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Abstract

The aim of this PhD thesis was to investigate molecular approaches to improve the treatment and
diagnosis of endocrine-related cancer. Chapter one focused on the challenges of treating typical
bronchial carcinoids (TBC) and the differences between TBC and atypical bronchial carcinoids
(ABC). We found that TBC can be resistant to treatment and that targeting certain proteins and
pathways, such as PI3K/mTOR and TGF-f, may improve the progression-free survival in patients
with advanced typical carcinoids. Chapter two examined the mechanism of action of a chemical
inhibitor, Compound 5, which enhances the sensitivity of chemoresistant cells to pro-apoptotic
stimuli. Our findings indicated that Compound 5 may sensitize cells to pro-apoptotic stimuli by
disrupting the physical interaction between Tim16 and Tim14 proteins. Chapter three explored the
use of next-generation sequencing (NGS) to diagnose thyroid nodules and identified genetic
alterations in intronic regions of the PI3KCA and HRAS genes in samples with Bethesda III or IV
cytology, which were associated with follicular thyroid carcinoma phenotype. Overall, these results
highlight the potential for new approaches to improve the treatment and diagnosis of cancer, including
targeting specific proteins and pathways, identifying ways to overcome chemoresistance, and using

advanced technologies such as NGS.
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CHAPTER 1
NEUROENDOCRINE NEOPLASMS

INTRODUCTION

Neuroendocrine neoplasms (NEN) are a group of relatively rare neoplasms arising from the
diffuse (neuro)endocrine system (DNES) (1). The DNES may be divided into two divisions:
central and peripheral. The central DNES comprise cells of the hypothalamo-pituitary-pineal
complex whereas DNES cells located in the peripheral division are scattered throughout the
entire body, isolated or grouped to form aggregates, such as the islets of Langerhans in the

pancreas, the C cells of the thyroid or neuroepithelial bodies in the bronchopulmonary tract

Q).

Neuroendocrine (NE) cells are epithelial cells having both “neuro” and “endocrine”
properties (3). The majority of them originate from epithelial progenitors’ cells of their
respective tissue sites (4), i.e., the endoderm, including cells of the adrenal medulla and C
cells of the thyroid, whereas paraganglia cells probably originate from neural crest
precursors (5). NE cells may be identified on the presence of dense core granules similar to
those found in serotonergic neurons storing monoamines, which they synthesise and secrete
(3). The first described NE cells were the enterochromaffin cells (EC) of the small intestine
in the late nineteenth century. Based on their distinct reaction to histological stains NE cells
began to be identified in the years to come revealing their presence throughout the intestinal
mucosa, but also in other epithelial tissues including the lungs and the urogenital tract. These
histological studies led to the proposal that NE cells make up the DNES, a peculiar functional
system sharing biochemical, cytological and secretory properties, as well as control
mechanisms. Thus, much like neurons, NE cells are able to metabolise, produce and secrete
bioactive compounds in a coordinated fashion with the surrounding environment and with
the nervous system, functioning as a diffuse hormonal system composed of cells scattered
throughout the body (6, 7). NE cells are able to metabolise, produce and secrete bioactive

compounds in a coordinated fashion with the surrounding environment and with the nervous



system, functioning as a diffuse hormonal system composed of cells scattered throughout

the body (6, 7).

Owing to their diversity of location, types and biological roles, classification of NE cells is
very challenging. In fact, with exception for the pancreatic islet cells, the cells of the adrenal
medulla, and parafollicular cells (C cells), whose function is well-stablished, other NE cells
are less well defined, and the list of secretory products secreted by these cells is continuously
being updated (Table 1). Researchers started to give special attention to NE cells and the
DNES due to their behaviour in disease. NEN sparked a great deal of interest in NE cells
pathophysiology as it as it might relate to them and explain the tumorigenesis and
behavioural characteristics of these neoplasms. As NE cells-derived, NEN are epithelial
neoplasms with neuroendocrine differentiation capable of producing and secreting a variety
of hormones and active peptides/amines showing a wide spectrum of morphological,
functional and behavioural characteristics difficult to manage and classify (3, 8). NEN have
been observed in almost all tissues (Figure 1) but are frequently found in the gastrointestinal
(GI) tract and the bronchopulmonary system, reflecting the density of NE cells in these
tissues. The majority, however, are of gastro-entero-pancreatic (GEP) origin including NEN

of the stomach, pancreas, small bowel, appendix, colon and rectum (3, 9) (Table 1).

Classification: a little bit of history

Classification and nomenclature of NEN has been complex and confusing. In the early
1800s, NEN belonged to the group of epithelial tumours. These were further subdivided in
large-cell and small-cell tumours, the latter being more difficult to characterise. In the
beginning of the 20th century, Siegfried Oberndorfer coined the term karzinoide to describe
a “carcinoma-like” tumour with benign behaviour (10, 11), although the fact that they only
described benign lesions soon proved to be incorrect. (12). As limiting as it was (and is) to

define such a wide range of tumours, the term carcinoid is difficult to abandon to this day.

Between 1870 and 1900 it was believed that some cells identified in the intestinal mucosa
were the source of carcinoids. Given their resemblance to endocrine cells which could retain
special stains, these cells were termed “enterochromaffin™ and “argentaffin” NE cells (13).
By the time EC cells and the term carcinoid related to NE cells, a small-cell tumour identified

in the mediastinum was named “oat-celled carcinoma” in 1926 (14). The terms “oat-celled
2
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carcinoma”, “small-cell carcinoma”, “ana-plastic-cell carcinoma”, “oat-cell sarcoma”, were
synonyms later used to describe other extra-pulmonary NE malignant neoplasms with
similar microscopic features: resemblance to lymphocytes in size and shape, with scanty and

basophilic cytoplasm, and uniform, dark, and generally round nuclei (15, 16).

In 1960 it became clear that oat-cell carcinoma and other lung carcinomas had a very
different histogenesis but were histogenetically related with other carcinoids instead (17).
Tracing of the cytological and biochemical properties of these tumours led to the cells of the
APUD (amine precursor uptake and decarboxylation) system. APUD cells are NE cells
capable of secreting a variety of polypeptide hormones, including catecholamines and 5-
hydroxytryptamine (5-HT, serotonin) (18). In fact, 5-HT was first isolated in 1948 and by
1953 was confirmed to be the major hormone responsible for the carcinoid syndrome,

characterised by flushing, diarrhoea, bronchoconstriction, and valvular heart disease (19).

The concept of atypical carcinoid (AC) having a worse prognosis then other carcinoids
emerged in 1972 by Arrigoni et al. with a histologically carcinoid variant organised like a
gland, with large polymorphic nucleated cells (20). In 1977 a study reported an intermediate
polygonal large-cell variant of the oat-cell carcinoma showing decreased responsiveness to
therapy (21). It was then logical to think that carcinoids and oat-cell carcinomas were part
of a spectrum of cells where (well-differentiated) typical carcinoids (TC) are at one end, and
typical small-cell (oat-cell) carcinoma in the other end of the spectrum. The atypical or

intermediate forms were the link between the typical forms (22, 23, 24, 25).

In the last century, several schemes for NEN classification were considered, including
classifying them based on their APUD properties, morphologic pattern (26) and silver
staining affinity (27), and based on their embryotic origin (1963) (Figure 1): foregut,
(thymus, oesophagus, lung, stomach, duodenum, biliary, pancreas), midgut (appendix,
ileum, cecum, ascending colon), and hindgut (distal bowel and rectum) (28). Site-specific
classification is still used however restrictive because clinical behaviour of two NEN arising
at the same embryogenic site can vary considerably. Taken together with histological
characteristics, NEN started to be divided in typical (well-differentiated) and atypical
(poorly differentiated) carcinoids of specific tissue. Thus, a universal consensus for

nomenclature of NEN was missing, and with growing knowledge sowed greater confusion.



Table 1 List of Bioproducts Secreted by Gastrointestinal and Pancreatic Neuroendocrine Cells and Respective Tumour Types

Tumour type

Cell of origin

Tissue site

Secreted products

Non-functional
pNEN

Colorectal NEN

ECLoma (type I-lll)

Gastrinoma

Small bowel
carcinoid

Small intestinal NEN
Ghrelinoma
CCKoma

GIPoma

Glucagonoma

Insulinoma

Somatostatinoma

Precursor cell or omnipotent stem
cell

L cells, EC
Enterochromaffin-like (ECL)
G cells

N cell

EC

Beta

M cells

S cell

Enterochromaffin (EC)
Ghrelin cells (Gr)

| cells
K cells
Alpha

Beta

Delta

Pancreas

Colon-rectum

Gastric fundus
Gastric antrum and duodenum, pancreas

Jejunum and ileum
Entire Gl tract

Pancreatic islets
Small intestine
Duodenum and jejunum

Entire Gl tract

Oxyntic glands, pyloric glands, small
intestine

Lining of the duodenum
Small intestine
Pancreatic islets

Pancreatic islets

Stomach, intestine and the pancreatic
islets

None defined

5-HT, glucagon-like peptide-1, YY,
Neuropeptide Y

Histamine
Gastrin

Neurotensin 1
5-HT, substance P
Amylin

Motilin

Secretin

Serotonin, substance P, guanylin, melatonin

Ghrelin

Cholecystokinin (CCK)

Gastric inhibitory polypeptide (GIP)
Glucagon

Insulin

Somatostatin



Figure 1
Schematic distribution of primary NEN in the human body and common sites of metastasis

L . Primary site (% of occurence)

& Metastasis
liver > lung > bones

Foregut

Trachea

Lungs

Esophagus

Stomach

Liver =1
Gallbladder & ducts
Pancreas

Upper ducdenum

Midgut
Lower duodenum —
lleum

Cecum
Appendix
Ascending colon

Hindgut
Discending colon
Distal Bowel
Urogenital sinus -
Rectum

Pulmonary (15-27%)

Gl Tract (67%)

Gastric (9-20%)

Pancreas (7-25%)

Small intestine (7-55%)

Colon and rectum (9-26%)

Other sites (<5%)
Pituitary, thyroid, adrenal gland, ovary, cervix, breast,
esophageal, endometrium, prostate, etc.

