprocessor complex, made up of the RNase III
Drosha and the cofactor DGCRS, cuts the pri-miRNA to form a precursor
called pre-miRNA [128], a double-stranded sequence of about 60-70

nucleotides also characterized by a hairpin structure [129].

The pre-miRNA is exported to the cytoplasm by the Ran-GTPase exportin-
5 [130], where another type III RNase, DICER, cuts the hairpin generating
a dsRNA molecule of 19-22 bp that contains the mature miRNA (guide
strand) and its complementary miRNA* [131]. Mature miRNAs can be
found on both strands of duplex RNA, but because of thermodynamic
properties, only one strand (mature miRNA) is loaded on the RNA-
Induced Silencing Complex (RISC) whereas the other strand is degraded
[132]. If both strands of the duplex are functional miRNA, they are
denoted with a -3p or -5p suffix.

The RISC complex directs mature miRNA to its target mRNA to allow
direct repression [133]. The recognition between a miRNA and its target
mRNA occurs through the 5’ end "seed region" of the miRNA (of about 2-8
nucleotides) that pairs with the binding site on the 3° UTR of the target
mRNA, inducing its degradation or inhibiting its translation [119], [134].
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Figure 10: Schematic representation of miRNA biogenesis and miR-RISC activity.

Image from Acunzo et al., 2015 [135].
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1.7.3 MicroRNA and cancer

The first clue that linked miRNAs and cancer derived from a study on
Chronic Lymphocytic Leukemia (CLL) [136]. It was discovered that the
miR15a/16-1 cluster is frequently deleted in CLL, concluding that these
two microRNAs have a tumor suppressor activity. This finding triggered
numerous studies that revealed a differential miRNA expression not only
between normal and tumor tissue, but also between primary and
metastatic tumor. These differences are tumor-specific and in some cases
associated with prognosis [135].

It is the function performed by the target transcripts that determines
whether a miRNA is to be considered oncogene or tumor suppressor [137],
[138]. miRNAs will be more and more exploited as biological markers for
diagnosis, prognosis, early detection of the origin of a tumor and as a

target for therapeutic monitoring [135].

1.7.4 MiRNA profile in EAC
In the last years, the discovery of miRNAs that come into play at different

steps of tumor progression has been an important topic in esophageal
cancer research, however many studies focused on ESCC or esophageal
cancer in general.

Investigating miRNAs in BE and EAC revealed a different expression of
miRNAs among healthy, premalignant and tumor tissue in EAC. Feber and
colleagues showed that miRNA expression profiles distinguished normal
esophagus from EAC and that miR-21 expression was 3-5 folds increased
in EAC compared to normal epithelia [139]. Smith and colleagues
performed qPCR and microarrays analyses for miRNA expressions in
healthy gastric and squamous esophageal epithelia, BE and EAC,
identifying several differently expressed miRNAs in BE development and
progression to EAC, including miR-215, miR-205, 203 194 145 143 and
miR21 [140].
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The study by Garman and colleagues indicated that miRNAs differ
between squamous esophageal epithelium and BE/EAC but could not
differentiate between BE and EAC patients [141].

Using miRNA sequencing analysis, another study identified 23 miRNAs
involved in BE progression, four of them (miR-192, miR-194, miR-196a
and miR-196b) with higher expression in BE patients who progressed to
cancer compared to those who did not progress [142].

Several studies reported that many miRNAs were aberrantly expressed in
BE/EAC tissues: among them miR-21, miR-25, miR-143, miR-145, miR-
192, miR-194, miR-196a, miR-215,and miR-223 are found to be up-
regulated, while miR-136, miR-203, and miR-205 are down-regulated
compared to normal esophageal tissue [143], [144]. An increased
expression of miR-194-5p and miR-215-5p appear to be specific for
intestinal-type BE epithelia and has a high accuracy for BE detection, thus
could be tested for non-endoscopic molecular diagnosis of BE [145].

A recent meta-analysis has shown that aberrant expression of specific
miRNAs correlated with prognosis in EC, the presence of metastasis and
tumor response to neoadjuvant therapies; in particular high tissue levels of
miR-21, one of the most studied miRNA, seemed to correlate with poorer
overall survival times in EC patients [146]. Other miRNA that seemed to
have significantly prognostic value were miR-133a, miR-133b, miR-138,
miR-203, and miR-655 [146]. However, this meta-analysis included both
ESCC and EAC.

No data are available regarding specific miRNAs that could discriminate
among different subtypes of EAC (i.e. different histological subgroups, or
according to Lauren classification).

MicroRNAs might play an important role in the onset of BE and EAC, and
it would be of great interest the identification of a miRNA signature
specific for each disease stage, in order to identify diagnostic and

prognostic biomarkers. Also, shedding light on their mechanisms of action
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and targets will help understanding EAC pathogenesis and the
identification of therapeutic targets.

Nonetheless, the research in EAC miRNA pathophysiology had to face
many challenges. As an example, a recent systematic review evaluated that
at least 105 miRNA were found to be dysregulated in BE onset and
progression to EAC. However, only 24 of the 105 miRNAs have been
identified in more than one study and validated with different techniques
[147]. Interestingly, two miRNAs (miR127-3p and miR200) were reported
as both up-regulated and down-regulated in BE. The lack of consistent
studies and these discrepancies can be due to technical factors, i.e. a low
miRNA yield obtained from serum samples or the lack of suitable
endogenous miRNA controls, but also due to differences in samples type
or a different microenvironment [147].

Moreover, a single miRNA can regulate a large number of genes, so it is
not a surprise that in some circumstances they appear to have a diversity
of functions, also contrasting. Indeed, certain miRNAs have been
described as oncogenic in one scenario, but tumor suppressive in anothers
[148], [149].

As an example, miR-125b is described to act as an oncomiR in the vast
majority of hematologic malignancies and as a tumor suppressor in many
solid tumors [148]. Therefore the classification of a miRNA as oncogenic
or tumor suppressive is not straightforward, but it may depend on the
context.

Only a deeper understanding of miRNA signaling network will help to
overcome these issues and allow to take advantage of their great potential

as clinical biomarkers and targets for tailored therapies.

In order to identity differential miRNAs profiles, our research group
conducted a preliminary study microRNA expression in EAC. miRNA
expression levels were evaluated in 8 EAC cases and two pools of 8 normal

gastric tissues, using TagMan MicroRNA Array card A2.1/B3 (Thermo
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Fisher Scientific). A total of 754 human different miRNAs was screened, 26
miRNAs were accepted as significantly over expressed and 72 miRNAs
were found significantly down-regulated (Figure 11A). Among them, miR-
221 and miR-483-3p were selected based on public data available
(miRBase: http://www.mirbase.org/). Both miR221 and miR483-3p

resulted significantly up-regulated in our screening of EAC cases (Figure

11B), respectively showing a mean fold increase of 2.746 and 11.33.
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Figure 11: A. MicroRNA Array analysis shows deregulated miRNAs in EAC tissues versus healthy
controls; miRNAs with down-regulated expression are shown in green, up-regulated ones in red. B.
Differential expression of miR221 and miR483-3p in EAC samples versus controls. Unpublished

data.
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1.8 Prognosis and treatment of EAC

1.8.1 Prognosis

Esophageal adenocarcinoma is characterized by poor prognosis [150]
Thanks to earlier tumor detection, BE surveillance, better surgical therapy,
and the addition of neo-adjuvant chemotherapy or chemoradiotherapy, the
5-year survival has improved [151]-[153] from less than 5% in the 1960s to
about 20%, but this value has not changed significantly over the past 20
years [150], [154].

This is in part related to late clinical presentation: indeed, due to the late
presentation of symptoms and the aggressiveness of this malignancy, most
patients present when regional metastases (30% of cases) or distant
metastases (40% of cases) have already occurred [155], at which point the
5-year survival rate declines from 80.5% in the small proportion of EAC
patients with stage I tumors, to 45.1%, 17.6% and, 2.1% for patients with
stage II, III, and IV tumors, respectively [47]. Even with early stage cancer
patients, often there is a high rate of lymphatic spread (due to the
extensive lymphatic network in submucosa): 17% of Tb1 tumors have
positive lymph-nodes on resection, so there is high rate of local and distant

recurrence [154].

1.8.2 Surgery and neoadjuvant therapy

Surgical resection is still the first-line therapy of the overall treatment
regimen of EAC. Based on tumor characteristics and location, endoscopic
mucosal resection should be preferred for patients with BE, Tis (high-
grade dysplasia, carcinoma in situ), Tia and Tib tumors without
lymphovascular invasion [156], [157]. For Tib tumors that have entered
the submucosa, there is a 20% risk of lymph-node spreading, so radical

esophagectomy is the method of election [158]. The standard of care for
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advanced tumors instead is a multimodal treatment combining
esophagectomy with neoadjuvant therapy [159]-[161].

Numerous phase III randomized clinical trials have established the utility
of combining perioperative chemotherapy to surgery compared with
surgery alone, among them the MAGIC (Medical Research Council (MRC)
Adjuvant Gastric Infusional Chemotherapy) [162], ACCORD (Actions
Concertées dans les Cancer Colorectaux et Digestifs) [163], and OEo02
(MRC oesophageal working group) [164] trials were landmark studies that
demonstrated a significant survival advantage in the perioperative
chemotherapy group. Subsequent studies have shown similar results in the
FLOT-4 (fluorouracil, leucovorin, oxaliplatin, and docetaxel) trial [87],

[165], which reported a superior advantage of a docetaxol-based regimen.

Many U.S. institutions are now adopting neoadjuvant chemo-radiotherapy
as the standard approach. The Dutch Chemoradiotherapy for Oesophageal
Cancer Followed by Surgery Study (CROSS) trial was the reference study,
in which randomized patients with resectable lesions of the esophagus or
GE junction received carboplatin and paclitaxel with concurrent
radiotherapy followed by surgery or surgery alone [160]. This was the first
study to demonstrate the potential benefit of concomitant chemo and
radiotherapy to improve loco-regional control and improve the rate of
complete resection. Long-term results have showed a statistically
significant increase in survival. On the basis of these results, the CROSS

regimen is now a standard treatment in many countries [166].

1.8.3 Targeted therapies

Targeted therapies are based on the idea of using drugs that can inhibit
specific molecules that are overexpressed in an individual patient’s tumor.
EAC is molecularly heterogeneous [92], making targeted therapies

problematic. Many agents have been trialled in the EAC, but so far only
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two molecules have been approved for treatment in the metastatic setting,

Trastuzumab and Ramucirumab [167].

Trastuzumab is a humanized monoclonal antibody against HER2, and it is
the standard of care for patients with HER2 positive breast cancer [168].
HER2, (also known as ERBB2) is a member of the human epidermal
growth factor receptor (EGFR) family of proteins and a transmembrane
tyrosine-kinase receptor involved in cell proliferation, differentiation, and
survival [169].

HER2 amplification has been reported in 20-30% of EAC cases, and it is a
poor prognostic indicator [170], [171].

The ToGA (Trastuzumab for Gastric Cancer) trial demonstrated that
Trastuzumab, combined with chemotherapy, increased overall survival
and progression-free survival [172] in patients with advanced
gastroesophageal adenocarcinoma and confirmed overexpression of HER2
[173]. Unfortunately, Trastuzumab clinical effect is limited as primary
resistance is common and acquired resistance develops quickly [174].

The second FDA-approved biological agent is Ramucirumab, an igG1
monoclonal antibody targeting human vascular endothelial growth factor
receptor 2 (VEGFR-2). Ramucirumab showed survival advantage in two
randomized phase-III trials, REGARD (Ramucirumab monotherapy for
previously treated advanced gastric or gastro-oesophageal junction
adenocarcinoma) and RAINBOW (Ramucirumab plus paclitaxel versus
placebo plus paclitaxel in patients with previously treated advanced gastric
or gastro-oesophageal junction adenocarcinoma) and it was approved in

combination with paclitaxel in the second-line setting [175].

Crizotinib is a small molecule inhibitor that showed a promising response
in MET-amplified gastroesophageal adenocarcinoma patients [176]. The
selective inhibition of MET using AMG-337 also showed anti-tumor
activity in MET-positive patients [177], [178].
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Given its essential role in tumor suppression and chemotherapeutic drug
response, targeting mutant p53 is another major approach in therapies.
This could be achieved by restoring wild-type p53 activity, inhibiting the
gain of function of p53 mutants, or targeting p53 mutant stability. Among
the most investigated compounds there are PRIMA-1 and its derivative
PRIMA-1met APR-246, tested to restore activity of mutant p53 [179]—
[181]. APR-246 has been tested on EAC cells and seems either to induce
apoptosis and to reduce chemoresistance, selectively targeting cancer cells
with p53 accumulation, thus having a limited cytotoxic effect on normal
cells [182], [183]

Both PRIMA-1 and APR246 are being evaluated in clinical trials [184]. An
initial phase I clinical trial has shown APR-246 to be safe in humans.
Phase Ib/II study evaluating the efficacy of APR-246 in the treatment of
advanced and metastatic esophageal or gastro-esophageal junction cancers

is currently ongoing [185].

1.8.4 Immunotherapy
A big step forward in EAC treatment is immunotherapy. Cancer

immunotherapy uses monoclonal antibodies direct against immune
checkpoint proteins to enable T-cell recognition of tumor cells, and
delivers the antitumor immune response [186].

Under physiological conditions, PD-1 (programmed cell death 1)
suppresses the function of T-cells, thus preventing autoimmunity. Tumor
cells are able to overexpress PD-1, decreasing T-cell-driven anti-tumor
response [187]. Pembrolizumab is a monoclonal antibody approved by the
FDA that binds T-cell surface receptor PD1. The KEYNOTE-028 trial
showed promising outcomes for patients with advanced gastric and
gastroesophageal cancers treated with Pembrolizumab, with manageable
toxicity and durable antitumor activity in 40% of EAC [188].
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2. AIMS

Esophageal adenocarcinoma is one of the cancers with the highest
mutation rate [92], and data sequencing of multiple regions from the same
tumor revealed that EAC is characterized by a high level of spatial and
temporal heterogeneity [189].

However, unlike other types of cancers, where the characterization of
specific subtypes with therapeutic implications has been possible, we still
have a poor understanding of the clinical significance of EAC
heterogeneity. Hence, a major key question is still open: what can we learn
from the genetic and epigenetic diversity of EACs in order to make a
clinically useful classification, ameliorate the response to conventional
therapies and boost tailored targeted therapies?

Only a deep molecular characterization will allow -clarifying these
unresolved controversies.

In order to resolve the high intra- and inter-tumor heterogeneity and to
correlate the molecular profile of tumors to clinical outcomes, such as
histotype, recurrence and survival, the aims of this research project were:

- to define the somatic mutational profile of EAC, analyzing inter-
and intra- tumor heterogeneity;

- to evaluate EAC at epigenetic level, focusing on the expression
profile of some candidate microRNAs (miRNAs) identified in
previous studies,

in the attempt to identify biological markers that allow to classify types of

homogeneous neoplasms.

Therefore, given the results of the pilot study performed, a first aim of

this research project was to expand the genetic analysis to a wider cohort:
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through separation of normal and tumor cells with high-throughput
sorting systems in combination with NGS technology, the main goal is to
evaluate intra and inter tumor heterogeneity and deeply characterize
different cancer cell populations, that can be linked to different clinical
outcomes, i.e. recurrence and survival. A cohort of 37 EAC patients who
underwent primary surgical resection without neoadjuvant therapy has
been screened, in the attempt to better understand the genetic landscape

in such heterogenic type of cancer.

The second aim of this project was to evaluate the expression of
miRNA483-3p and miRNA221, found aberrantly expressed in a previous
study, in a larger cohort of EAC cases. Then, we checked for any
correlation with different histological subtypes and/or clinical outcomes,

and tried to identify specific targets and pathways of action.
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3. MATERIALS AND METHODS

All the studies were approved (# L3P1223) by the Ethical Committee
“Comitato Etico IRST IRCCS AVR (CEITAV)”- Italy (Reg. Sper. 109/2016
Protocol 7353/51/2016) and written informed consent was obtained from

all patients.

3.1 Genetic analysis of esophageal

adenocarcinoma with DEPArray

3.1.1 Sample recruitment

The formalin fixed paraffin embedded (FFPE) surgical specimens used for
the analysis derived from 38 EAC patients who underwent primary
esophagectomy, with no neoadjuvant therapy. Tumor area was defined
through hematoxylin-eosin stain. Clinical features are summarized in

Table 1, Chapter 7.

3.1.2 Cells dissociation, DNA quality control and cell
sorting with DEPArray™

According to manufacturer’s protocol, to obtain the cell suspension to load
on the DEPArray (Menarini Silicon Biosystems) a 50-um FFPE section was
collected in a nylon biopsy bag and inside a 50-ml conical tube, dewaxed
and rehydrated. After 5 min at room Temperature (RT) in 10 mM sodium
citrate buffer (pH 6.4) the section was heat-treated in the same pre-
warmed buffer for 1 h at 80°C. The section was cooled down at RT and
washed three times in RPMI medium (Life Technologies, Carlsbad, CA,

USA) for 5 minutes. Dissociation was performed incubating the section in
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10 ml of a 0.1% collagenase I-A (Sigma-Aldrich, St. Louis, MO, USA), 0.1%
dispase (Life Technologies) solution at 37°C for 45 minutes. The
resuspended cells were transferred through a 30-pum mesh nylon filter into
a 15-ml conical tube. After two washes in ice-cold PBATw (PBS 1% BSA
0.05% Tween20 buffer) and centrifugation at 1000 g for 5 min, the pellet
was resuspended in 1 ml of ice-cold PBATw. An aliquot of 5 x 105 cells was
incubated 30 minutes at 4°C with 100 pl of the primary monoclonal
antibody mixture made up of anti-keratin (CK) MNF116, IgG1 (DAKO,
Glostrup, Denmark) (final concentration 3.2 ug/ml), anti-keratin (CK)
AE1/AE3, IgG1 (Millipore—Chemicon, Burlington, Massachusetts, USA)
(final concentration 10 pg/ml) and anti-vimentin (VIM) 3B4, IgG2a
(DAKO) (final concentration = 3.1 pg/ml) in PBATw. Cells were washed
twice with ice-cold PBATw and incubated with 60 min in the dark at 4°C in
100 pl of premixed secondary reagents made up of: Alexa Fluor® 488
Goat Anti-Mouse IgG1 (Life Technologies), for keratin detection and Alexa
Fluor® 647 Goat Anti-Mouse IgG2a (Life Technologies) for vimentin
detection, both to a final concentration of 2.5 ug/ml. Cells were washed
twice and incubated in a DNA staining solution containing 10 pM DAPI
(Sigma-Aldrich) in PBATw, for 30 min at 37°C. After two washes and 5

min centrifugation at 1000 g, the pellet was resuspended in PBATw.

Before cell sorting, the DNA integrity was assessed using the DEPArray™
FFPE QC Kit (Menarini Silicon Biosystems), a qPCR-based assay that
provides a QC score to evaluate the sample quality. QC score should be
>0.20 for optimal NGS analysis. This value was used to determine, after
cell sorting, the effectively amplifiable template (EAT), calculated

multiplying the QC score times ploidy, times number of cells recovered.
The DEPArray™ technology (Menarini Silicon Biosystems) takes

advantage of a non-uniform electric field to wield neutral, polarizable

particles.
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For the sorting, labeled cell suspension was washed twice with 1 ml of
SB115 buffer (Menarini Silicon Biosystems) and approximately 24000 cells
were loaded into the DEPArray™ A300K cartridge (Menarini Silicon
Biosystems) and trapped in dielectrophoretic (DEP) cages. Different cells
are discriminated using immunofluorescent staining, DNA content and
LED optical imaging and then are driven to a collection tube by mobilizing
DEP cages.

Homogeneous tumor cell populations (CK+/VIM-) stromal populations

(VIM+/CK-), and a pool of unsorted cell were recovered (Figure 12).

Tissue dissociation and cell labelling
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Figure 12: Schemating representation of DEPArray Digital Cell Sorting workflow. After
a step of dissociation of the FFPE tissue and the labelling of the resuspended cells, the obtained
material was processed using the DEPArray platform. Stromal and tumor cell populations were
sorted based on their DNA content and on fluorescence of antibodies against vimentin/pan-

cytokeratin.



3.1.3 OncoSeek panel genetic analysis

The DEPArray™ OncoSeek Panel (Menarini Silicon Biosystems) generated
Ilumina-compatible, targeted libraries from sorted cell lysates, for the
detection of single nucleotide variants (SNVs), indels and copy number
alterations (CNAs) from 63 oncology-related genes (Table 2 Chapter 7).
According to the manufacturer’s protocol, libraries were diluted 1:10,000,
quantified in triplicate using the KAPA Library Quantification Kit
(Hoffmann-La Roche, Basilea, Switzerland), then pooled together and
loaded on a MiSeq instrument (Illumina Inc., San Diego, CA, USA).

The bioinformatics analysis, either for SNVs and CNAa detection, was
performed according to pipeline, either on sorted (stromal and tumor) cell

population and on unsorted cells (whole tumor) [118].

3.1.4 CNA analysis through Whole-Genome Low-Pass
sequencing

Recovered cells were lysed according SB LysePrep™ Kit (Menarini Silicon
Biosystems) and the obtained sample underwent fragmentation by Covaris
M220 (Covaris, Woburn, Massachusetts, USA) for 3 min and 52 sec (pick
power:50, duty factor:20,cycles/burst:200) to obtain a 150-200 bp
fragment size.

Libraries were prepared using Accel-NGS® 2S PCR-Free DNA Library kit
(Swift Biosciences, Ann Arbor, MI, USA) according to the manufacturer’s
instructions. 20 pl of library were amplified with 2xKAPA HiFi HotStart
Ready Mix (Hoffman-La Roche), 6 uM each of Amplicon PCR Forward and
Reverse primers (primers sequence reported in Chapter 7, Table 3) under

the following conditions:
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Hold 98°C | 45~
98°C | 15”
15 cycles | 60 °C | 30”

72 °C 1
Hold 72°C |

After a clean-up with 0.75X Agencourt AMPure XP beads (Beckman
Coulter Genomics, Chaska, USA), the libraries were eluted in 20 ul Low TE
(Swift Biosciences), normalized and pooled to 4 nM based on qPCR
quantification. Pooled libraries were denatured and brought to a 12 pM
final concentration. Sequencing was performed on the MiSeq instrument
using 2 x 100 bp paired-end sequencing with the MiSeq Reagent Kit V3
(Ilimina).

Bioinformatics data analysis was performed according to pipeline [118].

3.1.5 Whole Exome Sequencing (WES)

Whole Exome Sequencing was performed on 8 EAC samples of the
previous cohort described.

DNA was extracted from 3, 10-um thick, FFPE sections using the QTAMP
DNA Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s
protocol.

Dual-index, paired-end libraries were prepared using the Nextera Rapid
Capture Exome Kit (Illumina), according to protocol. The first step was the
enzymatic preparation, where 150 ng of genomic DNA were tagmented to
obtain 250-300 bp DNA fragments with adapter sequences added. A step
of PCR amplification (10 cycles) incorporated unique index for each
sample. After purification, the single DNA libraries were run on 2100
Bioanalyzer DNA 1000 chip (Agilent Technologies, Santa Clara, California,
USA) to confirm the appropriate size and quantified using Qubit dsDNA
BR Assay Kit (ThermoFisher Scientific, Waltham, Massachusetts, USA).
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For exome enrichment, 500 ng of each library preparation was pooled in
groups of 8 samples to perform hybridization with capture probes for 16
hours at 58°C. The hybridized regions were separated from the non-bound
products through streptavidin magnetic beads-capture and wash and
elution steps. The enriched library pools were checked for quantity and
size with Qubit dsDNA HS Assay kit (ThermoFisher Scientific) and 2100
Bioanalyzer High Sensitivity DNA (Agilent Technologies) respectively.

Each pool was normalized to 1.3 pM and then sequenced on an Illumina

NextSeq500 platform (Illumina) at 150 bp paired ends.

3.1.6 Bioinformatics analysis of WES data

The bioinformatics analysis of retrieved data was performed according to
the internal pipeline available in our research laboratory [190].

Through a process called annotation, for each variant key information was
reported, such as: the genomic position with respect to the reference
sequence of the hg19 human genome, the gene harboring the variant, the
nucleotide sequence change, the type of mutation (insertion, deletion,
SNP) and the consequence (missense, non-sense, synonym, frameshift),
the frequency in the population and a prediction of pathogenicity based on
in-silico programs such as Poly-phen-2 and SIFT.

To identify candidate mutations for EAC, the annotated variants were then
filtered using few parameters:

- PASS variant

- Minor Allele Frequency (MAF) < 0.01

- Type of variant (intronic and UTR variants were excluded)

- Prediction of pathogenicity based on in-silico programs, in
particular Poly-phen-2 (http://genetics.bwh.harvard.edu/pph2/)
and SIFT (https://sift.bii.a-star.edu.sg/) for missense variants,
Provean (http://provean.jcvi.org/index.php) for inframe variants

and ESEfinders.o (http://kraineroi.cshl.edu/cgi-

43



bin/tools/ESE3/esefinder.cgi?process=home) for splicing or
synonym variants.
All the variants were individually checked using Integrative Genomics

Viewer (IGV) software to exclude false positives [191].

3.1.7 Variants confirmation through Sanger
sequencing

To validate our result with an independent technique, Sanger sequencing
was performed for few identified variants. Starting from the extracted
genomic DNA, PCR amplification was performed using KAPA HiFi
HotStart (Hoffman-La Roche) according to the manufacturer’s protocol.
The used primers are reported in Table 3, Chapter 7. After purification
with 96-well multiscreen PCR (Millipore) PCR products were sequenced
according to protocol using the BigDye vi.1 kit (ThermoFisher Scientific),
in the 2720 Thermal Cycler (ThermoFisher Scientific) under the following

conditions:

Hold 96°C | 1’
35 cycles | 96°C | 10”
60°C | 4’

Sequencing reaction product were purified with Montage SEQ 96 plate
(Millipore) and run on 3730 DNA Analyzer (Thermo Fisher Scientific).
Electropherograms were visualized with Sequencer 4.7 (Gene Codes
Corporation, Ann Arbor, MI, USA) or Chromas 2.0 (Chromas,

Technelysium, South Brisbane, Australia).