Note. Left: classification based on embryotic origin. Right: % of occurrence. Created with BioRender.com.

Classification: World Health Organisation

Cancer diagnosis relies on a classification system that is standardised and accepted
internationally, providing consistency in patient treatments and allowing cancer workers in
all parts of the world to compare their findings. To this aim, the World Health Organisation
(WHO) in collaboration with pathologists from 13 countries published in 1980 its first
classification system for NEN in the Histological Typing of Endocrine Tumours’ book. In
the explanary notes, the Authors recognise the existence of several cells related to the DNES
scattered throughout the body, especially the GI tract, which have been shown to produce a
specific hormone and metabolise amine precursors. They have also suggested, in agreement
with the state of knowledge of that time, that these cells could all belong to the APUD cell
system. Accordingly, in this issue, the term carcinoid was used to describe all tumours of the

DNES excluding endocrine tumours of the pancreas, thyroid and paragangliomas (29).
5



Carcinoids were further divided based on their functional state, i.e., their ability to produce
and secrete bioproducts, and based on major cell type: argentaffinoma or the “classical”
carcinoid, arising from EC-cells were typically found in the midgut and associated with the
production of 5-HT; gastrinomas from gastrin-producing cells; other unspecified carcinoids,
which classification was not an easy task and included carcinoids arising at any organ (29).
The 1980 WHO classification was rapidly considered ambiguous as carcinoid terminology
was applied differently among pathologists and clinicians. Pathologists considered
carcinoids all tumours with NE differentiation, whereas for clinicians only functioning
tumours presenting carcinoid syndrome were termed carcinoid. Moreover, given the degree
of heterogeneity that these tumours retained, it was becoming evident that carcinoids arising

at different sites and atypical forms could no longer belong to the carcinoid category.

A more inclusive and uniform terminology was necessary and by 1995 the term
“neuroendocrine tumour” (NET) was proposed to replace “carcinoid” (30). Tumours were
subdivided based on their site of origin, histology, invasiveness, presence of metastasis and
hormonal activity. This nomenclature suited all NET, arising at any site, and was soon put
into practice within the 2000 WHO classification system, which identified three major
histologic groups: well-differentiated endocrine tumour with benign or uncertain behaviour,
well-differentiated endocrine carcinoma with low-grade malignant behaviour and poorly
differentiated endocrine carcinoma with high-grade malignant behaviour (31). Several issues
have arisen with this classification as there were a high number of clinicopathologic
variables to be assessed to correctly identify tumour category; many of them evaluable only
after resection. Another issue that was probably addressed only recently, is the grey zone
that divide well-differentiated tumour with high grade malignancy from well-differentiated
carcinoma. In the 2000 classification system, they would all belong to the latter, precluding
further prognostic stratification in patients with well-differentiated tumours and distant

metastasis.

In an attempt to address these issues, the European Neuroendocrine Tumor Society (ENETS)
proposed a site-specific staging system based on the well-known tumour-node-metastasis
(TNM) template that could aid the prognostic stratification of GEP NET (32). Stage I
included T1 NET with limited growth, stage II comprised T2 or T3 larger or more invasive
tumours with no metastasis, stage III included tumours invading the surrounding structures

(IITA) or with regional node metastasis (IIIB) and stage IV, tumours presenting distant
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metastasis. Table 2 shows exemplary TNM classification and staging proposal for
pancreatic NEN (33, 34). In that venue, they also proposed a generic grading system suitable
for all digestive NEN based on the mitotic count and proliferation index (Ki67), which was
later adopted by the 2010 WHO classification: well (G1 and G2) and poorly differentiated
tumours (G3) were replaced by NET (G1 and G2) and neuroendocrine carcinoma (NEC, G3)
(35) (Table 3). Several studies demonstrated not only that stage and grade were
complementary, but that the cut-points used to separate low/high grade malignancies were
predictive and prognostically significant, as high-grade malignancies often associated with

decreased survival (36, 37, 38).

Table 2 ENETS Staging and TNM classification proposal for Pancreatic NEN

. Regional lymph Distant
Stage | T Primary Tumour N Node metastasis M Metastasis
I T1 Limited to the pancreas and with <2 cm NO No MO No
lla T2 Limited to the pancreas and with 2-4 cm NO No MO No
m 3 L|m|t(.ed to .the pancreas and V\{Ith >4 cm or NO No MO No
invading duodenum or bile duct
Illa T4 Invasiveness to adjacent organs NO No MO No
b Any N1 Yes MO No
A% Any N1 Yes M1 Yes

Table 3 ENETS 2006/2007 Grading Proposal Endorsed by the WHO 2010 Classification

Grade Mitotic count (per 10 HPF) Ki-67 (%)
Grade 1 (low) <2 <2
Grade 2 (intermediate) 2-20 3-20
Grade 3 (high) >20 >20

Note: HPF= high power fields.

It was only in the 5th edition of the WHO classification of tumours that NEN arising at a
specific organ started to be described within that organ’s chapter, containing detailed
description for each functioning or non-function NEN subtype (39). In this edition, NEN
arising in any part of the body have been subdivided in NET and NEC. Within the NET
group a grade 3 (G3) category, defined as having a mitotic rate >20 per 2 mm? or Ki67
>20%, was added to support stratification of those well-differentiated tumours with high
grade malignancies (Table 4). NEC, on the other hand, is considered high-grade by
definition and may be subdivided in small/large-cell type. NET and NEC may be further



distinguished based on molecular differences as MEN1, DAXX and ATRX mutations
usually occur in NET, whereas TP53 or RB1 mutations in NEC.

Table 4 WHO GEP-NEN classification

GEP-NEN (WHO 2019)

Terminology Criteria:
Mitotic counts per 2 mm? Ki-67 index
NET, grade 1 (G1) <2 <3%
NET, grade 2 (G2) 2-20 3-20%
NET, grade 3 (G3) >20 >20%
NEC (small or large cell) >20 >20%
MiINEN

Note. MINEN: mixed NE with non-NE neoplasm

NE pulmonary lesions, almost as a separate entity, followed similar but different
nomenclature. In the second edition of The World Health Organisation Histological Typing
of Lung Tumours (1982) small-cell carcinoma was divided into oat-cell carcinoma, an
intermediate cell type and combined oat-carcinomas with other major types, whereas
carcinoid tumours (typical and atypical) included lesions arising from EC cells (40). The
1999 WHO classification included large cell neuroendocrine carcinoma (LCNEC) as one of
the major NET categories and refined the criteria for TC/AC identification based on the
mitotic count and presence of necrosis. Four major groups were characterised by increasing
aggressiveness: low-grade TC, AC having an intermediate differentiation and worse
prognosis; LCNEC and small-cell carcinoma (SCLC) (41, 42), both high-grade

malignancies.

In the 2004 WHO-IARC (International Agency for Research on Cancer) revision for lung
and thymus NET the term “carcinoid” was reinforced and referred almost exclusively to
pulmonary NEN. The already described morphological lung NEN categories remained the
same (TC, AC, LCNEC, SCLC), whereas criteria for classification included mitotic count,
presence/absence of necrosis, tumour mass and morphology (43). TC and AC have carcinoid
morphology, resemble other carcinoids found in other organs and are more often found in
younger patients. TC, as the less aggressive carcinoid was characterised as having less than
2 mitoses per 2 mm? (10 HPF) and lacking necrosis; AC with 2-10 mitoses per 2 mm? (10
HPF) OR presence of necrosis. The main criterion for separating carcinoid forms from

LCNEC and SCLC was a mitotic count of 11 or more mitoses per 2 mm?, with an average
8



of 70-80 per 2 mm? Whereas, LCNEC vs SCLC detection is much trickier and included a
set of cytologic parameters that could aid the identification of a non-small cell carcinoma

such as large cell size, abundant cytoplasm, frequent nucleoli, among others.

In 2015 the 4™ edition of the WHO classification of tumours of the lung, pleura, thymus, and
heart included a few changes from the previous 2004 edition, however it did not follow the
uniform NEN classification system applied to other organs (44). NEN were grouped under
one major NET category and the role of Ki-67 was marginal to separate NEC from TC and
AC. Due to conflicting data at the time, the use of Ki-67 marker to separate TC from AC
was not recommended, whereas methods for counting mitoses were considered the key
criteria for separating them from each other and from NEC. Terminology and criteria for
classification of lung NEN remained largely unchanged in 2021 with the latest edition for
lung NEN classification (Table 5). Ki-67 evaluation is still marginal, however, a rate of 30%
is considered the upper limit for lung carcinoids. Therefore, although a NET grade 3 category
does not exist in lung NEN grading, it is becoming increasingly evident that high-
proliferative carcinoids do exist and need further consideration. The current proposal is to

classify these carcinoids as “LCNEC with morphologic features of carcinoid tumor” (45).