3.1.8 Droplet digital PCR (ddPCR)
Assays for TP53_R273H (dHsaMDV2010109) and CDKN2A_R58*
(dHsaMDS2512016) were set using the QX100/QX200 Droplet Digital
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PCR (ddPCR) system (Bio-Rad, Hercules, California, USA) combining 50
ng of DNA from unsorted material with 2X ddPCR Supermix for Probes no
dUTP (Bio-Rad), and 20X primer/probe mix in a final volume of 20 pl.
Target mutant probe was FAM dyed, wild-type was HEX labeled and they
were provided together in a single tube. Negative control, no-template
reactions were performed for each experiment.

The reaction was loaded into a DG8 cartridge well (Bio-Rad) together with
70 ul of droplet generation oil (Bio-Rad) and placed in the droplet
generator (Bio-Rad). The obtained product was transferred to a 96-well
plate, heat-sealed with a foil seal and run with the following thermal

cycling conditions:

Hold 95°C 10’
40 94°C 30”
cycles 55°C 1
Hold 98°C 10’
Ramp rate for each step: 2°C/sec

Droplets were read using QX100/QX200 Droplet Reader (Bio-Rad), and
the data were analyzed using QuantaSoft software (Bio-Rad).

3.1.9 Statistical analysis

Data were analyzed using SPSS (version 15.0; SPSS Inc., Chicago, IL, USA)
or Prism (GraphPad Software Ins., California, USA).

Differences in frequency data were analyzed using Chi-square (x2) or
Fisher’s tests as appropriate. Mann-Whitney test was used to analyze
continuous variables. P-values <0.05 were considered significant. Cancer-
specific survival was assessed using the Kaplan-Meier method and log-
rank test. Comparison between histological subtypes and distribution of

TP53 mutations was performed with the Chi-square test for given
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probabilities (R software package; R Project for Statistical Computing,
Vienna, Austria), Bonferroni's correction was applied, and P-values

<0.025 were considered significant.

3.2 EAC sequencing with an NGS custom panel

enriching for cancer-related genes

3.2.1 Sample recruitment

The DNA samples analyzed were selected from those of EAC patients,
surgically treated in 3 Italian Centers: Istituto Europeo di Oncologia (IEO),
Milano, (14 cases); IRCCS Ospedale San Raffaele, Milano, (131 cases);
Ospedale di Verona, Verona (24 cases) for a total of 169 samples. The
inclusion criteria consisted in the presence of adenocarcinoma of the
esophagogastric junction; no neoadjuvant treatment (chemioradiotherapy-
naive EACs). All surgical resections were formalin fixed, paraffin
embedded (FFPE), examined by gastrointestinal pathologists and
classified according to Lauren and the EACSGE histological classification

(detailed clinical features are summarized in Table 1, Chapter 7).

3.2.2 Custom EAC Panel: library preparation,

hybridization and sequencing

DNA was extracted from 2, 40-um thick, FFPE sections using the QTAMP
DNA Mini Kit (Qiagen) according to manufacturer’s protocol.

Dual-index paired-end libraries were prepared using the lotus DNA library
prep kit (IDT, Integrated DNA Technologies Inc. Coralville, Iowa, USA)
according to manufacturer’s instruction. The protocol followed 3 major
steps: an enzymatic preparation, where fragmentation to obtain 300-350
bp DNA fragments, end —repair and dA tailing were performed; the
ligation of stubby adapters, and PCR amplification for 11 cycles with

indexing primers, in order to incorporate sample-unique indexing
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sequences and P5 and P7 sequences to attach to stick to the flow-cell. After
purification, the single DNA libraries were run on 3% agarose gel to
confirm the appropriate size and quantified using Qubit dsSDNA BR Assay
Kit (ThermoFisher Scientific). 500 ng of each library preparation was
pooled in groups of 16 samples to perform hybridization and enrichment
for selected gene regions. This step was performed using xGen Lockdown
probe pool and xGen hybridization capture of DNA libraries kit (IDT,
Integrated DNA Technologies), according to protocol. Each pool of 16
samples was hybridized to the capture probes for 16 hours at 65°C. xGen
Lockdown Probes are individually synthesized, 5" biotinylated oligos, and
were assembled in a custom panel of 28 genes for target capture. The
genes selected for this study are listed in Table 4, Chapter 7.

The hybridized regions were then captured with streptavidin magnetic
beads and, after the non-bound products removal, a post-capture PCR of
11 cycles was performed.

The enriched library pools were checked for quantity and size with Qubit
dsDNA HS Assay kit (Thermo Fisher Scientific) and 2100 Bioanalyzer
High Sensitivity DNA (Agilent Technologies) respectively.

Each pool was normalized to 1.3 pM and then sequenced on an Illumina
NextSeq 500 platform (Illumina) at 150 bp paired ends. Bioinformatics

and statistical analysis were performed as described above.

3.3 Analysis of the profile and functional studies
of specific microRNA: miR483-3p and miR221

3.3.1 Sample recruitment

FFPE surgical resections from 112 patients diagnosed with esophageal
adenocarcinoma but not treated with neoadjuvant therapy were collected
(47 cases from Maria Cecilia Hospital, Cotignola, Italy; 8 cases from IRCCS

Policlinico San Martino, Genova, Italy, 10 cases from Helsinki University
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Central Hospital, Helsinki, Finland and 47 cases from The Academic
Medical Center Hospital, Amsterdam, Netherlands). All tumors had full
clinical and pathological data and were classified according to Lauren. 8
FFPE healthy gastric mucosa were used as control samples. Clinical

features of all subjects are summed up in Table 1 Chapter 7.

3.3.2 Cell lines

OE19, OE33 and FLO-1 cell lines (Figure 13) were used to evaluate
expression profiles of both miR483-3p and miR221 and perform
functional studies.

Cell lines were provided by Professor Kausilia K. Krishnadath (Academic
Medical Center Hospital, Amsterdam, Netherlands).

The OE19 cell line was established from an adenocarcinoma of gastric
cardia/esophageal junction of a 72 year old male patient. The tumor, at
pathological stage III (UICC), showed moderate differentiation [192],
[193].

The OE33 cell line derived from a 73 year old female patient diagnosed
with adenocarcinoma of the lower esophagus (Barrett's metaplasia). The
tumor was identified as pathological stage IIA (UICC) and showed poor
differentiation [192], [193].

The FLO-1 cell line was established from a primary distal esophageal
adenocarcinoma (classified as pathological stage III, poorly differentiated)
of a 68 years old Caucasian male [193], [194].

All cells were cultured in a 5% CO2 incubator at 37°C.

Growth medium and storage conditions are described in Chapter 7 Table 5.
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Figure 13: Three EAC cell lines (OE19, OE33, FLO1) were used for miRNAs analysis.

3.3.3 RNA isolation

Total RNA was extracted under RNase free conditions starting from 2, 10
um thick FFPE sections enriched in tumor area, using Recover All Total
Nucleic Acid Isolation for FFPE Kit (Thermo Fisher Scientific) and treated
with DNase I (Thermo Fisher Scientific) following manufacturer’s
protocol.

Total RNA from cell lines was isolated using Invitrogen™ RiboPure™ RNA
Purification Kit (Thermo Fisher Scientific) according to protocol.

RNA was stored at -80 °C; the yield was assessed through NanoDrop
spectrophotometer reading (Thermo Fisher Scientific) and to ensure RNA

good quality an aliquot was run on a 1% agarose gel.

3.3.4 Reverse transcription PCR and real-time
quantitative PCR analysis (qPCR) for miRNA

validation

The validation of miR221 and miR483-3p expression levels was performed
through qPCR single assays using single TagMan probes (Thermo Fisher
Scientific).

Starting from 150 ng of total RNA from FFPE sections or cell lines, reverse
transcription was performed using 5X miRNA primers (TagMan
MicroRNA Assay, Thermo Fisher Scientific) for miR221, miR483-3p and
RNU44 (endogenous control), and using TagMan MicroRNA Reverse
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Transcription Kit according to manufacturer’s instructions (Thermo Fisher
Scientific).

A step of preamplification was performed combining 2.5 ul of the RT
reaction, 20X specific primer pool for miR221, miR483-3p and RNU44
(#000524, #002339, #001094) and TagMan PreAmp Master Mix in a
final volume of 25 pl and run on the 2720 Thermal Cycler (Thermo Fisher

Scientific) under the following conditions:

Hold | 95°C | 10’
Hold | 55°C | 2’
Hold | 72°C | 2’

12 95°C | 15

cycles | 60°C | 4
Hold | 99°C | 10’

The preamplification product was diluted 1:8 in TE 0.1X and 2 pl were
combined with TagMan Universal Master Mix II, No AmpErase UNG (2X)
and the specific 20X TagMan MicroRNA primers (described above). qPCR
was run on 7500 Fast Real-Time PCR Systems (Thermo Fisher Scientific)

using universal cycling conditions:

Hold | 95°C | 10’

40 |95°C |15
cycles | 60°C | 1’

RNU44 was used as control to normalize the target miRNAs abundance in
each sample. Each sample was run in triplicate. Relative miRNA
expression levels were calculated using the AACT method, comparing

FFPE tumor cases versus the pool of 8 tissues of healthy gastric mucosa, or
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comparing cell lines versus a commercial pool of normal esophagus RNAs
from 5 different donors (BioChain, Newark, CA, USA).

3.3.5 MiR483-3p mimic transfection with
Lipofectamine 3000

mirVana™ miRNA mimics (Thermo Fisher Scientific) are small,
chemically modified, double-stranded RNAs that mimic endogenous
miRNAs and enable miRNA functional analysis by up-regulation of
miRNA activity. To mimic and evaluate the effects of miR483-3p up-
regulation, 0.25-0.3 *10° cells were seeded in a 6 well plate to be 80%
confluent at transfection. 100 nM of either mirVana™ miR483-3p mimic
or scramble control were transfected using Lipofectamine 3000 reagent
(Thermo Fisher Scientific) according to protocol. Cells were incubated at
37°C at different time points then RNA was extracted as described in
paragraph 3.3.3. To confirm that transfection successfully occurred the
expression of miR483-3p was evaluated through qPCR single assays using

single miR483-3p TagMan probes (Thermo Fisher Scientific) as described
in paragraph 3.3.4.

3.3.6 Reverse transcription PCR and qPCR analysis for

genes of interest expression levels in cell lines

To evaluate expression level of the genes of interest PUMA, SMAD4 and
CTNNB1 in EAC cell lines, 200 ng of total RNA, extracted from either
tranfected or normal cells, was retrotranscribed with Maxima H Minus
First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific). 10 ng of cDNA
were used as template for qPCR reaction with PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) and 500 nM of each Forward and
Reverse specific primer, according to protocol. B-actin was used as
endogenous control for abundance normalization in each sample. Primer

sequences for each gene are reported in Table 3, Chapter 7. Each reaction
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was performed in triplicate, and run on the 7500 Fast Real-Time PCR

Systems (Thermo Fisher Scientific) under the following conditions:

Hold | 50°C | 2’
Hold | 95°C | 2’

40 |95°C| 3
cycles | 60°C | 30

Relative gene expression levels were calculated using the AACT method
using as normal control a commercial pool of normal esophagus RNAs
from 5 different donors (BioChain, Newark, CA, USA).

3.3.7 Western blot

Cells were lysed in ice cold RIPA buffer: 50 mM HEPES (EuroClone S.P.A.
Milan, Italy), 1 mM EDTA (Sigma-Aldrich), 10% glycerol (Thermo Fisher
Scientific), 1% Triton X-100 (Sigma-Aldrich), 50 mM NaCl in presence of
proteases and phosphatases inhibitors (Sigma-Aldrich). The Lowry assay
(Bio-Rad) was used, according to protocol, to evaluate total proteins and
20 pg of protein sample were loaded onto 10% TGX Stain-Free™
Fastcast™ acrylamide gel (Bio-Rad). The gel was electrotransferred onto
nitrocellulose membrane using Trans-Blot Turbo Transfer System (Bio-
Rad). The membrane was subsequently blocked in Tris Buffered Saline
(TBS), 1% Casein-TBS (Bio-Rad) for 1 hour at room temperature and
incubated at 4°C 16 hours with anti-SMAD4 (mouse, 1:200, Santa Cruz
Biotechnology, Dallas, Texas, USA) and anti-vinculin (mouse, 1:10,000;
Cell Signalling, Leiden, Netherlands) primary antibodies. Membranes were
washed three times in TBS 0.1% Tween and incubated with peroxidase-
conjugated secondary antibodies (1:25000, Sigma-Aldrich) for 45 minutes

at room temperature. Bands were revealed using WESTAR Supernova
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(Cyanagen, Bologna, Italy) and detected with ChemiDoc™ XRS+ (Bio-
Rad).

3.3.8 Statistical analysis

The ROC method was used to optimize cut-off values for miRNAs
classification into a “high expression” and “low expression” groups.

qPCR analysis, correlations between miRNA expression and histological
classification or clinical outcomes were investigated using Mann-Whitney
and Kruskall-Wallis tests, t-Student’s test and Kaplan-Meier method,
using Prism (GraphPad, San Diego, CA, USA). A P-value <0.05 was

considered statistically significant.
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4. RESULTS

4.1 High-throughput sorting and targeted
sequencing of Esophageal Adenocarcinoma
subpopulations unveil a complex mutational

landscape

In order to characterize the genetic heterogeneity of esophageal
adenocarcinoma, we started from archival material of 38 EAC patients,
treated with surgery alone (Table 1, Chapter 7), to obtain different cell
populations from the FFPE block using a high-throughput cell sorting
technology [117], [195]. Immunoreactivity to antibodies against
vimentin/pan-cytokeratin and DAPI fluorescence were used to separate
tumor cell populations (CK+/VIM-) from the normal stromal one
(VIM+/CK-). DNA was extracted from the sorted cell populations and the
unsorted sample, and target sequencing was performed on 63 cancer-

related genes using the OncoSeek Panel (Menarini Silicon Biosystems).

4.1.1 The landscape of somatic mutation in sorted

populations

Data analysis revealed a total of 61 point mutations (missense, nonsense
and frameshift) detected in the unsorted samples, while 9 additional
somatic mutations were revealed by targeted sequencing of the sorted

tumor populations (Figure 14).
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Figure 14: Using high throughput sorting and targeted sequencing, a different
number of point mutations were detected in tumor sorted and unsorted cells (Blue:

missense; Orange: nonsense; Green: frameshift).

In 35 out of 38 EACs, at least one somatic alteration (point mutation or
CNA) was present in the sorted tumor population but not in the
corresponding sorted stromal cells. Only 5 cases carried a single somatic
alteration, whereas multiple genes were altered in the remaining cases

(Figure 15).
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Figurei5: Mutation detection through high throughput sorting and targeted
sequencing: For each sample, total number of mutation detected, both point mutation (green)

and copy number alterations (violet).

The cell sorting analysis revealed that, in most cases, the mutations were
almost homozygous in tumor population (the number of reads supporting
the alternative allele was >80%). Conversely, in the unsorted specimen,
most mutations were detected with a much lower allele frequency (reads
supporting the alternative allele were under 20%) and were below the limit
of detection for a conventional NGS analysis at lower coverage (below

4,000X) (Figure 16).

30

25

20 +

15 u sorted

unsorted

N° of mutations

B

<20% 20-50% 50-80% >80%

Variant allele frequency (%)

Figure 16: Mutation detection through high throughput sorting and targeted
sequencing:
Number of point mutations identified in sorted (dark blue) and unsorted (orange) populations, in

relation to the number of reads supporting the alternative allele.

All the somatic mutations and CNAs identified in sorted tumor
populations with the OncoSeek panel analysis are described in Table 6,

Chapter 7. The value of the alternative allele frequency is reported.
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4.1.2 Different tumor populations are present in the

same EAC specimen

The DAPI signal is proportional to DNA content and allows to assign a
DNA index (D.I.) at each population. Stromal populations have a normal
diploid DNA, thus D.I. equal 1. Tumor populations instead usually show a
D.I. higher than 1, characteristic of a hyperdiploid DNA content;
sometimes they can present a pseudodiploid D.I. (~1), resembling of a
normal DNA profile.

Using DAPI staining, both hyperdiploid and pseudodiploid tumor
populations were isolated in 13 EACs, and 9 of them where further profiled
by low-pass whole genome in order to verify whether cytokeratin positive
pseudodiploid cells were truly tumor clones. In 2 cases (EAC10 and
EAC18) the pseudodiploid cell populations presented a normal copy
number profile, whereas in 7 cases the aberrant copy number profile
distinctive of neoplastic population was confirmed (Figure 17A).
Comparison of hyperdiploid and pseudodiploid populations in these 7
cases displayed different single-nucleotide mutational loads, and in 2 cases
(EAC19 and EAC4) additional CNAs were detected within hyperdiploid
populations. This suggests that different subclones might have developed

at different stages of tumor progression (Figure 17B, C).
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Figure 17: Tumor population with different ploidy can be resolved with high-
throughput sorting and low pass whole genome sequencing. A. CNV profile of different
subpopulations in 9 EACs. Gains and amplifications are shown in red, losses are in blue. B. An
example is reported for EAC19: the low pass analysis shows CNAs in the chromosomes profile of
keratin-positive pseudodiploid (1.4356) and hyperdiploid (1.4357) subpopulations (x-axis:
chromosomes are plotted; y-axis: ploidy values). C. The table describes the main CNAs identified in
the two subpopulations, with approximate copy number values indicated in brackets. As we can see,

additional CNAs were detected within hyperdiploid population.

4.1.3 TP53 is the most frequently mutated gene

TP53 mutations were detected in 28/38 cases (73.7%), for a total of 16
different TP53 missense changes (two of which classified as functional in
IARC TP53 Database (http://p53.iarc.fr/) and 8 loss of function (stop
codon/frameshift) changes (Figure 18).

Mutation effect Transactivation

FS -5 (20.83%)
I missense - 16 (66.67%)
Il nonsense - 3 (12.5%)

functional - 2 (12.5%)
Il non-functional - 12 (75%)
partially functional - 2 (12.5%)

Figure 18: A. TP53 mutation effect: mutations are classified as missense, nonsense, frameshift,
based on the consequence on protein sequence. The proportion of each class in our cohort is shown
as percentage. B. Transactivation: based on IARC TP53 information, missense mutations are

classified according to their experimentally measured transactivation activity.

Both missense and loss of function changes were present in 2 cases (Table
6, Chapter 7). In 64.3% of cases (18/28) TP53 variant were detected as
homozygous, while 35.7% (10/28) of EACs presented heterozygous TP53
mutations.

In 5 of the cases having two tumor populations, the hyperdiploid tumor
clones completely lost the TP53 wild-type allele, presenting a homozygous

profile; instead in the pseudodiploid population the mutations were
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detected as heterozygous. This is a further evidence of multiple tumor
clones at different progression times and high frequency of loss of
heterozigosity events at TP53 locus during EAC evolution.

The mutations are located across the whole TP53 coding region, but they

occurred preferentially in the DNA-binding domain (Figure 19).

Mutation distribution
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Figure 19: TP53 mutation distribution. Distribution of point mutations across the p53 protein
sequence. Numbers correspond to aminoacidic position. The y-axis represents the frequency
(percentage) of representation of each mutation. TAD: transactivation domain; Pro: proline rich

domain; DBD: DNA binding domain; TD: tetramerization domain; RD: regulation domain.

Mutations in CDKN2A, a p53-regulated target, were found in 4 cases.
Digital Droplet PCR (ddPCR) was used as an independent technique to
validate few detected variants. Among the available and validated probes
for ddPCR, we selected TP53 p.R273H, a hotspot mutation detected in 3
different patients (EAC6, EAC11 and EAC26), and the CDKN2A p.R58*
nonsense mutation observed in EAC4. All of the variants were present at
low allele frequency in the unsorted sample (<20%) but trough ddPCR we
were able to validate their presence. In figure 20, for each sample the

fractional abundance of the mutant allele in unsorted material is reported
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(expressed as percentage). A wild-type and a no-template samples were

used as controls.

K+/V- unsorted

EACE
28,69 16,28

EAcLL { 99,91 not available
A TP53 p.R273H oas [ s
28.1
H 19.8
28.1
EAC6 EAC11 EAC26 Ctr wt NTC
K+/V- unsorted
B CDKN2A p.R58* ol P o0
19.8
EAC4 Ctr wt NTC

Figure 20: Validation of TP53 and CDKN2A mutations by Droplet Digital PCR
(ddPCR) assays. ddPCR was used as an independent technique to validate two of the mutation
identified with the Oncoseek panel. A. TP53 p.R273H mutation is evaluated in 3 EAC samples
(EAC6, EAC11, EAC26), a TP53 wild-type control (Ctr wt) and a no-template control (NTC). B.
CDKN2A p.R58* mutation is evaluated in EAC4 sample, a CDKN2A wild-type control (Ctr wt) and a
no-template control (NTC). The values represent the mutant allele fractional abundance, from the
DNA of unsorted material, and are expressed as percentage. In the tables, the alternative allele
frequency for the mutation in each patient is expressed as percentage in the sorted tumoral (purple,

hyperdyploid; brown, pseudodiploid) and unsorted (gray) populations.
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4.1.4 HNF1A is mutated in EAC

In EAC13 and EAC15 2 variants in HNF1A gene were detected:
respectively, the missense change p.R263C, mapping to a region of the
DNA binding domain, and predicted deleterious in PROVEAN, and the
deletion c¢.864delG that causes a frameshift with the insertion of a
premature stop codon (Figures 21 A, B).

The latter was confirmed through Sanger sequencing from the unsorted
tumor tissue (Figure 21C).

HNF1A encodes for a transcription factor that acts as a tumor suppressor
in pancreatic cancer, and it is involved in epithelia-to-mesenchimal
transformation (EMT) [196]. This was the first time that mutations in this

gene were reported in EAC.
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Figure 21: Mutations in HNF1A gene have been identified in EAC. A. Schematic
representation of HNF1A protein sequence, characterized by a dimerization domain, a DNA binding
domain and a transactivation domain. B. The HNF1A p.R267C missense mutation occurs in a

region belonging to the DNA binding domain. The panel shows the frequency of the alternative

62



allele identified in the sorted tumor population in EAC13 sample. It is also reported the prediction
analysis performed with the online tool PROVEAN. C. The HNF1A p.P219Q*51 frameshift mutation
causes the formation of a premature stop codon. The panel shows the frequency of the alternative
allele identified in the sorted hyperdiplod and pseudodiploid tumor populations and in the unsorted
cells of EAC15 sample. It is also shown the electropherogram of the variant (blue arrow) observed

wuth Sanger sequencing.

HNF1A mutations were present in conjunction with mutations in other
genes: the missense one was associated with somatic mutations of
PIK3CA, CDH1, SMARCBI1, and the frameshift mutation was found with
TP53, EGFR, FLT3 and IDH2 mutations.

4.1.5 Identification of additional mutations through
Whole Exome Sequencing (WES)

WES was performed on the DNA extracted from the tumor in toto in 8
EAC cases. Cases were selected among those who reported none or only
few variants, in example in EAC3 only one variant in 7P53 was detected,
EAC35 showed 2 variants at low allele frequency, and EAC34 and EAC37
resulted negative at the OncoSeek Panel analysis.

In Figure22A it is shown, for each sample, the distribution of sequencing
depth on exome targets: this parameter varies depending on the quality of
FFPE samples, however from 40% to 80% of the targeted region was
covered at least 10X. All the relevant variants detected are reported in
Figure 22B (in green those already identified with the OncoSeek Panel and
confirmed via WES, such as CDKN2A p.L63Q, APC p.R876* and TP53
p.-Y220C, p.R267G, p.C176F, p.A138V, p.V73RfsTer76). However, WES
analysis allowed the detection of additional variants compared to the
target panel, involving other tumor related genes: ARID2 p.T148K, ATM
p-R924W, MSH6 p.C1145F in EAC33, FLT3 p.E776K and ERBB2 p.R648Q
in EAC8, and ALK p.G35R in EACS3.
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Figure 22: A. Sequencing-depth distribution on exome targets per sample. In the legend for each
color is reported the referring sample. B. Mutations identified through WES performed on DNA
extracted from unsorted material of 8 EAC cases. In green, the mutations already identified through

targeted sequencing.
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4.1.6 Correlation between TP53 mutations and clinical

outcomes

A preliminary statistical analysis was performed in order to correlate the
results of the genetic investigation with clinical outcomes. The most
mutated gene in our samples, TP53, shows a different mutation
distribution according to the histological subtype: in our cohort the 77.4%
of the Lauren’s intestinal cases carried TP53 mutations, with a statistically
significant difference in frequency distribution (2 test: P=0.002263) that
was not observed for the diffuse histological subtype (x2 test: P= 0.7055),

even though only a few cases were diffuse (Table 1).

TP53 Total .
Lauren | Wild-type | Mutant
) 7 24 31
Intestinal 0.002263
(22.6%) | (77.4%) | (100%)
3 4 7
Diffuse 0.7055
(42.9%) | (57.1%) | (100%)
10 28 38
Total
(26.3%) | (73.7%) | (100%)

Table 1: TP53 mutational status and Lauren’s classification. There is a difference in
frequency distribution of mutated TP53 in Lauren intestinal subtype (chi-squared test for given

probabilities and Bonferroni's correction P=0.002263).

We evaluated the influence of TP53 on survival and the analysis
highlighted that TP53 mutational status seems to correlate with a better
cancer specific survival, compared with patients with wild-type TP53
(Kaplan-Meier method, Log-Rank P = 0.0276; Figure 23). This could be
related to the absence of treatment with neoadjuvant therapy in the cohort
(naive patients). Surgery alone could be more beneficial in a subset of
patients that, because of their genetic status, can have a worse response to

some of the drugs used for the neoadjuvant therapy.
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Figure 23: Mutated TP53 seems to be correlated with better cancer specific survival.
The figure shows the results of Kaplan-Meier test for cancer-specific survival comparing patients

with mutated (mut) or wild-type (wt) TP53 (log-rank P = 0.0276).
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4.2 Expanding the genetic analysis to a wider

cohort of patients

Given the small number of cases enrolled in the first analysis, we decided
to expand our research to a wider group of EAC patients in order to
evaluate the genetic profile. We gathered FFPE archival material from 169
EACs patients, none of them subjected to neoadjuvant therapy (naive
patients). All the samples were classified according to Lauren and to the
novel EACSGE histologic classification developed by our research group.
Targeted sequencing with a panel of 28 cancer related genes was

performed of DNA extracted from the whole tumor specimen.