Table 5 Lung NEN classification

Terminology Mitotic counts per 2 mm?
Typical carcinoid (TC) <2
Atypical carcinoid (AC) 2-10 (or necrosis)
SCLC and LCNEC (NEC) >10
Combined NEC and NSCLC

Recently, the 2022 WHO Classification of Tumours Editorial Board have implemented new
classification principles in the 5th edition of the WHO Classification of Endocrine Tumors,
now called Classification of Endocrine and Neuroendocrine Tumors (46). It is an important
change as all NEN belong to the NEN category and within this book site-specific NEN are
described. The universal nomenclature based on cell differentiation and grading has been
maintained from the latest expert consensus meeting held in 2018. Whilst paragangliomas
represent the neuronal type NEN, NET and NEC characterise well/poorly differentiated
epithelial neoplasms. NET may be graded in G1, G2 or G3 depending on proliferation status,
whereas NEC are high grade by definition and may be further subdivided in small/large cell
type (Table 6). Further, prognostic stratification by this grading system in three tiers has
9



been proved effective and reliable not only in the GI tract but also in the respiratory system

(46).

Table 6 The 2022 WHO/IARC universal taxonomy for epithelial NE neoplasia

Tumour category definition Neuroendocrine neoplasia (NEN)
Tumour family/class definition Well-differentiated NEN Poorly differentiated NEN
Tumour type definition NET NEC
Tumour subtype definition Variable depending on site | Large cell NEC or small cell NEC
Tumour grade definition G1, G2, G3 High grade (by definition)

Note. Adapted from " Overview of the 2022 WHO Classification of Neuroendocrine Neoplasms" by Rindi G. et. al,
Copyright © 2022, The Author(s), under exclusive licence to Springer Science Business Media, LLC, part of Springer
Nature.

Epidemiology

As mentioned above, the nature of NEN is very complex: they belong to a very heterogenous
group of malignancies, with often confusing histology and nomenclature. Not only that,
NEN are very rare, accounting for only 0.5-1.0% of all newly diagnosed malignancies. They
often follow an indolent course, though 10-30% are highly proliferative and may present
resistance to therapy, characterised by rapid disease progression. Epidemiological studies in
such a wide category of malignancies need considerable and accurate population-based
registries, as well as a long longitudinal follow up (47, 48). Few countries have
epidemiological data on NEN, and many available studies regard specific centres with a
small cohort, or are site-specific, usually GEP- or lung NEN given their higher frequencies.
The most used population-based registry regarding NEN belong to the American National
Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) Program, which is

a comprehensive cohort initiated in 1973 annually updated (49).

Incidence

Incidence refers to newly diagnosed individuals in a population over a specified time
interval. The most recent epidemiological NEN study utilised data from the National Cancer
Registry and Analysis Service (NCRAS) of England, and evaluated demographic, clinical,
and prognostic features from 1995 to 2018 (50). According to this study, the annual age-
adjusted incidence of NEN has increased from 2.5 in 1995 to 8.8/100,000 inhabitants in
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2018. The increase in incidence was reported in NEN arising at any site, stage and grade (50,
51). Other studies report similar trends and are shown in Table 7 (50, 51, 52, 53). The largest
increase was reported in the lung followed by small intestine (50, 51) (Figure 2). Whilst the
incidence of all malignant neoplasms has remained mostly stable, NEN incidence has
steadily risen in the last decades (Figure 3) probably due to a number of factors such as
greater awareness and improved diagnostic/imaging tools, not to mention the constant effort

put into classification, grading and staging systems of these neoplasia over the years (50).

Prevalence

The overall prevalence of NEN has also increased in the last decades, however, values may
vary considerably among studies due to the way they are reported. Prevalence is the
proportion of affected individuals in a population at a specified point in time or over a
specified period, usually 10 or 20 years. Some Authors report in %, some in counts out of
100, others in number of cases per 100.000 inhabitants. A 29-year limited-duration
prevalence for NEN was estimated from incidence over the American SEER 9 registry (1972
to 2004) as 35/100,000 or 103,312 alive patients (54). Differently, Dasari et. al reported a
20-year limited-duration prevalence increase from 0.006% in 1993 to 0.048% in 2012,
corresponding to 700% (51).

Survival

Survival may be reported as time (years or months) that patients survive a disease since first
diagnosis or as % of patients alive after diagnosis in a determined period of time, usually 5
or 10 years. AII-NEN survival statistics should be considered lightly because it can vary
considerably depending on the population, tumour grade, site of origin and presence of
metastatic disease. Moreover, a study conducted with the Ontario Cancer Registry reported
that other factors such as male sex, low-income and rural living associated with worse
survival (55). In fact, early diagnosis is essential in determining survival, whereas low-
income and rural living might relate to the scarce access to healthcare services. Dasari et. al
Localised NET had better median OS vs. regional NET (10.2 years) and distant NET (12
months). Among graded NEN, G1 had the highest median OS (16.2 years), G2 8.3 years,
G3 and NEC had the worst OS of 10 months (51).
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Figure 2
NEN incidence by primary site in England from 1995 to 2018
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Note. Age standardized incidence of 40,534 NEN at main sites from 1995-2018 in England with average percentage change
per year and absolute rise. Data source: NCRAS. From "Incidence of neuroendocrine neoplasia in England 1995-2018: A
retrospective, population-based study" by White B. et. al, 2022, The Lancet Regional Health — Europe, Volume 23.
Copyright 1969, Elsevier.

Further, the Authors calculated separately the median OS among registries in order to
evaluate if there were changes in the survival rates of NEN. Patients diagnosed between
2005-2008 and 2009-2012 had 17.1 and 21.3% lower risk of death vs. patients diagnosed
between 2000-2004, indicating an improvement in survival over the years. In fact, nine years
before, Yao et. al had reported a much lower median OS over the same American SEER
registry: 75 months for all-NEN, 124 and 64 months for patients bearing G1 and G2 tumours,
respectively, 10 months for G3 NET and NEC (56). In England White et. al calculated 5-
year survival rate for NET and NEC by type of NEN. Appendix had the best survival rate:
92% for NET and 65% for NEC. Rectal NET presented one of the highest rates (90%),
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Figure 3
NEN incidence trend from in England 1995 to 2018 vs. all malignant neoplasia
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Note. Age standardized incidence of 63,949 neuroendocrine neoplasia from 1995-2018 in England. 95% confidence
interval displayed (blue) and incidence for all malignancies (yellow). Data source: NCRAS. Adapted from "Incidence of
neuroendocrine neoplasia in England 1995-2018: A retrospective, population-based study" by White B. et. al, 2022, The
Lancet Regional Health — Europe, Volume 23. Copyright 1969, Elsevier.

Table 7 NEN reported incidence among studies

Country Cohort (n) | Year range | Incidence/100.000 inhabitants Reference
USA 64.971 | 1973 2012 1.09 6.98 Dasari et. al 2017
United Kingdom 63.949 |1995 2018 2.5 8.8 White et. al 2022
Norway 2.030 1993 2004 2.35 4.06 Hauso et. al 2008
Ontario, Canada 5.619 1994 2009 2.48 5.86 Hallet et. al 2014

however rectal NEC has one of the worst rates (11%). Lung NET presented a good 5-year
survival rate of >75%, however lung NEC survival did not reach 25% (50) (Figure 4).
White et. al also reported an improvement in NEN survival rates over the years, especially
in NEN of the small intestine, colon and pancreas (Figure 5). The smallest improvement

was reported in NEN of the appendix, lung and rectum (50).
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Mortality

Many Authors choose to estimate and report only survival rates, although mortality is strictly

associated with it. Mortality may be reported as hazard ratio, often used as measure to

Figure 4
NET and NEC 5-year survival by primary site
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Note. Kaplan—Meier predicted 5—year survival of (A) 11,080 neuroendocrine tumours and (B) 3,754 neuroendocrine
carcinomas between 2012 and 2018 in England. Source data: NCRAS. Adapted from "Incidence of neuroendocrine
neoplasia in England 1995-2018: A retrospective, population-based study" by White B. et. al, 2022, The Lancet Regional
Health — Europe, Volume 23. Copyright 1969, Elsevier.

survival, or standardised mortality rates (SMR) which is the ratio of observed deaths in the
studied cohort to expected deaths in the general population over the same period. In a study
based on the UK population between 2013 and 2015, cell morphology, stage, sex, age and
low-income associated with mortality. Specifically, Genus et. al reported 5233 observed
deaths over 1442.6 expected deaths, meaning an increased mortality of 3.6-fold for all
malignant NEN diagnosed in that period (57). Notwithstanding the increased incidence
trends, survival rates are increasing as well probably due to greater awareness, availability
of treatment and improved therapies. Unfortunately, NEN are often difficult to characterise,
and mortality is still high, especially for some NEN type which are still orphan of an effective
therapy. They can be silent for many years and mimic various other disorders. This often

translate in significant delays in diagnosis.
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Figure 5
NEN predicted 5—year survival of 40,534 neuroendocrine tumours by site over time from
1995-2018 in England.
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survival of neuroendocrine neoplasia in England 1995-2018: A retrospective, population-based study” by White B. et. al,
2022, The Lancet Regional Health — Europe, Volume 23. Copyright 1969, Elsevier.

Different population-based studies have reported presence of metastatic disease at first
diagnosis in proportions ranging from 20-70% (58, 59, 60). Interestingly, a recent study
reported a mean delay of 52 months between symptoms identification and diagnosis and that
patients bearing NEN see an average of six different healthcare providers before receiving
an accurate diagnosis (61). For these reasons, early diagnosis of NEN through non-invasive

routine procedures would help increase survival rates, reduce morbidity and mortality.

Risk factors

Because of the nature of NEN, literature regarding NEN risk factors is scarce, mostly
conducted in the USA and Europe in case-control studies. They are a family of very different
and rare neoplasms, suffering of the lack of funding and reference standards for so long.

Despite the heterogeneity regarding this argument in the literature, some risk factors have
15



been reported to augment the risk of NEN. A recent meta-analysis reviewed 24 publications
that included epidemiological studies investigating NEN potential risk factors, including
eight cohort studies, 15 case-control, one nested case-control and one cross-sectional (62).
Family history of malignancy, tobacco smoking, alcohol consumption, and abnormal
metabolic states such as diabetes and obesity were recurrently reported at NEN of various
anatomical sites. Family history of cancer seems to be the most relevant risk factor for NEN
occurring in any site, followed by BMI and diabetes. Tobacco smoking and alcohol
consumption increased the risk in some site specific NEN including pancreas (both smoking

and drinking), lung and small intestine (only drinking) (Figure 6).

NEN are usually sporadic, however, there are hereditary conditions that may increase the
risk of developing the disease, including multiple endocrine neoplasia type I (MENI1),
MEN2, MEN4 (63), von Hippel-Lindau disease (64), neurofibromatosis type I (65) and
tuberous sclerosis (66). MENT is autosomal dominantly inherited syndrome that occurs due
to a germline mutation the Menin gene, a tumour suppressor which role include regulation
of telomerase activity. Likewise, MEN2 is an autosomal dominantly inherited syndrome
caused by germline mutations in the RET gene, which can be further subdivided in MEN2A
and MEN2B. RET encodes for a tyrosine kinase receptor involved in cell differentiation,
growth, migration and survival. MEN4 occurs due to mutations in the CDKN1B gene, which
encodes for p27kipl protein. p27 plays a key role as a tumour suppressor of the cell cycle.

p27 loss of function lead to cell cycle dysregulation and tumorigenic processes (63).

Biomarkers Landscape

NEN are epithelial neoplasms with neuroendocrine differentiation capable of producing and
secreting a variety of hormones and active peptides/amines that can influence the clinical
course of the disease. Many of these bioactive compounds could serve as a
prognostic/predictive biomarker. There are specific and non-specific biomarkers to NEN.
Specific are produced and secreted by functioning NEN, whereas non-specific by potentially
all NEN. Even though functioning or non-functioning NEN may be silent for many years
before circulating biomarker is discovered, biomarkers for functioning NEN are helpful

serum indicator of neoplasia activity (Table 1).
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Figure 6

NEN Risk factors at a glance from a systematic review
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First Odds

author Year Site Cases Controls ratio (95% Cl)
Hassan et al. 2008 lung 146 924 —_— 1.20 (0.58, 2.50)
Hassan et al. 2008 stomach 55 924 4.90 (1.95, 12.30)
Capurso et al. 2009 pancreas 162 648 —_— 4.80(2.33, 9.90)
Halfdanarson etal. 2014 pancreas 273 602 —_— 1.91 (125, 291)
Hassan et al. 2008 pancreas 160 924 —_— 2.80(1.51, 520)
Hassan et al. 2008 small intestine 325 924 —_— 1.20 (0,69, 2.10)
Hassan et al. 2008 rectum 54 924 - 220 (0.66, 7.30)
MOTE: Weights are from random effects analysis
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Zhanetal. 2013 pancreas 196 233 —-ﬁ 531 (3.51,804)
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Hassan et al. 2008 rectum 54 924 0.50 (0.18, 1.40)
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NOTE: Weights are from random effects analysis
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Note. Graphical description of various risk factors for NEN from “Risk factors for neuroendocrine neoplasms: a systematic
review and meta-analysis” by Leoncini E. et. al, 2016, Annals of Oncology, Volume 27. Copyright © 2016, Elsevier.
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However, functioning NETs with distinct clinical syndromes are a minority (67).
Nonspecific biomarkers, on the other hand, lack of specificity due to expression by normal
tissues or other pathological processes. To date, most of the biomarkers used in NENs are
non-specific. For this reason, their assessment is recommended as an additional indicator

rather than for screening purposes.

Non-specific biomarkers

Commonly expressed markers are insulinoma-associated protein 1 (INSM1), synaptophysin,

and chromogranin, especially CgA (68).

INSM1

INSMI1 is a zinc-finger transcription factor involved in the development of NE
differentiation in several tissues (69, 70). It can potentially identify all NEN, with high

sensitivity and specificity. However, it has been reported to in other non-NEN.

Synaptophysin

Synaptophysin is an integral membrane glycoprotein found in presynaptic vesicles of
neurons and of the adrenal medulla. It is highly sensitive for NEN but likewise ISNM1 also

expressed in some non-NEC (68).

Chromogranin A

Chromogranin A (CgA) belong to the granin family, which encode for precursors of several
molecules. CgA is a 49-kDa glycoprotein secreted by neurons and NE cells, precursor of
pancreastatin, catestatin, and vasostatins I and II. CgA is routinely assayed to help diagnosis
and tumour follow-up, especially in carcinoid tumours (67). Unfortunately, CgA levels may
be increased duo to several pathological processes nonrelated to NEN that often hamper its
use as biomarker for NEN. Nonetheless, CgA measurement is still used in the clinical
practice and have proven to be of great value in certain situations including metastatic
disease to the liver, or when combined with other screening techniques, especially imaging

based on somatostatin receptors (71).
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Neuron-Specific Enolase

Neuron-Specific Enolase (NSE) may be found in neurons and NE cells, however, only 30-
50% of NEN actually secret NSE. As CgA, NSE levels is often increased in other non-NEN
tumours such as thyroid cancer and prostate carcinoma and therefore should be used for
diagnostic purposes. However, NSE levels can be a good prognostic tool since in the
presence of diagnosed tumours, NSE overexpression is associated with poorly differentiated

tumours and is often indicative of a small cell type (71).

Immune and vascular factors

Several studies have attempted to identify immunological and vascular factors as predictive
and diagnostic circulating NEN biomarkers such as IL-8, IL-2, vascular endothelial growth
factor, among others. As many other potential biomarkers, they have little discriminatory
potential for NEN diagnosis. Two molecules have been reported as potentially useful,
however, information about them is not enough to ascertain their effectiveness (67). First,
paraneoplastic MA2 antibodies have been reported as small intestine NEN biomarker for
both clinical diagnosis and risk of recurrence, having a sensitivity and sensibility superior to
CgA for the risk of recurrence. Second, increased serum levels of angiopoietin 2 have been
reported in NETs (67), however there is no robust evidence to sustain its use in routine

practice.

Specific biomarkers

Pancreatic Polypeptide

Pancreatic polypeptide (PP) is a hormone with unknown function is hardly recommended in
the clinical practice. Several factors may increase its levels, including physical activity.
However, because it is mostly secreted by pancreatic cells (F cells), high levels of PP in
presence of diagnosed tumour could be an indicator of pancreatic NEN, and decreased PP

after treatment is consider a useful prognostic biomarker (71).

Serotonin

5-HT is produced and secreted by EC cell, especially in the small intestine, to regulate GI
motility. Because serotonin is fully metabolised by the liver, circulating high levels of this
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monoamine are responsible for carcinoid syndrome symptoms and are predictive of liver
metastasis. 5-Hydroxyindoleacitic acid (5-HIAA) is the main metabolite of 5-HT and can be
measured both in the plasma and urine. Several studies report that in patients bearing midgut
NET, 5-HIAA levels assessment should be consider not only to metastatic disease
identification but also for predicting carcinoid heart disease and risk of a carcinoid crisis

during anaesthesia (71).

Insulin

Insulin is an anabolic hormone secreted by beta cells of the pancreatic islets which function
is to regulate the metabolism of the main types of macronutrients by promoting glucose
absorption from the blood into the liver, fat and skeletal muscle cells. Insulin-secreting
pancratic NETs (pNETs) are also called insulinomas and are diagnosed based on the
overproduction of insulin (hyperinsulinism) which should be diagnosed during confirmed
hypoglycaemia through Whipple’s triad assessment: signs of hypoglycaemia,
simultaneously low glucose plasma levels and glucose homeostasis restored after correction
of the hypoglycaemia. Several studies have reported 100% sensitivity in the detection of
insulinomas after 72-hour of controlled fasting, with most patients fulfilling Whipple’s triad
in the first 48 hours (71).

Glucagon

Just like insulinoma, glucagonoma is the name given to glucagon-secreting NETs. Diagnosis
should be assessed during fasting and values of more than 10-20 times above the upper cut-

off is a clear indication of disease (71).