4.2.1 Mutational landscape in 169 EACs cases

Data analysis revealed a total of 346 mutations (single nucleotide point
mutations, small insertions and deletions) across the whole cohort. 17
samples did not carry any variant of interest in the targeted genes, 62 cases
showed only one somatic alteration, while the remaining EACs were found
to carry mutations in multiple genes. TP53 was once again the most
frequently mutated gene, with 106 cases carrying at least one mutation.
Among other highly mutated genes, ATM (31 cases), APC (21 cases), and
MSHG6 (18 cases) were found. CDKN2A was altered in 17 patients (Figure
24A). Considering the effect determined by these mutations, 74% of them
were missense, 19% were loss of function (frameshift 13%; nonsense 6%)
and in a small proportion splicing and inframe changes were present (5%

and 2% respectively) (Figure 24B).
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PIK3CA 14
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Figure 24: Overview of the molecular landscape in targeted sequenced EAC samples.

A. List of the most mutated genes identified in our cohort, with the corresponding number of

variants in which the gene was found altered. B. Pie chart synthesizes the percentage of mutations

having a specific effect: 74% of mutations provoke a missense change, 19% are loss of function

(frameshift and stop gain), 5% and 2% are related to splicing and inframe variants respectively.

4.2.2 TP53 mutational spectrum

TP53 mutations were detected in 106/169 cases (62.7%), for a total of 51

missense mutation, 21 loss of function (nonsense/frameshift) changes and

10 mutations involving splicing (Figure 25A). One missense variant is

classified as functional in the IARC TP53 Database (http://p53.iarc.fr/)

(Figure 25B).

A TP53 mutation effect

= missense
u frameshift
nonsense

splicing
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mnon-functional

partially
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m functional

Figure 25: A. TP53 mutation effect: mutations are classified as missense, nonsense, frameshift,

and splicing based on the consequence on protein sequence. B. Transactivation: based on IARC
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http://p53.iarc.fr/)

TP53 information, missense mutations are classified according to their experimentally measured

transactivation activity.

Figure 26 shows the mutation distribution for missense and loss of
function changes across the p53 proteins sequence. The vast majority of
mutations occurred in the region corresponding to the DNA-binding
domain (Figure 26), with recurrent mutations in “hotspot” regions, for

example at codons 193, 213 and 278.

Mutation distribution

100 300 383

Figure 26: TP53 mutation distribution. Distribution of point mutations across the p53 protein
sequence. Numbers correspond to aminoacidic position. On y-axis the frequency (in percentage) of
each mutation is shown. TAD: transactivation domain; Pro: proline rich domain; DBD: DNA

binding domain; TD: tetramerization domain; RD: regulation domain.

4.2.3 Mutations in the HNF1A gene: a further player in
EAC

HNF1A is a transcriptional activator that regulates the tissue specific
expression of multiple genes. In pancreatic cancer is considered to be a
possible tumor suppressor [196]. The analysis of our former cohort of
cases reported, for the first time, HNF1A mutations occurring in

esophageal adenocarcinomas. This data was confirmed by the findings in
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the 169 patients, where mutations in HNF1A were detected in 7 samples
(one of them carrying 2 mutations in this gene) (Table 2). Five different
missense changes and 2 frameshifts were identified, with 2 patients

carrying the same variant (p.Ala161Thr).

ID Nucleotuje chap_ge Mutation effect Protein change
at genomic position
EAC143 | 12:121432117G>GC | Frameshift p.Gly292ArgfsTer25
EAC188 | 12:121434597C>T Missense p.Pro454Leu
EAC189 | 12:121426790G>A Missense p.Alal6l1Thr
EAC200 | 12:121426790G>A Missense p.Alal6l1Thr
EAC201 12:121426776C>T Missense_ p.Thrl56Met
12:121434366TC>T | Frameshift p.Pro379LeufsTer5
EAC224 | 12:121426812G>A Missense p.Argl168His
EAC234 | 12:121437082C>A Missense p.His505Asn

Table 2: List of the variants identified in HNF1A in the 169 patients analysis. For each sample, it is
reported the nucleotide change at the genomic position, the effect of the mutation and the change at

protein level.

The mutations were distributed along the DNA-binding and the
transactivation regions; the 2 frameshifts were predicted to generate a

truncated protein missing a major portion of the transactivation domain

(Figure 27).
Dimerization DNA binding Transactivation
domain domain domain

p.R168H |

p.H505N

|
286
p.P379Lfs*3

Figure 27: New mutations in HNF1A gene identified in EAC. Schematic representation of

HNF1A protein sequence and the relative position of the mutations identified.

In 6/7 cases, HNF1A mutations co-occurred with other variants. The only

variant found not to be associated with mutations in other genes was the
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frameshift p.G292Rfs*25. Several variants were associated to variants in
genes already found associated with the first two HNF1A mutations
identified with the OncoSeek Panel, i.e. TP53, EGFR, FLT3 IDH2 and
PIK3CA. The other variants detected in association with HNF1A mutations
were in ATM, SMAD4, ERBB2, RET1, CTNNB1 and MSH6 genes.
Mutations in PIK3CA co-occurred with HNF1A mutations 3/7 times.
Interestingly, the HNF1A p.A161T, identified in 2 cases, in both cases co-

occurred with mutations in PIK3CA.

4.2.4 Statistical analysis

In this dataset no statistical difference in survival was observed comparing
patients with mutated versus wild-type TP53 gene, neither in the overall
cohort or considering histological subtypes according to EACSGE
classification. Mutations in some genes might be correlated to recurrence:
in particular, variants in MSH6 (Fisher’s exact test, P=0.0439) (Figure
28A), and variants in APC in the EACSGE Low grade group (Fisher’s exact
test, P=0.0183) (Figure 28B).

B
All EAC cases Low grade EAC
00+ 0.0439 50+ 0.0183
100 ! m MSHE wt A = APC wt
80 . MSH6E mut 40 == APC mut
a 2
c a £ 30
$ 60 3
@ [-+]
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5 404 5 20+
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0- 0-
Recurrence No recurrence Recurrence No recurrence

Figure 28: Mutations in MSH6 and APC seems to be related to recurrence. Fisher’s
exact test showed a statistically significant correlation between recurrence and: A. mutated MSH®6,

in all EAC cases (P=0.0439); B. mutated APC in the Low grade histological subtype (P=0.0183).
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4.3 Analysis of deregulated miR483-3p and

miR221 in esophageal adenocarcinomas

In order to identity a differential expression of miRNAs in esophageal
adenocarcinoma, a preliminary study conducted by our research group
profiled 8 EAC cases and two pools of 8 normal gastric tissues using
TagMan MicroRNA Array cards A2.1/B3 and the analysis revealed 26
overexpressed miRNAs and 72 downregulated ones. Among them, the two
overexpressed miR221 (fold increase: 2.746) and miR-483-3p (fold
increase:11,33) were selected based on public data available (miRBase:

http://www.mirbase.org/).

4.3.1 Expression analysis via single assays confirms an

up-regulation of miR221 and miR483-3p in EACs

To validate this association, miRNA 221 and miRNA 483-3p expression
levels were evaluated in a cohort of 112 FFPE surgical specimens of EAC
naive patients via Real-time PCR single assays (clinical features are
reported in Table 1 Chapter 7). Fold changes were obtained comparing
EAC cases versus a pool of 8 RNAs isolated from FFPE samples of healthy
gastric mucosa and RNU44 was used as endogenous control.

In accordance with our preliminary array data, these two miRNAs were
significantly overexpressed in EAC cases compared to normal gastric
tissues (miR221 mean fold increase 2.276, Wilcoxon Signed Rank test:

P<0.0001; miR483-3p mean fold increase 5.964 P<0.0001) (Figure 29).
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Figure 29: miR483-3p and miR221 expression levels in EAC cases. The values are
expressed as fold increase and compared to a control pool of FFPE healthy gastric tissues (green

base line).

4.3.2 Correlation between miRNAs expression and

clinical-pathological features in EAC

To investigate further the role of miR221 and miR483-3p in EAC, we
evaluated possible correlations between miRNAs expression in relation
with tumor recurrence, cancer specific death, stage, Lauren classification
and the EACSGE dichotomous histologic classification.

In order to divide patients into a high- and a low- miRNAs expression
groups, an optimal cut-off value was elaborated using ROC (Receiver
Operating Characteristic) curve analysis and Youden index. A cut-off of
1.32 fold-change distinguished patients in miR221-high or -low expression

level groups, while a cut off of 3.15 was calculated for miR483.

Higher expression of both miR483-3p and miR221 was associated with
poorer cancer specific survival (Kaplan-Meier; Log-Rank P=0.0293 and
P=0.0059 respectively) (Figure 30 A and C). This correlation was more
notable in the Lauren intestinal subtype of cancers (miR483-3p Log-Rank
P=0.0059; miR221 Log-Rank P=0.0024; Figure 30 B and D).
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Figure 30: MiRNAs expression levels and cancer related survival Kaplan-Meier curves
illustrate cancer-related survival for groups of patients divided on high or low expression levels of
miRNA 483-3p and 221; in all EACs (A and C) and only in Lauren intestinal subtype (B and D)

respectively.
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While for miR483-3p no differences were seen comparing High and Low
grade cases, patients with up-regulated miR221 show poorer survival in

Low grade subtype (P=0.0110) (Figure 31).

Low grade —_  High miR221
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Figure 31: MiR221 expression levels and cancer related survival Kaplan-Meier curve
illustrates cancer-related survival for Low grade subtype, stratified on miR221 expression level
(High or Low).

Mann-Whitney test revealed a correlation with miR483-3p expression
levels and recurrence in the Lauren subtype (P=0.0459) (Figure 32A).
MiR221 shows a correlation with the event of recurrence in all EAC cohort,
(P=0.0002), in the Lauren intestinal subtype (P=0.0003) and in the Low
grade histological subgroup (P=0.0079) (Figure 32 B, C, D).
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Figure 32: Correlations between miRNAs and recurrence using Mann-Whitney test.
A. Correlation between miR483-3p and recurrence in Lauren intestinal subgroup P=0.0459.

Correlation between miR221 and recurrence in B. total EAC cohort P=0.0002; C. Lauren intestinal

subtype (P=0.0341); D. Low grade subtype (P=0.0255).

Patients with advanced tumor stages show higher median expression levels
of miRNAs 483-3p and 221. In our cohort, TNM stages 2 and 3 tumors
showed an up-regulated miR483-3p expression (Mann-Whitney test
P=0.0532 (stages 1-2); P=0.0174 (stages 1-3); Figure 33 A and B). Also,
stage 3 and 4 tumors had significantly higher median expression levels of
miR221 (Mann-Whitey test P=0.0257 stages 1-3, P=0.0134 stages 1-4;
Figure 33 C and D).
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Figure 33: Correlation between miRNAs and tumor stages, using Mann-Whitney test.
A. miR483-3p, stage 1 vs stage 2 (P=0.0532); B. miR483-3p, stage 1 vs stage 3(P=0.0174); C.
miR221, stage 1 vs stage 3 (P=0.0257); D. miR221, stage 1 vs stage 4 (P=0.0134).

4.3.3 MiRNAs expression analysis in EAC cell lines

The expression of miR483-3p and miR221 was evaluated in 3 different
EAC cell lines, OE19, OE33 and FLO-1, via single qPCR assays as described
above. While no significant differences were detected in miR221 levels
among the cell lines, FLO-1 showed a significantly increased expression of
miR 483-3p (P=0.01), compared with OE-19 and OE-33 (fold-change=2.7;
Figure 34).
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Figure 34: Expression of miR 483-3p in 3 EAC cell lines (OE33, OE19, FLO1) and
esophageal control tissue. FLO-1 showed a significantly increased expression of miR 483-3p

(P=0.001), compared with OE-19 and OE-33.

4.3.4 miR483-3p: evaluating its effect on gene
expression levels using a miRNA mimic

From a review of the literature, SMAD4, PUMA and CTNNBi1 were
identified as three of the major genes modulated by miR483-3p. We
therefore evaluated their expression levels within our 3 cell lines through
qPCR, using f-actin as endogenous control. Relative gene expression
levels are reported in figure 35 as AACt, normalized versus a commercial
control RNA pool of esophageal tissue derived from 5 different healthy
donors. SMAD4 was also evaluated via Western Blot, confirming its

presence at a protein level.
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Figure 35: Expression of SMAD4, PUMA, CTNNB1 A. Expression was evaluated in 3 EAC
cell lines (OE33, OE19, FLO1). The values are expressed as fold increase with respect to a
commercial control RNAs pool. B. SMAD4 expression at protein level via Western blot. Vinculin

was used as endogenous reference control.

In order to evaluate the effects of miR483-3p up-regulation, we used a
miRNA mimic, i.e. a small molecule that mimics the role of endogenous
miR483-3p with an up-regulation of miRNA activity. OE19 cell line was
transfected with either miR483-3p mimic or a scramble control using
Lipofectamine 3000 reagent. Cells were incubated at 37°C then RNA was
extracted at 24, 48 and 72 hours. qPCR with single assays for miR483-3p
was used to evaluate the successful transfection of cells (fold change

mimic: 791.12; Figure 37).

miR483-3p

600 =

300 —

ctr mimic
OE19

Figure 36: Expression of miR 483-3p was evaluated in OE19 cell lines transfected either with

miR483-3p mimic or a scramble control (ctr).

The expression levels of SMAD4, PUMA and CTNNB1 were determined via
gPCR. B-actin was used as endogenous control. Compared with cells
transfected with the scramble vector, expression of SMAD4 significantly

decreased post transfection with miRNA mimic (Kruskall-Wallis test:
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P=0.0343; Figure 38). No significant differences were observed in the
levels of PUMA or CTNNBAI.
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Figure 38: SMAD4 expression significantly decreased post transfection with miR483-
3p mimic. mRNA expression levels of SMAD4 in OE19 were assessed at 24, 48,72 hours post
transfection of the miR483-3p mimic. The transfection with the scramble was used as control. f3-

actin expression levels were used for normalization. Kruskall-Wallis test: P=0.0343.