Bradykinin and the tachykinins

Bradykinin and tachykinins are peptides able to induce a few symptoms of carcinoid
syndrome in midgut NET such as vasodilation, skin flushing and intestinal contraction. The
use of this biomarker adds little value as diagnostic tool alone. The assessment of multiple
tachykinins values has showed a sensitivity of 70% in midgut NETs presenting carcinoid

syndrome (67), however, recent reports are lacking.
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Vasoactive intestinal peptide

Vasoactive intestinal peptide (VIP) is a neuropeptide able to stimulate the contraction of the
enteric smooth muscle cells, the secretion of exocrine pancreas and inhibition of gastric acid
secretion. High levels of VIP cause severe diarrhoea, resulting in acidosis and hypokalaemia

which if often observed in pNET patients (67).

Gastrin

Gastrin is a peptide hormone responsible for gastric acid secretion. High levels of gastrin
may cause the Zollinger—Ellison syndrome, a disorder that results in the excessive secretion
of gastrin, possibly leading to peptic ulcers in the stomach and intestine. Gastrinomas often
localise in the pancreas or duodenum and are characterised by hypersecretion of gastrin. For
diagnosis purposed gastrin should be evaluable alone or in combination with secretin test

during fasting state (67).

Somatostatin

Somatostatin (sst) is a neuropeptide produced mainly in the central nervous system and in
the GI tract. Among its many functions, sst has an overall inhibition effect over the body.
Somatostatinomas often originate in the duodenum or pancreas where it inhibits pancreatic
and GI hormones production. Patient bearing sst-producing NETs can present multisecretory
insufficiency. Sst levels assessment may be a good diagnostic tool when its use is restricted
to NEN of the pancreas and duodenum with symptoms of steatorrhea, cholelithiasis and

diabetes mellitus are present (67).

RNAs

More recently, as a result of the “omics” era, several new potentially predictive/prognostic
biomarkers have been identified, including microRNA (miRNA) and long non-coding RNA
(IncRNA). There is a growing body of studies reporting that the RNA landscape is altered
in NEN. miRNA dysregulation is an accepted hallmark of cancer. As of today, it is known
that there are groups of miRNAs that not only correlate with clinical pathophysiological
features such as staging, progression, prognosis, among others, but also that are specific to

a specific malignancy site. For instance, some authors have reported that upregulation of
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miRNA-7 and miRNA-375 are generic markers for NE cell differentiation, whereas site-
specific NEN such as pNET, lung NEN or small intestine NEN are characterised by different
and more specific miRNA profiling, almost unique to their tumour site (72). Several
miRNAs have been recognised as potentially biomarkers with high sensitivity and specificity
for specific NEN. Notwithstanding its recent discovery, IncRNAs have been extensively
studied in recent years (73). Among pathological IncRNAs’ functions, modulation of the
chromatin, gene expression regulation, and epithelial-to-mesenchymal transition may lead
to tumour development, progression, cell survival and tumorigenesis (74). IncRNAs have
been evaluated in different anatomical NEN sites and just like miRNAs, IncRNAs expression
correlated with NE differentiation and tumour characteristics which could indicate a possible
role for these molecules as biomarkers and/or therapeutic targets in NENs (75). The list of
miRNAs and IncRNAs involved in tumour malignancy, as well as in the development and

progression of NENs is already large and continues to grow.

Genomic biomarkers

Genomic landscape often differs according with the anatomical site of origin, differentiation,
response to therapy, among others. NEN originating in the pancreas may present a different
genomic profile respect to lung NEN. Next Generation Sequencing (NGS) has turned the
tables in the field of biology as DNA sequencing has become an easy and affordable
technique. In the last decades, several studies have reported oncogenic drive mutations in
different malignancies, including NEN (76, 77, 78, 79, 80, 81). Knowledge of the genomic
profile and mutational signatures of a given malignancy may help diagnosis and
management of the disease, including the choice of therapy, metastasis detection and tumour
recurrence. In the era of high throughput sequencing, several mutational profiles have been
reported in recent years. Furthermore, dividing cells normally release cell-free DNA
(cfDNA) fragments into the blood stream. Likewise, tumour cells release circulating tumour
DNA (ctDNA) fragments into the circulation, which may be extracted and sequenced.
CtDNA analysis is also called liquid biopsy. Several studies have attempted to find unique
molecular signatures in specific malignancies by sequencing DNA derived from both solid
and liquid fractions of a tumour. Once a mutational match is found, liquid biopsy may be
used as a diagnostic/prognostic biomarker, giving important information regarding the
location of the malignancy, its tumour burden and patient stratification. Giving that many
NEN are difficult to identify, that metastasis is often present when patients are first
diagnosed and that liquid biopsy is a much less invasive procedure, liquid biopsy strategies
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applied to NEN could be key in their early identification, consequently providing a real-time
monitoring tool that would aid the clinical management of this disease and reduce its burden.
Just like for ctDNA, it is possible to identify circulating tumour transcripts (ctRNA) into the
blood stream. Matched transcriptomes derived from solid and liquid biopsies could allow
the identification of a unique transcriptional profile for a given malignancy. In fact,
transcriptome-based assessment has already proven its efficacy in discriminating some types

of NEN as well as identify the presence metastatic disease (82, 83).

NETest

NETest is a PCR-based 51-marker that analyse NET-specific gene transcripts from liquid
biopsy showing high sensitivity (85-98%) and specificity (93—97%). The 51 transcripts were
identified (Table 8) through computational analysis of 3 microarray datasets including 15
tissue NEN samples, 7 NEN liquid biopsies and 363 adenocarcinomas. The candidate gene
signature was then tested in 130 blood samples and validated in two independent cohorts of
115 and 72 NENs (84). However, a case-control study performed in 140 GEP-NETs and 113
healthy volunteers, has reported much lower specificity of 56%, which is still greater than
testing for CgA alone, but could preclude the use of this test for screening purposes (85).
NETest is the most validated NET-specific biomarkers test applied to liquid biopsy. It shows
important diagnostic features and are a promising tool for NEN management. The test has
proven greater efficacy when compared to assessment of CgA levels in the identification of
GEP-NENSs, lung-NENSs, paragangliomas and pheochromocytomas (86), not only in NEN
diagnosis, but also in the identification of residual disease after surgery, in monitoring

therapeutical efficacy and progression (86, 87).

Table 8 List of NETest 51 marker genes

ID Gene nhame
AKAP8L A kinase (PRKA) anchor protein 8-like
APLP2 amyloid beta (A4) precursor-like protein 2
ARAF v-raf murine sarcoma 3611 viral oncogene homolog
ARHGEF40 Rho guanine nucleotide exchange factor (GEF) 40
ATP6V1H ATPase, H+ transporting, lysosomal 50/57 kDa, V1 subunit H
BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like
BRAF v-raf murine sarcoma viral oncogene homolog B1
C21lorf7 chromosome 21 open reading frame 7
CD59 CD59 molecule, complement regulatory protein
COMMD9 COMM domain containing 9
CTGF connective tissue growth factor
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ENPP4 ectonucleotide pyrophosphatase/phosphodiesterase 4 (putative function)

FAM131A family with sequence similarity 131, member A

FZD7 frizzled homolog 7 (Drosophila)

GLT8D1 glycosyltransferase 8 domain containing 1

HDAC9 histone deacetylase 9

HSF2 heat shock transcription factor 2

KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog

LEO1 replicative senescence down-regulated leol-like protein

MKI67 antigen identified by monoclonal antibody Ki-67

MORF4L2 mortalin factor 4 like 2

NAP1L1 nucleosome assembly protein 1-like 1

NOL3 nucleolar protein 3 (apoptosis repressor with CARD domain)

NUDT3 nudix (nucleoside diphosphatase linked moiety X)-type motif 3

OAZ2 ornithine decarboxylase antizyme 2

PANK2 pantothenate kinase 2

PHF21A PHD finger protein 21A

PKD1 polycystic kidney disease 1 (autosomal dominant)

PLD3 phospholipase D family, member 3

PNMA2 paraneoplastic antigen MA2

PQBP1 polyglutamine binding protein 1

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1

RNF41 ring finger protein 41

RSF1 remodelling and spacing factor 1

RTN2 reticulon 2

SLC18A1 solute carrier family 18 (vesicular monoamine), member 1

SLC18A2 solute carrier family 18 (vesicular monoamine), member 2

SMARCD3 SWI/SNF related, matrix associateq, actin dependent regulator of chromatin,
subfamily d, member 3

SPATA7 spermatogenesis associated 7

SSTR1 somatostatin receptor 1

SSTR3 somatostatin receptor 3

SSTR4 somatostatin receptor 4

SSTR5 somatostatin receptor 5

TECPR2 tectonin beta-propeller repeat containing 2

TPH1 tryptophan hydroxylase 1

TRMT112 tRNA methyltransferase 11-2 homolog (S. cerevisiae); similar to CG12975

VPS13C vacuolar protein sorting 13 homolog C (S. cerevisiae)

WDFY3 WD repeat and FYVE domain containing 3

ZFHX3 zinc finger homeobox 3; hypothetical LOC100132068

ZXDC ZXD family zinc finger C

7773 zinc finger, ZZ-type containing 3

Immune Response Biomarkers

Immunotherapy has dramatically changed the course of several cancer subtypes, including

melanoma, lung cancer, and kidney cancer. Because there is little information regarding
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effective immune markers for NEN, the benefits of this treatment are still meagre. To date,
the most studied biomarkers for immunotherapy response are based on the programmed cell
death protein 1/ligand 1 (PD-1/PD-L1) or on markers of microsatellite instability and
mismatch repair deficiency. Several clinical trials have been and are being conducted. Two
immunotherapeutic agents have been approved by the Food and Drug Administration (FDA)
for the treatment of Merkel cell melanoma (88) and SCLC (89), for instance, however in
general, response rates of immunotherapy in NEN are not that promising. Therefore, finding

effective biomarkers and targets for immunotherapy remain a challenging task.

Neuroendocrine Neoplasms of the Lung

Bronchopulmonary NEN (BP-NEN) arise from pulmonary NE cells (PNEC) sparsely
distributed among epithelial cells in 1:2500 ratio (90). First described in 1954, these are the
first cells to differentiate in the pulmonary epithelium during development until they reach
a peak in neonatal period, remaining throughout life as a viable cell population (91). PNECs
may exist both as solitary cells and as neuroepithelial bodies, which are innervated cluster
of PNECs. The former is distributed in the bronchopulmonary tree, whereas neuroepithelial
bodies occur exclusively within intrapulmonary airways (92). The precise physiological
function of PNEC:s is not entirely known. However, an overexpression of PNECs and their
secretion products are associated with several lung diseases (93). It has been hypothesised
that PNECs respond to environmental stimuli given by aerosolised particles, functioning as
dual neurosensory and endocrine cells (94). Bioproducts secreted by PNECs include

serotonin, calcitonin gene-related peptide (CGRP), and bombesin (GRP).

BP-NEN represent ~30% of all NENs and ~20% of all lung cancers (95), comprising a
heterogeneous population of tumours arising from PNECs (17). Bronchial carcinoid (BC)
account for ~2% of lung primary tumours (with typical to atypical ratio of 10:1), LCNEC
~3%, and SCLC account for ~15%. NECs (LCNEC and SCLC) tend to grow fast and are
more frequently found in smoking individuals (96); BCs are slow growing NETs mostly
occurring in never-smoking persons (97). Whereas decreased cigarette smoking is probably
responsible for the decreased incidence of SCLC in the last few years, BC incidence has
increased probably as a result of several factors including improved radiographic
technology, histological diagnostic tools, as well as to the remarkable efforts in lung cancer

screening programs worldwide.
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NECs and BCs malignancy differences could be explained based on the extent of molecular
alterations found in those lesions (98). In fact, NECs are often affected by chromosomal
alterations including deletions of chromosome 3p, whereas MEN1 mutations are typically
found in BCs. A recent published study by whole-exome sequencing has brought light into
the genetic landscape of BP-NEN and several altered genes have been identified in which
TERT, RB1, MENI correlated with poorer prognosis and KMT2D with longer survival.
Whilst alterations in PI3K/AKT/mTOR pathway were more frequent in NECs than BCs,
which could represent a potential therapeutic target in malignant BP-NEN (99, 100).

Bronchial Carcinoids

Typical and atypical bronchial carcinoids (TC and AC) are well-differentiated NEN of low
and intermediate malignant potential, respectively, accounting for 0.5-2.5% of primary lung
neoplasms (101). Notwithstanding their low- or intermediate malignancy grade, BC are
capable of regional lymph node or distant metastasis, which affects prognosis. In fact, TCs
and ACs metastasise in 5-20% and 30-40%, respectively (97). As a result, delayed diagnosis
increases metastatic disease probability with many patients presenting recurrent disease or
metastases to the liver or bone (Figure 1) (54, 102). Even though there are important clinical
and histological differences between ACs and TCs, little is known about the factors affecting
their prognosis. To date, studies focused on differential genetic and molecular patterns of
BCs are scarce. As a result, accurate predictive markers are still lacking (103) and prognostic
markers able to give accurate information regarding the current landscape of the tumour such
as residual disease, treatment response or recurrence are under intensive investigation (104,

105).

Diagnosis & Management

Depending on the location of primary tumour, tumour stage and clinical presentation, the
diagnosis of BCs may require several diagnostic procedures (clinical, biochemical,
radiological, nuclear medicine or endoscopic procedures). Early-stage disease is often
treated with surgical resection, which, unfortunately, is not always feasible in the presence
of metastatic disease (106). As mentioned above, genetic and molecular profiling of BP-
NEN studies are scarce and biomarkers that may constitute therapeutic targets and have a

predictive/prognostic value in the management of this disease are missing. The WHO
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recommends for the assessment of the immunohistochemical markers CgA, synaptophysin

and CD56 biomarkers to confirm lung NET (107).

Clinical Presentation

There is no difference in gender distribution, ACs and TCs occur equally in male and female,
nor age (108). In general, BCs tend to be asymptomatic, and diagnosis often occur
accidentally during imaging procedures. Symptomatic BC entangle directly the broncho-
pulmonary tree consisting in non-specific tumour-related respiratory symptoms such as
cough, bronchitis, obstructive pneumonia, atelectasis and wheezing (109). however even in
the presence of symptoms diagnosis is often delayed and/or incidental. Approximately 80%
of BC are located in the central airways, whereas ~20% are peripheral and consist of mainly
ACs (110, 111). Unlike GEP-NETS, carcinoid syndrome is very unusual in lung NET. A
recent study reported that 7.6% of patients bearing BC have carcinoid syndrome at diagnosis
(112). Also, functioning BCs are rare but do exist in aggressive carcinoid variants, which

have been associated with Cushing’s syndrome and acromegaly (113, 114).

Imaging procedures

As mentioned previously, BC diagnosis often occur accidentally during imaging procedures,
all of which also play a key role in identifying tumour extent and staging (115).
Approximately 75% of BC pulmonary nodules are detected with X-ray, whilst smaller
lesions may be identified with computed tomography (CT). TCs usually present smooth
edges, are central-located lesions with infrequent nodal involvement, however none of these
radiological features are specific enough to differentiate TCs from ACs (116). Magnetic
resonance imaging (MRI) may help detect bone or liver metastases (117). Several imaging
techniques have been developed based on the overexpression of somatostatin receptors
(SSTR) in NETs, including somatostatin receptor scintigraphy (SRS) and positron emission
tomography (PET) that use radiolabelled sst analogues (SSA) to identify SSTR-expressing
tumours (e.g., *®Ga-DOTATATE, “*G-DOTA-Octreotide) (118). SSTR-based imaging
techniques per se are very dynamic and constantly improving as scientists continue to
research newer SSA with higher affinity for SSTR and ways to reduce radiation dose. SSTR-
based imaging also provides an estimation of receptor density, providing important

information for treatment selection. Further, integration of different imaging procedures
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such as PET/CT scan have been introduced and reported to increase diagnostic capacity

(119).

Given BC preferred central location, bronchoscopy technique is recommended to obtain
preoperative biopsies. In the presence of accessible peripheral carcinoid transthoracic biopsy
could be preferred. Endobronchial endoscopic ultrasonography (bronchoscopy +
ultrasonography) is usually recommended when there is suspicion of lymph node
mediastinal involvement and to exclude lymph node metastasis before surgery. In special
cases when biopsy is not possible, surgery may be indicated upfront in cases of localised and
resectable BC (120). The ENETS released a detailed guidelines for the diagnosis and
management of TCs and ACs, in which they recommend the use of imaging techniques,
histopathologic evaluation, assessment of genetic alteration and biochemical secretions

(Figure 7) (121).

Treatment approaches

Surgery is the gold standard treatment for localised disease with the goal of total resection
of the primary tumour whilst conserving as much as functional lung tissue as possible.
Tumour debulking with a tumour-free resection margin is associated with good prognosis.
The 5-year survival rates for resected TCs and ACs have been reported as 90% and 70%,
respectively (121). The ENETS guidelines recommend lobectomy/segmentectomy and
sampling of a minimum of 6 lymph nodes with lung parenchyma conservative surgery (122).
Adjuvant therapy should be considered for ACs with positive lymph nodes and high
proliferative index, whereas adjuvant therapy is not indicated for TCs given their excellent
prognosis. For those indolent lesions, the ENETS consider watchful waiting approach,
however, SSA have been reported to stabilise tumour progression in 30—70% of patients
with well-differentiated NETs. SSA are also indicated for functional NETs, symptomatic
BC and in SSTR positive status on the PET scan (122). Different trials have assessed SSA
effect in NEN (PROMID, CLARINET, RADIANT 2 and 4). More recently, the randomised
SPINET trial assessed SSA effect in patients with BC. Results were promising, especially
for TC. Reported progression-free survival (PFS) was 21.9 months with SSA lanreotide
against 13.9 months of the placebo arm, whereas AC bearing patients had an inferior increase
in the progression-free survival (PFS) of 13.8 vs. 11 months of the placebo group. Treatment

for metastatic or unresectable BC aims preventing disease progression by controlling
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hormonal activity, extending the OS and maintaining the quality of life. Advanced disease
usually has to be evaluated from a multidisciplinary angle in reference centres; given BC

low incidence not all centres have the expertise to deal with challenging BC.