This result seems in line with previous studies in pancreatic cancer, where
it was demonstrated that miR483-3p can target SMAD4, leading to its

reduced expression [197].

4.3.5 Correlation between miR483-3p and SMADg4

immunoreactivity

In order to evaluate a correlation between miR483-3p and the reduction of
SMAD4, we compared miR483-3p expression levels with
immunohistochemical data of 55 FFPE EAC samples (in collaboration with

Prof. R. Fiocca and Prof. L. Mastracci). Based on previous works on colon
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cancer [198], [199] a cut-off of 30% of complete loss of SMAD4 expression

was set to classify samples.

SMAD4 immunoreactivity was lost in 28/55 EAC cases (50.9%), but no
correlation was observed with miR483-3p expression (Table 8, Chapter 7).
Therefore additional mechanisms, such as promoter hypermethylation,
might explain SMAD4 loss, independently of miR483-3p expression and in

absence of gene mutations, as previous data indicated [111].

However, since loss of SMAD4 expression was found in half of EAC
samples, its effect on clinical outcome was evaluated.
The loss of SMAD4 immunoreactivity was significantly associated with

cancer specific survival (Kaplan-Meier analysis Log-Rank: P=0.0452;

Figure 39)
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Figure 39: SMAD4 protein expression level and cancer related survival Kaplan-Meier
curve illustrates cancer-related survival for EAC cases, grouped according to cancer with (0): high
SMAD4 (<30% loss of protein expression) and (1): low SMAD4 (>30% loss of protein expression)
(Log-Rank: P=0.0452).
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We also observed a significant correlation between SMAD4 loss and

recurrence (Kaplan-Meier analysis Log-Rank: P=0.0284; Figure 40).
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Figure 40: SMAD4 protein expression level and relapse-free survival Kaplan-Meier
curve illustrates relapse-free survival for EAC cases, grouped according to cancer with (0): high
SMAD4 (<30% loss of protein expression) and (1): low SMAD4 (>30% loss of protein expression)
(Log-Rank: P=0.0289).

This result suggests that SMAD4 expression could be a potential

prognostic biomarker in esophageal adenocarcinoma.
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5. DISCUSSION

Exome and whole genome sequencing studies revealed that EAC is
characterized by a high mutation burden, a preponderance of copy number
alterations and large-scale chromosomal rearrangements, often due to
genomic catastrophes, such as chromothripsis [92]-[94].

Tumor heterogeneity, referring to both inter- and intra-tumor forms, is an
important attribute of cancer and a major contributor to tumor
progression [200]—[202]. It can be observed not only at genomic but also
at the epigenomic level, and it can affect the efficacy of tumor biopsy,
cancer diagnosis, and treatment planning [203].

Even though advances in sequencing technology deepened the
understanding of EAC heterogeneity, it is still challenging to translate this

knowledge into clinical practice.

In order to provide novel insights into the pathogenesis of EAC, this
research project aimed to better define EAC inter- and intra- tumor
heterogeneity, at a genetic level, analyzing EACs somatic mutational
profiles using a high throughput sorting system, but also at epigenetic
level, focusing on the expression profile of some candidate microRNAs, in
order to correlate the molecular profile of tumors to clinical outcomes,
such as histotype, recurrence and survival and identify biological markers

that allow to classify types of homogeneous neoplasms.

In the first part of the project we combined NGS techniques with
DEPArray cell sorting technology (Silicon Biosystems) to perform a
screening of 38 FFPE EAC samples, derived from patients who underwent

esophageal-gastric resection without neoadjuvant chemotherapy. Based on
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the fluorescence for vimentin and pan-cytokeratin in combination with the
intensity of the DAPI signal, the cell sorting system accurately
discriminated the tumor cell population from the stromal one, allowing a
precise NGS genetic analysis of the somatic tumor alterations without the
“diluting” effect due to the presence of normal stromal cells.

All stromal populations were characterized by a normal diploid profile.
Instead, the analysis of the sorted cell populations highlighted the great
inter and intra heterogeneity of tumor cells, not only in the mutation
profiles, but also in terms of cellular ploidy: in seven cases, tumor
subpopulations were discriminated on the basis of DNA content,
hyperdiploid or pseudodiploid, and showed different copy number variant
(CNV) profiles at low pass whole-genome analysis, different percentages of
the alternative allele and different somatic mutational loads. This suggests
the existence of multiple tumor subclones in the same tumor, at different
stages of progression, which may have a different response to conventional
radio-chemotherapy, and which may be specifically targets for targeted
drug therapy.

The sorting of tumor cells allowed also to visualize the real allelic
frequencies of the mutations, which in most cases were observed as
homozygous. These mutations were absent in the corresponding stromal
cells recovered with the same technology and, when analyzing the DNA
extracted from the specimen in toto (unsorted), due to the contamination
of the stromal cells in the tumor area, several mutations were detected
with a much lower allelic frequency, despite a high coverage.

This was especially true for the tumor suppressor gene TP53, whose
mutations were mainly shifted to homozygosity in the sorted tumor
populations. This result confirms that TP53 mutations and loss of
heterozygosity are early events in EAC tumorigenesis, in agreement with

previous findings [114].
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TP53 gene maps on the short arm of chromosome 17 [204] and it is one of
most important tumor suppressor gene, encoding for a transcription factor
with key role in the maintenance of genetic stability [205], [206].

In normal cells, p53 protein is maintained at low levels by a series of
regulators including MDM2 [207], but it can be stabilized in response to
various stresses, to promote an adequate cellular response, including cell-
cycle arrest of damaged cells, DNA repair and apoptosis [208], [209].
Mutations in the TP53 gene consist primarily in missense substitutions,
the majority of them occurring in the central DNA-binding-domain and
affecting TP53 transcriptional activity [210]. Multiple reports indicate the
presence of six preferred mutational hotspot-sites, in codons 175, 245, 248,
249, 273, and 282 [211].

TP53 mutations can have different effects: loss of function mutations
determine the inability to activate the transcription of p53 target genes
[212]; a dominant negative effect can be present in heterozygous cancer
cells and it is associated with hetero-oligomerization: replacing one or
more wild-type p53 molecules in the tetramer, the mutant p53
compromises the activity of the protein [213], [214]; mutant p53 can also
play an oncogenic activity through a gain-of-function effect (Figure 41),
where p53 mutants can bind to novel protein partners, including

transcription factors, thereby affecting the regulation of novel target genes

[215].
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Figure 41: Gain of function mutated p53 transcriptional effects [215]. A. Mutated p53 can
interact with p53-related proteins p63 and p73 isoforms, making them transcriptionally inactive. B.
and C. Mutated p53 can modulate both positively and negatively transcription factors activity,
engaging protein—protein interactions and recruiting coactivators and corepressors. D. Mutated

p53 can displace a positively acting TF leading to repression of adjacent genes.

Somatic mutations in TP53 were predominant in our cohort, in accordance
with literature data [11], [88] (Figure 42). The striking preponderance of
TP53 mutations in EAC patients suggests that a molecular analysis of the
TP53 mutational status could be compelling for an accurate diagnosis, for

prognosis and for evaluating the best therapeutic options.
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p53 immunohistochemistry is not always correlated to the mutation
status, especially in presence of loss of function mutations, where p53
immunostaining cannot help to discriminate wild-type from mutant forms
[216], [217].

Therefore, a molecular analysis performed through sequencing
technologies could be of critical importance for the early assessment of
TP53 mutational status, especially in a perspective of selecting the most
efficient approach in target therapies. Targeting mutant p53 is a promising
strategy. Different methods have been studied to reactivate p53 activity.
Some compounds, such as PRIMA-1met APR-246 can restore the activity
of mutant p53 in presence of missense mutations [179]-[181]. Other
molecules instead, in example Nutlin-3, act by inhibiting the interaction
between p53 and MDMz2, then the effect of Nutlin-3 treatment can be
effective only in cancer cells with wild-type p53 protein [218], [219].
Performing a mutation analysis of sorted tumor cells as we did in this
study, to determine not only the type of variant, but also the real zigosity of
TP53 could be very valuable to select patients more suitable for selected

therapies [220].

Mutation distribution
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Figure 42: TP53 mutation distribution. Distribution of all missense and loss of function
mutations identified in our cohorts of patients. Mutations mainly affect the DNA-binding domain,

falling in recurrent “hotspot” regions, for example at codons 193, 213 and 278.

Our research also allowed the identification of somatic mutations in the
gene encoding the hepatocyte nuclear factor HNF1a.

The HNF1A gene is located on chromosome 12. Firstly identified in the
liver, this transcription factor is also expressed in the pancreas, the kidney,
and the intestine, playing important roles in regulating the development
and functions of these tissues [221]-[223]. HNF1a regulates targets such
as glucose transporter 2, pyruvate kinase, and collectrin [224]. Germline
mutations in HNF1A are associated with maturity onset diabetes of the
young 3 (MODY3), a rare autosomal dominantly inherited form of diabetes
[225] whereas biallelic somatic alterations were observed in 60% of
hepatocellular adenomas [226], [227]. HNF1iA mutations were also
reported in colorectal cancer with microsatellite instability [228], in
endometrial cancer [229] and in pancreatic ductal adenocarcinoma, where
it was demonstrated that HNF1A knockdown activated the Akt/mTOR
signaling pathway [196]. Moreover, in pancreatic ductal adenocarcinoma
HNF1A inhibition induces the resistance of pancreatic cancer cells to

gemcitabine by targeting ABCB1 [230].

However, mutations in HNF1A have never been previously reported in
association with esophageal adenocarcinoma.

We firstly identified one missense variant, mapping in the DNA binding
region, and one frameshift variant in the transactivation domain. We
detected 8 additional HNF1A mutations in 7 samples of the cohort of 169
cases (one of them carrying 2 mutations in the gene). Five different
missense changes and 2 frameshifts were identified, with 2 patients
carrying the same variant (p.Ala161Thr).

Therefore, our study identified a new gene mutated in EAC. Mutations in

this gene were mainly found in conjunction with mutations in other genes;
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supporting the idea that HNF1A mutations might contribute to tumor
severity and progression. Further studies will be required to understand

the role this gene can have in EAC evolution.

Other genes, found less frequently mutated in EAC tumor samples,
resulted however to have a prognostic effect, especially on the event of
recurrence. In particular, variants in the MSH6 gene seem to be related to
recurrence in all EACs (P=0.0439), and mutations in the APC gene seem
to have an effect on recurrence in the Low grade group of patients
(P=0.0183).

The MSH6 gene is located on chromosome 2 and encodes for a protein
involved in DNA repair during DNA replication [231]. Mutations in this
gene have been associated with constitutional mismatch repair deficiency
(CMMRD) syndrome and Lynch syndrome, conditions that increase the
risk of developing many types of cancer, particularly colorectal cancer
[232], [233].

The APC gene is located on chromosome 5 and encodes for a tumor
suppressor protein, which a critical role in several processes such as cell
migration and adhesion, transcriptional activation, and apoptosis [234].
The APC protein negatively regulates beta-catenin and E-cadherin, which
are involved in cell adhesion. Mutations in APC alter -catenin regulation,
leading to abnormal cell migration and chromosome instability [235].
Germinal mutations in APC are identified in familial adenomatous
polyposis (FAP) patients, with predisposition to colorectal cancer [236].
Somatic mutations in the APC gene may be involved in the development of

gastric cancers [237].

In conclusion, our study showed that combining high throughput sorting
technology and massive parallel sequencing allowed a better definition of
inter- and intra-tumor heterogeneity and of EAC mutational status

compared to whole-tumor samples analysis. Further studies will improve
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the accurate understanding of the different tumor alterations and how they
can lead to diverse outcomes and histopathological features, and will allow

to evaluate the predictive role of biomarkers.

In the attempt to better characterize EAC also from an epigenetic point of
view, in the second part of this project we focused on the analysis of
miRNA483-3p and miRNA221, found to be aberrantly expressed in EAC in
a preliminary study. miRNAs expression was evaluated in a larger cohort
of EAC cases, confirming their up-regulation compared to healthy controls

(P<0.0001).

Possible correlations between miR221 and miR483-3p expression and
clinical-pathological features in EAC were evaluated.

Higher expression of both miR483-3p and miR221 was found to be
associated with poorer cancer specific survival (P=0.0293 and P=0.0059
respectively), especially in the Lauren intestinal subtype (P=0.0059;
P=0.0024) and, for miR221, also in the EACSGE Low grade subtype
(P=0.0110).

Mann-Whitney test revealed a correlation with miR483-3p expression
levels and recurrence in the Lauren subtype (P=0.0459) while miR221 up-
regulation correlated with recurrence in all EAC cohort, (P=0.0002), in the
Lauren intestinal subtype (P=0.0003) and in the EACSGE Low grade
subgroup (P=0.0079).

Moreover, median expression levels of miRNAs 483-3p and 221 were
higher in patients with advanced tumor stages (miR483-3p P=0.0532
(stages 1-2); P=0.0174 (stages 1-3); miR221 P=0.0257 (stages 1-3),
P=0.0134 (stages 1-4)).