It is known that PI3K/AKT/mTOR pathway is often found impaired in NENs and will be
discussed further on. In recent years, new therapeutic options for metastatic NENs have
arisen (123, 124, 125). In vitro and in vivo studies have demonstrated that target therapies
directed against growth factor receptors and mammalian target of rapamycin (mTOR) could
be useful in reducing cell viability and improving PFS (126, 127, 128). Studies have
indicated everolimus (eve), the mTOR inhibitor, as a potential anti-tumour agent in
aggressive BC and, in fact, RADIANT-4 clinical trial demonstrated its efficacy in the
treatment of these rare tumours. Eve was approved by the U.S. Food and Drug
Administration (FDA) on 2016 for the treatment of adult patients with progressive, well-
differentiated non-functional GEP-NETs or lung NETs with unresectable, locally advanced,
or metastatic disease (129). However, a number of patients do not benefit from eve treatment

likely due to the development of primary or acquired resistance to this drug (130, 131, 132).

Peptide Receptor Radionuclide Therapy (PRRT) such as '"’Lu-DOTATATE is indicated
for patients with advanced, progressive, and SSTR-positive tumours. PRRT delivers
radiation to cells by using SSA conjugated with a therapeutic radionuclide (e.g.,
Lutetium177, Yttrium-90) (133). There are limited prospective studies on PRRT’s efficacy
in BCs. However, !”’Lu-Dotatate has showed significant efficacy in several retrospective
studies and one prospective, the NETTER-1 trial which included locally advanced or stage
IV midgut NETs. However, !"”’Lu-Dotatate did not improve significantly median OS vs.

high-dose long-acting SSA octreotide (134).

Chemotherapy is usually not recommended in advanced BC due to its limited efficacy in
these lesions, however several cytotoxic chemotherapeutic agents have been employed in
the past (e.g., doxorubicin, carboplatin, cisplatin, temozolomide, among others). High
malignancy BC in which no adjuvant treatment has been effective, platinum-based or a

combination of chemotherapeutic agents could be indicated (100, 133).
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Figure 7
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Note. Diagnostic evaluation/work-up recommendations according to the European Neuroendocrine Tumor
Society guidelines for typical carcinoids (TCs) and atypical carcinoids (ACs). From " Neuroendocrine Tumors of
the Lung: Current Challenges and Advances in the Diagnosis and Management of Well-Differentiated Disease" by Hendifar
A.E.et. al, 2017, Journal of Thoracic Oncology, Volume 12, issue 3. Available under the Creative Commons CC-BY-NC-
ND, Elsevier. NET, neuroendocrine tumor; MEN-1, multiple endocrine neoplasia type 1; PTH, parathyroid hormone; CT,
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hormone-releasing hormone; IGF-1, insulin growth factor 1; MRI, magnetic resonance imaging; EBUS, endobronchial
ultrasonography; PET, positron emission tomography; FDG-PET, fludeoxyglucose F 18 positron emission tomography.

Immunotherapy may possibly represent the future of solid cancer treatment, however there
is still little information. Two trials are currently assessing the role of PD-1 inhibitors
monotherapy, spartalizumab and pembrolizumab in lung NETs patients. More studies are
necessary to evaluate the real efficacy of immunotherapy in BCs as monotherapy or in

combination with other treatment approaches.
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Signalling Pathways

Cell-cycle

The cell cycle is a series of events that cells go through as they grow and divide. It is
regulated by a series of proteins, including cyclins and cyclin-dependent kinases (CDKs).
There are four types of cyclins (A, B, D, and E) that bind to specific CDKs to form
cyclin/CDK complexes. These complexes promote cell cycle progression, with cyclin D
expression increasing in the G1 phase and decreasing in the M phase, while cyclin E, A, and
B expression peak in the G1/S, G2, and G2/M phases, respectively. In addition to their roles
in the cell cycle, these proteins have also been implicated in cancer. Overexpression of cyclin
D1 has been observed in several types of cancer, including breast, ovarian, and lung cancer.
In fact, high levels of cyclin D1 have been associated with a worse prognosis in some types
of cancer (135, 136). Targeting these proteins has shown promising results. For example, the
mTOR inhibitor everolimus has been shown to reduce cyclin D1 expression in certain types
of cancer cells and has been approved for the treatment of neuroendocrine tumours,

including BC (137, 138).

PI3K/Akt/mTOR

The phosphoinositide 3-kinase (PI3K)-Akt/mTOR pathway (Figure 8) is key in regulating
several cellular processes such as survival, proliferation, metabolism, angiogenesis, and cell
motility. In fact, it is found commonly activated in several human cancers (139). Under
physiological conditions, it regulates important metabolic processes in response to growth
factors, cytokines and insulin. Once the PI3K/Akt/mTOR pathway is impaired, cancer cells
reprogram the regulation of the metabolism so as to support the new demands of the aberrant
cancerous cells. For this reason, it has been extensively studied as potential biomarker and
target for treatment in several human cancers, including NEN. As a result, mnTOR inhibitors
such as eve have proven efficacy in the treatment of several tumours, including NEN

(RADIANT-3 and RADIANT-4 clinical trials) (140, 141).

mTOR is a serine—threonine protein kinase that forms part of two complexes as a catalytic
subunit (142). Activation of mTOR occurs via phosphorylation from upstream signalling.
Phosphatidylinositol 3-kinase (PI3K) may be activated by tyrosine kinases receptor, G-

coupled receptors, or Ras proteins. PI3K is the key upstream regulator of mTOR, acting
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through phosphorylation of Akt by converting phosphatidylinositol-4,5-diphosphate (PIP2)
to phosphatidylinositol-3,4,5-triphosphate (PIP3). Akt regulates mTORCI1, among other
downstream proteins, promoting protein synthesis, lipid, nucleotide, and glucose
metabolism and protein turnover (142, 143). Once activated, mTORCI triggers different
effectors, including 4EBP1 (elF4E Binding Protein) and S6K1 (p70S6 Kinase 1), which
enhance cell proliferation, survival, and angiogenesis by regulation of Cyclin D1, Bcl-2, Bcel-
xL, hypoxia-inducible factor-1 (HIF-1) and VEGF. Negative regulation of mTOR occurs
through the tumour suppressor proteins phosphatase and tensin homolog (PTEN) and
tuberous sclerosis complex 1 (TSC1) and 2 (TSC2). When Akt is activated, it phosphorylates
TSC2, inhibiting it and thereby promoting mTOR activation (144), setting in motion a series
of events that stimulate tumorigenesis including increased protein synthesis, cell growth,
proliferation, and angiogenesis. Whilst mMTORC?2 function is not completely stablished, it is
believed to regulated survival and metabolism through signalling originated from different

factors, acting as an upstream Akt regulator, increasing its activity (145).

Rapamycin (and other rapalogs) is an allosteric inhibitor of mTOR. It forms a complex with
the FK-binding protein 12 (FKBP12) which then binds directly to mTORCI, affecting cell
cycle progression, survival, angiogenesis, and metabolism (146). Several rapalogs haven

been developed in last decades, including everolimus.

As previously mentioned, the PI3K/Akt/mTOR pathway is found impaired in several human
cancer, including NENs. There are different players involved in the regulation of
PI3K/mTOR signalling that can lead to uncontrolled cell growth, survival, etc. Mutations in
one of these players may constitutively activate PI3K/mTOR signalling. Different mutations
have been described in NEN patients including somatic mutations in the PI3K gene, loss of
function of the tumour suppressors PTEN and TSC2, as well as overexpression of upstream

tyrosine kinase receptors.

TGF-8

The transforming growth factor beta (TGF-B) pathway plays a crucial role in various
physiological processes, including cell proliferation, differentiation, and apoptosis.
Dysregulation of the TGF-3 pathway has been linked to various diseases, including cancer

(147), fibrosis (148), and autoimmune disorders (149). TGF-p is a multifunctional cytokine
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that is produced by many cell types and is involved in a wide range of biological processes
(150). It 1s activated by the binding of TGF-3 to a complex of receptors on the surface of
target cells, which leads to the activation of downstream signalling pathways (Figure 8).
One of the key functions of the TGF-B pathway is its role in cell proliferation. In normal
physiological conditions, TGF-f acts as a suppressor of cell proliferation (151), but in certain
pathological conditions it can activate and promote cell growth and survival (152). In fact,
TGF-B has been shown to play a role in the development and progression of various types
of cancer, including breast, lung, and colorectal cancer, whereas its inhibition has been

shown to reduce the growth and progression of cancer (153).

TGF-B may elicit the activation of different pathways that have been described as canonical
and non-canonical pathways, which then modulate gene expression and cellular behaviour
(147, 150) (Figure 8). The canonical pathway, also known as the Smad pathway, is activated
by the binding of TGF-f to the type I (TGFBRI) and type II (TGFBRII) receptors on the cell
surface. This leads to the phosphorylation and activation of the Smad proteins, which then
translocate to the nucleus and modulate gene expression. The canonical pathway has been
reported to be involved in many pathophysiological processes, including cell proliferation,
differentiation, and apoptosis (150, 154). The non-canonical pathway, on the other hand,
leads to the activation of various signalling pathways, including the MAPK pathway, the
PI3K-Akt pathway, and the Rho-associated protein kinase (ROCK) pathway. The non-
canonical pathway has been reported to be involved in processes such as cell migration,

extracellular matrix remodelling and epithelial-mesenchymal transition (EMT) (154, 155).