The hsa-mir-221 is located in an intergenic region in chromosome Xp11.3

and it’s encoded tandemly with hsa-mir-222. miR221 and miR222 are
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highly homologous miRNAs sharing the same “seed sequence.” (Figure 43)
[238].
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Figure 43: miR221. A: Stem-loop structure of miR221. B: Genomic localization of miR221

(MIRN221) and miR222(MIRN222) on chromosomal band Xp11.3. Image from Tabasi et al., 2009
[238].
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miR221 was reported to be up-regulated in a variety of human neoplasms
including, bladder [239], pancreatic [240], gastric [241] thyroid [242] and
hepatocellular carcinoma [243]. miR221 over-expression correlates with
tumor aggressive features, such as the presence of metastasis and
multifocal lesions in hepatocellular carcinoma [244]. In few cases, non-
oncogenic functions of miR221 were reported [245], suggesting that
miR221 effects could also depend on cellular context. In vitro [243], [244]
and in vivo [246] experiments demonstrated that miR221 caused an
increase in cell proliferation rate and invasion capability.

A study by Matsuzaki and colleagues reported increased levels of
miR221/222 in esophageal adenocarcinoma compared to the surrounding
Barrett’s esophagus: the overexpression of miR221/222 seems to be linked
to increased levels of bile acids, and it reduces the levels of p27Kip1 and
CDX2 [247]. Overexpression of miR221 has important consequences on
many important pathways related to cell cycle regulation and apoptosis
[248]. Among the target genes of miR221 already identified we can find:
the cyclin-dependent kinase inhibitors CDKN1B/p27 and CDKN1C/p57
[243] the pro-apoptotic factors BMF [244], BBC3/PUMA [249], PTEN and
TIMP [250].

In EAC, miR221 mediates 5-FU chemoresistance by direct targeting of
DKK2, leading to alteration of the Wnt/p-catenin pathway. Moreover,
miR221 knockdown reduction resulted in alteration of EMT-associated
genes such as E-cadherin and vimentin and in slower xenograft tumor

growth in nude mice [251].

hsa-mir-483 is located within intron 2 of the IGF2 locus at the 11p15.5

chromosome region and encodes for two mature miRNAs: miR483-3p and

miR483-5p [252] (Figure 44).
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Chromosome 11p15.5
IGF2 gene

Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7

Pre-miR-483 transcript

5’-GAGGGGGAAGACGGGAGGAAAGAAGGGAGUGGUUCCAUCACGCCUCCU CAC UCC( ( cuccucuc-3’
hsa-miR-483-5p (code MIMAT0004761): hsa-miR-483-3p (code MIMAT0002173):
5'-AAGACGGGAGGAAAGAAGGGAG-3’ 5’-UCACUCCUCUCCUCCCGUCUU-3'

Figure 44: miR483. Genomic localization of miR483 on chromosomal band 11p15.5. miR483
encodes for two mature miRNAs: miR483-3p and miR483-5p [253]

IGF2 is an imprinted gene, expressed by the paternal allele that encodes a
fetal insulin growth factor. Defects in the imprinting at the IGF2 locus are
observed in the Beckwith-Wiedemann syndrome, and increase the
incidence of pediatric malignancies such as nephroblastoma (Wilms’
tumor), hepatoblastoma, and rhabdomyosarcoma [254]. miR483-3p is
over-expressed in 100% of Wilms’ tumor [253], but studies observed that
high levels of miR483-3p are also present in adult tumors such as colon,
breast, and hepatocellular carcinoma [255]-[257].

A co-regulation with IGF2 mRNA was detected, although some tumors
exhibited high expression of miR483-3p without a concomitant increase of
IGF2, suggesting that miR483-3p could cooperate with IGF2 or act as an
autonomous oncogene [253]. miR483-3p can be regulated by CTNNB11,
which itself is a target of miR483-3p, triggering a negative regulatory loop
[253], [258]. Moreover, studies have shown that miR483-3p expression is
affected by the extracellular glucose concentration [259]. Functional
studies have explained the oncogenic role of miR483-3p through its direct
targeting of the apoptotic effector BBC3/PUMA, one of the principal
effectors of TP53 apoptotic pathway [257], [260], and it was shown that
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overexpressed miR483-3p can protect tumor cells from apoptosis [257]. In
adrenocortical cancer miR483-3p is found over-expressed, leading to a
significantly reduced PUMA expression [260]. In pancreatic cancer
miR483-3p was identified as a negative regulator of SMAD4, a central
mediator of TGF[ transduction that acts as a tumor suppressor gene
inhibiting cell proliferation [197].

However, observations in literature are discordant, showing that miR483-
3p can have both oncogenic and tumor suppressive roles. It has been
reported that mature miR483-3p is down-regulated in gastric,

nasopharyngeal, and some cases of hepatocellular carcinomas [261]—
[264].

Little is known about miR483-3p involvement in EAC, thus we conducted
preliminary studies in EAC cell lines. We used a miRNA mimic, in order to
evaluate the effects of miR483-3p up-regulation and we evaluated the
expression levels of SMAD4, PUMA and CTNNBI1, identified, from a
review of the literature, as three of the major genes modulated by miR483-
3p. While no significant differences were observed in the levels of PUMA
or CTNNB1, expression of SMAD4 significantly decreased after the
transfection with miR483-3p mimic in vitro (P=0.0343).

However, in EAC tissues we could not detect any correlation between
SMAD4 loss and miR483-3p up-regulation, suggesting that different
regulatory mechanisms might be involved, i.e. promoter hypermethylation

[111].

In conclusion, the analysis of miR221 and miR483-3p revealed that they
are up-regulated in EAC and that they correlate with poorer clinical
outcomes, especially in the Lauren intestinal and EACSGE Low grade
subtypes. Thus, miRNA profiling seems a promising strategy to stratify
patients at higher risk of developing more aggressive tumors. Further

studies will be required to interpret the role of these miRNAs in cancer

94



pathways and identifying their target genes in esophageal

adenocarcinoma.

Combining the genetic and epigenetic characteristics with clinical variables
can help for stratifying cancer subtypes, in order to improve the
conventional histopathological classification and select subtype-specific

therapeutic options.
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6. CONCLUSIONS

In conclusion:

Combining selective sorting technology and next generation
sequencing allowed to better define EAC inter- and intra-tumor
heterogeneity, compared to whole tumor samples analysis. We were
able to reveal genetic alterations that would have been otherwise
missed, and multiple subclones in the same tumor were identified.
Further studies are needed to investigate whether these subclones

are responsible for treatment response and disease recurrence.

We identified mutations in HNF1A gene, which encodes for a
transcription factor that acts as a tumor suppressor in other
cancers. This is the first time that mutations in this gene are
reported in EAC. This finding suggests that HNF1A mutations
might contribute to tumor severity and progression in EAC too.
Future studies will reveal the role this gene can have in EAC

evolution.

miR221 and miR483-3p were found up-regulated in EAC and they
correlated with recurrence, tumor stage and poorer cancer specific
survival, particularly in the Lauren intestinal and EACSGE Low
grade subtypes. These miRNAs seem promising markers to stratify
patients at higher risk for more aggressive tumors. However,
further studies will be required to understand their role and their

target genes in EAC.
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Table 1: Clinical and epidemiological information for EAC cases included in the
genetic study. SEX: F=Female M= Male. CSS (Cancer Specific Survival): 1=Death. Recurrence
1=Yes. Lauren Classification: INT= Intestinal; DIF= Diffuse; MIX= Mixed. EACSGE classification:
L= Low Grade; H= High Grade. Cases from EAC1 to EAC38 underwent cell sorting with DEPArray
and Oncoseek analysis; Cases from EAC115 to EAC283 belong to the secondo cohort who was
subjected to NGS target panel. Cases from EAC1 to EAC114 (excluding EAC2 and EAC5) underwent

». TABLES

miRNA analysis.
Follow-up Stage Lauren EACSGE
ID SEX | AGE | CSS Recurrence
(months) (7ed) | classification | classification

EAC1 F 53 0 72 1 2 INT L
EAC2 M 43 0 60 0 2 DIF

EAC3 F 76 0 1 0 3 DIF H
EAC4 M 66 1 36 1 2 INT L
EAC5 M 71 1 11 1 3 INT

EAC6 F 82 0 84 0 3 INT L
EAC7 M 83 0 27 0 3 INT L
EACS8 M 86 1 13 1 3 INT H
EAC9 M 62 1 3 1 3 INT H
EAC10 M 72 1 58 1 1 DIF

EAC11 M 76 0 12 0 3 INT H
EAC12 M 58 0 53 0 3 INT L
EAC13 F 28 1 22 1 4 INT L
EAC14 F 83 0 0 0 3 INT L
EAC15 F 60 0 84 0 2 INT L
EAC16 M 78 1 36 1 2 INT H
EAC17 M 59 0 24 1 2 INT L
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EAC18 75 8 1 INT
EAC19 44 35 1 DIF
EAC20 79 0 0 DIF
EAC21 63 56 0 INT
EAC22 84 84 0 INT
EAC23 7 4 n.a. INT
EAC24 78 10 1 INT
EAC25 80 71 0 DIF
EAC26 74 19 0 INT
EAC27 68 0 0 INT
EAC28 72 6 0 INT
EAC29 67 14 0 INT
EAC30 82 14 1 INT
EAC31 66 33 1 INT
EAC32 54 15 0 INT
EAC33 87 0 0 INT
EAC34 61 12 1 INT
EAC35 82 6 1 INT
EAC36 65 29 1 INT
EAC37 62 5 1 INT
EAC38 54 6 0 DIF
EAC39 75 45 1 INT
EAC40 77 60 1 INT
EAC41 75 16 0 INT
EAC42 69 24 0 INT
EAC43 70 48 1 DIF
EAC44 66 15 1 INT
EAC45 54 12 1 INT
EAC46 73 24 1 INT
EAC47 70 6 0 INT
EAC48 71 4 1 INT
EAC49 7 22 1 INT
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EACS50 69 2 1 INT
EACS51 68 0 0 INT
EAC52 70 7 0 INT
EAC53 57 6 1 INT
EAC54 72 7 0 INT
EAC55 80 4 0 INT
EAC56 76 n.a. 1 INT
EAC57 69 7 0 INT
EACS58 65 11 1 INT
EAC59 80 0 n.a. DIF
EAC60 75 35 0 INT
EAC61 82 20 1 INT
EAC62 58 15 0 INT
EAC63 72 53 0 INT
EAC64 72 29 0 INT
EACG65 63 36 0 INT
EACG66 83 18 0 INT
EACG67 67 29 0 INT
EACG68 66 31 0 INT
EACG69 63 38 0 INT
EAC70 62 58 0 INT
EAC71 52 57 0 INT
EAC72 60 41 0 INT
EAC73 66 84 0 INT
EAC74 83 3 0 INT
EAC75 72 0 n.a. DIF
EAC76 80 67 0 MIX
EAC77 74 3 0 DIF
EAC78 71 31 1 INT
EAC79 57 29 1 INT
EAC80 78 11 n.a. MIX
EAC81 70 29 0 INT

99




EAC82 55 30 1 INT
EAC83 67 57 1 INT
EAC84 68 10 0 INT
EAC85 82 24 1 INT
EAC86 46 25 0 INT
EAC87 47 28 0 INT
EAC88 60 49 0 DIF
EAC89 73 62 0 INT
EAC90 79 48 0 INT
EAC91 41 33 1 INT
EAC92 51 62 1 INT
EAC93 48 98 0 n.a.
EAC94 62 46 1 INT
EAC95 45 16 1 INT
EAC96 61 22 1 INT
EAC97 77 102 0 INT
EAC98 13 84 0 MIX
EAC99 78 38 1 INT
EAC100 67 24 1 DIF
EAC101 77 56 0 INT
EAC102 62 33 1 INT
EAC103 61 24 1 INT
EAC104 49 27 1 n.a.
EAC105 62 34 1 INT
EAC106 73 18 1 INT
EAC107 51 0,46 1 INT
EAC108 70 66 1 MIX
EAC109 62 29 1 INT
EAC110 69 29 1 INT
EAC111 44 133 0 INT
EAC112 68 40 1 INT
EAC113 76 31 0 INT
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EAC114 77 16 0 INT
EAC115 67 133 0 INT
EAC116 78 13 1 INT
EAC117 73 42 1 INT
EAC118 60 101 0 INT
EAC119 62 9 0 INT
EAC120 82 46 0 INT
EAC121 23 82 1 INT
EAC122 81 30 0 INT
EAC123 78 1 0 INT
EAC124 85 1 0 INT
EAC125 76 42 1 INT
EAC126 46 12 1 DIFF
EAC127 46 44 1 DIFF
EAC128 66 5 0 INT
EAC129 71 85 0 INT
EAC130 78 5 0 MIX
EAC131 48 11 0 INT
EAC132 76 17 0 INT
EAC133 54 3 0 DIFF
EAC134 79 25 1 DIFF
EAC135 76 16 0 INT
EAC136 80 28 1 INT
EAC137 66 83 1 INT
EAC138 63 24 1 INT
EAC139 78 8 0 INT
EAC140 69 26 1 INT
EAC141 39 55 1 INT
EAC142 62 15 1 INT
EAC143 58 7 0 INT
EAC144 84 9 1 INT
EAC145 43 154 0 INT
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EAC146 73 30 1 INT
EAC147 81 8 0 INT
EAC148 65 66 1 INT
EAC149 76 10 1 INT
EAC150 73 17 1 INT
EAC151 81 20 1 DIFF
EAC152 75 13 0 INT
EAC153 67 11 1 INT
EAC154 67 5 1 MIX
EAC155 85 10 1 INT
EAC156 55 137 0 MIX
EAC157 72 19 1 MIX
EAC158 70 7 0 INT
EAC159 48 11 1 INT
EAC160 84 7 0 INT
EAC161 57 113 1 INT
EAC162 73 22 1 INT
EAC163 67 12 1 INT
EAC164 56 63 0 DIFF
EAC165 61 19 1 INT
EAC166 48 102 0 INT
EAC167 83 3 0 INT
EAC168 71 14 1 INT
EAC169 75 6 1 INT
EAC170 74 41 0 INT
EAC171 75 4 1 MIX
EAC172 52 25 1 INT
EAC173 85 2 0 INT
EAC174 71 56 0 DIFF
EAC175 47 62 1 INT
EAC176 85 12 1 DIFF
EAC177 58 100 1 INT
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EAC178 76 62 0 INT
EAC179 81 12 1 INT
EAC180 61 39 1 INT
EAC181 58 42 0 INT
EAC182 69 1 0 INT
EAC183 36 32 1 INT
EAC184 83 5 1 INT
EAC185 38 45 1 INT
EAC186 62 81 0 MIX
EAC187 70 12 0 INT
EAC188 77 36 1 INT
EAC189 76 4 1 INT
EAC190 83 12 1 DIFF
EAC191 80 1 0 MIX
EAC192 73 64 0 INT
EAC193 60 1 0 INT
EAC194 64 7 1 INT
EAC195 78 6 1 INT
EAC196 80 2 0 INT
EAC197 59 16 1 MIX
EAC198 55 44 1 INT
EAC199 44 114 0 INT
EAC200 47 62 0 INT
EAC201 45 141 0 INT
EAC202 78 40 0 INT
EAC203 66 3 0 INT
EAC204 78 5 1 INT
EAC205 79 16 0 INT
EAC206 65 19 1 INT
EAC207 66 180 0 INT
EAC208 72 8 1 INT
EAC209 88 34 1 INT
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EAC210 82 32 0 INT
EAC211 73 10 1 INT
EAC212 68 32 1 INT
EAC213 75 21 1 INT
EAC214 7 30 0 INT
EAC215 58 7 1 MIX
EAC216 76 11 1 INT
EAC217 64 118 1 INT
EAC218 64 1 0 DIFF
EAC219 82 28 1 INT
EAC220 70 24 0 INT
EAC221 84 132 0 INT
EAC222 68 27 0 DIFF
EAC223 50 18 0 INT
EAC224 43 29 0 DIFF
EAC225 83 2 0 INT
EAC226 75 6 1 DIFF
EAC227 71 3 1 INT
EAC228 76 19 1 DIFF
EAC229 64 39 0 INT
EAC230 42 70 0 INT
EAC231 50 5 1 DIFF
EAC232 74 12 0 INT
EAC233 83 22 1 INT
EAC234 60 9 1 MIX
EAC235 59 4 0 MIX
EAC236 85 31 1 DIFF
EAC237 81 1 0 INT
EAC238 7 21 1 INT
EAC239 72 35 1 INT
EAC240 64 42 1 INT
EAC241 79 2 0 MIX
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EAC242 66 7 0 INT
EAC243 65 10 0 INT
EAC244 56 33 0 INT
EAC245 7 12 1 INT
EAC246 82 6 0 INT
EAC247 76 2 0 MIX
EAC248 44 17 1 MIX
EAC249 79 61 0 INT
EAC250 72 5 0 INT
EAC251 70 11 0 INT
EAC252 64 7 0 DIFF
EAC253 84 4 0 INT
EAC254 80 9 0 INT
EAC255 76 29 0 INT
EAC256 81 6 1 DIFF
EAC257 84 2 0 INT
EAC258 76 2 0 DIFF
EAC259 80 28 1 INT
EAC260 81 1 0 INT
EAC261 81 6 0 INT
EAC262 82 6 0 INT
EAC263 77 31 0 DIFF
EAC264 65 1 0 INT
EAC265 61 2 0 INT
EAC266 81 10 1 INT
EAC267 72 18 0 INT
EAC268 67 1 0 INT
EAC269 65 1 0 INT
EAC270 83 2 0 INT
EAC271 75 2 0 MIX
EAC272 57 16 0 INT
EAC273 7 12 0 INT
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EAC274 F 86 0 1 0 3 INT L
EAC275 M 85 0 8 0 4 INT H
EAC276 M 85 0 1 0 3 INT L
EAC277 F 87 0 2 0 3 INT H
EAC278 M 78 0 2 0 2 INT H
EAC279 F 88 0 2 0 4 INT H
EAC280 M 75 0 2 0 3 INT L
EAC281 F 81 0 1 0 3 INT L
EAC282 M 85 0 2 0 4 INT H
EAC283 M 85 0 1 0 3 INT L

Table 2: Genes present in the target panel DEPArray™ OncoSeek Panel.

ABLT | 5 CDK4 0 | ErBBa | 8 | Gnan | 2 KDR 9 MYCN 9 RET [
AKTI | 2 CDK6 10 | EzHz 1 | ena@ | 2 kit | 24 | NotcHl | 3 | sMAD4 | 10
ALK 2 | coknza| 2 |Fexwz| & | enas | 2 KRAS 1 NPMI 1| SMARCBI | 4
APC 9 | CSFAR 2 | FGFRI | 12 | HNFIA | 4 | MAPZKI | 5 NRAS 3 SMO 5
AR 10 | CTNNBI | 1 | FGFR2 | 13 | HRAS | 2 MET | 16 | PDGFRA | 13 | SRC 1
ATM | 19 | DDR2 1 | FerR3 | 14 | i 1 MLHI 1 | Pkaca | 19 STKII 5
BRAF | 12 | DNMT3A | 1 | FGFR4| 9 | IDHZ | 2 MPL ! PTEN 14 TP53 21
ccvol | 8 | EGRR v | A3 4 | sak2 | 2 MSHE 4 | prenn | 2 TSC1 1
CDHI | 3 | ERBB2 | 14 | FOX2 | 1 | JAKZ | 3 MYC 9 RBI 12| vHL 3

Genes with contiguous, overlapping
coverage

Genes with comprehensive coding
exon coverage

Genes with amplicons for CNA calling
and SNV calling

Genes with only amplicons for CNA
calling
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Table 3: Sequence of the primers used in the study.

Primers Sequence
Whole Genome | _ AMPlCON 1 4 /A TGATACGGCGACCACCGAGATC-3'
PCR Forward
LOW PASS Amplon
PCR 5.CAAGCAGAAGACGGCATACGA-3'
PCR Reverse
Sanger HNFLA X4 F 5-GTGGCTATTTCTGCAGGGC-3'
Validation HNFLAX4.R 5-CCCCACATACCACTTACCGT-3'
h ACT IIF 5-CCTGGCACCCAGCACAAT-3'
h ACT IIR 5-GGGCCGGACTCGTCATACT-3'
SMAD4 F 5-CATCCACCAAGTAATCGTGCAT-3'
4PCR SMAD4 R 5-CCAACTTTCCCAACATTCCTGT-3'
PUMA.F 5-GACCTCAACGCACAGTACGAG-3'
PUMA R 5-ACAATCTCATCATGGGACTCCT-3'
CTNNBLF 5-GCAGAGTGCTGAAGGTGCTA 3
CTNNBLR | 5-TCTGTCAGGTGAAGTCCTAAAGC-3'

Table 4: Genes represented in the custom EAC panel IDT (Integrated DNA

Technology).

Gene Name Gene Name
ALK KRAS
APC MAP2K1

ARID2 MET
ATM MSH6
CDKé NRAS
CDKN2A PIK3CA
CHEK2 PTEN
CTNNBI RET
EGFR SMAD4
ERBB2 SMARCA4
FLT3 SRC
HNF1A STK11
IDH2 P53
JAK3 1SSC1
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Table 5: Growth medium and storage conditions for EAC cell lines.

OE19 OE33 FLO1
RPMI1640 (EuroClone, Milan, Italy) DMEM (EuroClone, Milan, ltaly) 10%
Growth 10% (v/v) FBS, 100 U/mL penicillin, 100 (v/v) FBS, 100 U/mL penicillin, 100
di pg/mL streptomycin and 2mM L- pg/mL streptomycin and 2mM L-
medium
glutamine (supplements from Sigma- glutamine (supplements from Sigma-
Aldrich, St. Louis, Missouri, USA) Aldrich, St. Louis, Missouri, USA).
Frozen with 70% medium, 20% FBS, )
Storage . Frozen with 90% FBS 10% DMSO at
. 10% DMSO at about 2.5 x 10 6
conditions about 2.5 x 10° cells/ampoule
cells/ampoule

Table 6: Somatic mutations and CNAs identified in sorted tumor populations with the
OncoSeek panel analysis. Only cases with variants identified are shown. In red: hyperdiploid
tumor populations; gray: pseudodiploid tumor populations. The values reported represent the
alternative allele frequency of the detected variants; yellow: missense mutations; green: loss of

function mutations (indel and nonsense); violet: CNAs.
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Table 7: Somatic mutations identified in 169 cases EAC cohort with custom target
panel analysis. Only genes found mutated are reported. Missense mutations are shown in yellow,
loss of function mutations (frameshift and nonsense) are in green, splicing and inframe mutations

are in light blue.

SMAD4
IDH2
ATM
APC
TP53
CDKN2A
ALK
ERBB2
KRAS
RET
CHEK2
CTNNB1
EGFR
FLT3
HNF1A
MET
MSH6
PIK3CA
PTEN
ARID2
MAP2K1
SMARCA4
STK11
CDK6
TSSC1

[a)

EAC115
EAC116
EAC117
EAC118
EAC119
EAC120
EAC121
EAC122
EAC123
EAC124
EAC125
EAC126
EAC127
EAC128
EAC129
EAC130
EAC131
EAC132
EAC133
EAC134
EACI135
EAC136
EAC137
EAC138
EAC139
EAC140
EAC141
EAC142
EAC143
EAC144
EAC145
EAC146
EAC147
EAC148
EAC149
EAC150
EACI51
EAC152
EAC153
EAC154
EACI55
EAC156
EAC157
EAC158
EAC159
EAC160
EAC161
EAC162
EAC163
EAC164
EAC165
EAC166
EAC167
EAC168
EAC169
EAC170
EAC171
EAC172
EAC173
EAC174
EAC175
EAC176
EAC177
EAC178
EAC179
EAC180
EAC181
EAC182
EAC183
EAC184
EAC185
EAC186
EAC187
EAC188
EAC189
EAC190
EAC191
EAC192
EAC193
EAC194
EAC195
EAC196
EAC197
EAC198
EAC199
EAC200
EAC201
EAC202
EAC203
EAC204
EAC205
EAC206
EAC207
EAC208
EAC209
EAC210
EAC211
EAC212
EAC213
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o

SMAD4

IDH2

ATM

APC

TP53

CDKN2A

ALK

ERBB2

KRAS

RET

CHEK2

CTNNB1

EGFR

FLT3

HNF1A

MET

MSH6

PIK3CA

PTEN

ARID2

MAP2K1

SMARCA4

STK11

CDK6

TSSC1

EAC214

EAC215

EAC216

EAC217

EAC218

EAC219

EAC220

EAC221

EAC222

EAC223

EAC224

EAC225

EAC226

EAC227

EAC228

EAC229

EAC230

EAC231

EAC232

EAC233

EAC234

EAC235

EAC236

EAC237

EAC238

EAC239

EAC240

EAC241

EAC242

EAC243

EAC244

EAC245

EAC246

EAC247

EAC248

EAC249

EAC250

EAC251

EAC252

EAC253

EAC254

EAC255

EAC256

EAC257

EAC258

EAC283
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Table 8: SMAD4 immunoreactivity and miR483-3p expression levels. In red: Up-
regulated miRNA , considering a cut-off value of 3.15 and SMAD4 protein loss, considering a cut-off

value 30%; In green: down-regulated miRNA and high SMAD4 expression (<30% loss). n.a.= not

available
ID % of SMAD4 LOSS miR483-3p fold-change

EAC7
EAC6
EAC15
EAC46
EACA42 53,53
EAC41 18,22
EAC26 6,54
EAC18 3,31
EAC47 18,23
EAC14 3,85
EACS5 n.a.
EAC20
EAC11
EAC33 3,45
EAC64 15,56
EAC29 3,74
EAC34
EAC43 6,89
EAC13
EACG60 24,7
EAC61 5.03
EAC59 7,33
EAC76 19,61
EAC3 6,69
EAC40 51
EAC2 n.a.
EAC25
EAC31 30
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EACA45 40 18,05
EAC9 40

EAC24 40 37,49
EAC39 45 3,43
EAC32 50 14
EAC30 50

EAC23 50 5,61
EAC10 50 16,12
EAC4 60

EAC63 60

EACT77 60 42,25
EAC19 80

EAC75 80 15,69
EAC21 80 11,53
EAC44 90 3,55
EAC38 90 10,76
EAC12 90

EAC36 90 11,95
EAC62 90 11,78
EAC22 90

EACA48 95 12,28
EAC50 95 6,2
EAC1 99 16,45
EAC16 100

EAC17 100

EAC49 100 27,36
EAC35 100 11,75
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