EMT is a process by which epithelial cells, which are typically polarized and attached to a
basement membrane, undergo a series of changes to become mesenchymal cells, which have
a fibroblastic and migratory phenotype (156). EMT is important in various
pathophysiological processes, including embryonic development, tissue repair, and cancer
metastasis. In cancer, EMT can allow tumour cells to become more invasive and migrate to
other tissues, leading to the formation of distant metastases (156). TGF-3 has been shown to
promote EMT by downregulating the expression of epithelial markers, such as E-cadherin,
and upregulating the expression of mesenchymal markers, such as vimentin and N-cadherin.
TGF-B can promote EMT through the activation of the non-canonical pathway, which leads
to the activation of various signalling pathways, including the PI3K/Akt/mTOR pathway

(157). TGF-P inhibition has been shown to hinder the metastatic potential of cancer cells.
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Hence, understanding the role of TGF-B in EMT and its role in disease is therefore of great
importance in the fields of biology and medicine. Given the diverse functions elicit by TGF-
B, targeting its pathways has been a promising therapeutic strategy (158, 159, 160, 161).
There are currently several drugs, including monoclonal antibodies and small molecule
inhibitors that have shown promising results in preclinical and clinical studies, but further

research is needed to fully understand their mechanisms of action and potential side effects.

PI13K/mTOR & TGF-B Crosstalk

There is evidence of crosstalk between the PI3K/Akt/mTOR pathway and TGF-beta pathway
in cancer, with both pathways influencing each other's activity (157, 162, 163, 164). In
cancer cells, the PI3K/Akt/mTOR pathway and TGF-B cooperate to control EMT, cell
migration, metastasis, and cell differentiation (157, 165). The PI3K/Akt/mTOR pathway
plays an important role in the modulation of TGF-B-induced activation of various EMT
responses, and inhibition of PI3K/Akt/mTOR by pharmacological inhibitors has been
reported to abolish TGF-B-induced EMT and cell migration (165). Also, TGF-$ has been
reported to induce the phosphorylation of Akt in a Smad-independent manner, resulting in
the activation of PI3K/Akt/mTOR signalling (157). TGFBRI may play an important role in
the crosstalk between the two pathways since its inhibition has been reported to prevent Akt
phosphorylation by TGF-B (162). Moreover, effectors of Akt, including P70S6K, the 4E-
BP1, and mTOR, were found to be activated in a Smad-independent manner by TGF-3 (157).

Understanding the crosstalk between the PI3K/mTOR pathway and TGF- pathway in
cancer and how it is regulated has the potential to lead to the development of new therapeutic
strategies for the treatment of cancer, including NEN. Further research into these pathways
may also provide insights into the mechanisms of cancer progression and may lead to the

identification of new biomarkers for the diagnosis and prognosis of cancer.

AIMS

Previous studies and clinical trials have reported that the mTOR inhibitor eve may reduce
malignancy features and improve the PFS in patients with progressive lung or GI
neuroendocrine tumours (126, 140, 166). However, TBC have shown reduced sensibility to

mTOR inhibitors respect to ABC (126), notwithstanding its less aggressive behaviour. It is
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not uncommon for cancer cells that are more aggressive or have a higher degree of
malignancy to be more resistant to treatment than less aggressive cancer cells. This can be
due to a variety of factors, such as the presence of genetic mutations that allow the cancer
cells to evade the effects of treatment or the ability of the cancer cells to repair DNA damage
caused by treatment. In the case of BC, it is not fully understood why TBC (which are
generally less aggressive and have a better prognosis) may be more resistant to treatment
than ABC (which tend to be more aggressive and have a worse prognosis). Further research
is needed to understand the underlying mechanisms that contribute to the differential

sensitivity of these two types of lung NET to treatment.

It is possible that the crosstalk between the TGF- and the PI3K/Akt/mTOR pathway may
contribute to the differential sensitivity of BC to treatment. TGF-f has been shown to
activate the mTOR pathway and induce EMT in other types of cancer, and it is possible that
a similar process may occur in BC. Understanding the mechanisms underlying this crosstalk
may help to identify new therapeutic targets for the treatment of particularly malignant BC
that are resistant to treatment. This information could potentially be used to develop new
treatment strategies or to identify which patients are likely to benefit from treatment with

mTOR inhibitors or other combined therapies.

Figure 8
Simplified depiction of the PI3K/Akt/mTOR and TGF-B pathways crosstalk.
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MATERIALS & METHODS

Drugs & Reagents

Dinaciclib and TGF-B were purchased from Selleckchem (TX, USA) and Prepotech (Rocky
Hill, NJ, USA), respectively. IGF-1 (insulin-like growth factor 1), Paclitaxel, Chloroquine,
TGF-B’s inhibitors GW788388 and LY2109761 were purchased from Sigma Aldrich
(Milan, Italy). Everolimus was provided by Novartis Pharma (Basel, Switzerland). RIPA
buffer and Protease and Phosphatase Inhibitor Cocktail were from Thermo Fisher Scientific
(Milan, Italy). The list of antibodies used are shown in Table 9 List of primary antibodies.
Cell media was from (Euroclone, Milano, IT). All other reagents, if not otherwise specified

were purchased from Sigma (Milan, Italy).

Cell culture

Cell lines were purchased from the American Type Culture Collection (Manassas, VA,
USA). The TBC-derived NCI-H727 was cultured and maintained in RPMI 1640 medium
supplemented with 10% of foetal bovine serum (FBS), whereas the ABC-derived NCI-H720
cell line was cultured and maintained in DMEM-F12 supplemented with 0.005 mg/ml
insulin, 0.01 mg/ml transferrin, 30nM sodium selenite, 10 nM hydrocortisone, 10 nM beta-
oestradiol, final concentration of 4.5mM L-glutamine (for final conc. of 4.5 mM) and 5%
FBS. Both cell lines were routinely tested for mycoplasma contamination by PCR. Cell

doubling time was applied to estimate cell population growth.

Cell viability

Cell viability was assessed with the CellTiter Glo® Luminescent Cell Viability Assay from
Promega and luminescence was measured with the EnVisionTM 2104 Multilabel Reader
(Perkin-Elmer). The CellTiter-Glo® Luminescent Cell Viability Assay is a homogeneous
method to determine the number of viable cells in culture based on quantitation of the ATP
present, which signals the presence of metabolically active cells and is directly proportional
to the cells number present in the culture. The Assay relies on the properties of a proprietary
thermostable luciferase (Ultra-Glo™ Recombinant Luciferase), which generates a stable
“glow-type” luminescent signal after a specific reaction, as shown in Figure 18, with a

consequent light emission. This assay is a homogeneous method to determine the number of
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viable cells in culture and is based on ATP quantitation present in the well. ATP is
considered as a signal of metabolically active cells and can therefore represent a good
indicator for viability assessment. The assay relies on the properties of a proprietary
thermostable luciferase that, in presence of its substrates, generates a stable “glow-type”
luminescent signal. Light emission can be measured with a luminometer, and, in this setting,
it is directly proportional to the amount of ATP inside the well and, therefore, to viable cells.
The detailed process is indicated in figure 8. This assay was used to analyse variation in cell

viability in both the second and the third part of the study.

Briefly, NCI-H727 and NCI-H720 were seeded at 3 and 5 x 10* cells/well, respectively, in
96-well black plates in complete medium. Cells were synchronized by overnight incubation
in 0% FBS medium. The day after, cells were treated with TGF-B, eve, GW788388,
LY2109761, IGF-1 and paclitaxel, alone or combined. After 24- or 48-hours cell viability
assay was assessed adding substrate solution directly to cell culture plates. Results are
expressed as mean value + standard error of the mean (S.E.M) percent RLU vs. untreated

control cells in tree replicates.

Caspase activation

Caspase 3/7 activity was performed by using Caspase-Glo 3/7 assay (Promega, Milano, IT)
according to the manufacturer’s instructions. Luminescence was measured with the
EnVisionTM 2104 Multilabel Reader Multilabel Counter (Perkin-Elmer) and expressed as
relative light units (RLU). The Caspase-Glo® 3/7 Assay is a homogeneous, luminescent
assay that measures caspase-3 and -7 activities. These members of the cysteine aspartic acid-
specific protease (caspase) family play key effector roles in apoptosis in mammalian cells.
The Caspase-Glo® 3/7 Assay relies on the properties of a proprietary thermostable luciferase
(Ultra-GloTM Recombinant Luciferase), which is formulated to generate a stable “glow-
type” luminescent signal, after cell lysis and caspase cleavage of the substrate, Figure 19;
luminescence is proportional to the amount of caspase activity present. Caspase activation
was evaluated by using the Caspase-Glo 3/7 assay (Promega, Milano, Italy) according to the
manufacturer’s instructions, as previously described (167). Luminescent signal was
measured with the EnVisionTM 2104 Multilabel Reader and expressed as RLU. Results are

expressed as mean value + S.E.M percent RLU vs. untreated control cells in six replicates.
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Briefly, cells were seeded and treated as previously described for the CellTiter-Glo®
Luminescent Cell Viability Assay. Results are expressed as mean value + SEM percent RLU

vs. control cells in three replicates.

Migration capacity assay

Wound healing technique was performed to analyse the capacity of cell lines to migrate.
NCI-H727 cells were plated in 12-well plates at 3x10° cell/well density. When confluence
was reached, cells were serum starved for 1 hour. A wound was made in the centre of each
well using a 100 pl sterile pipette tip. Cells were rinsed with PBS to remove detached cells
and then treated with serum-free medium supplemented with corresponding treatments (eve,
TGF-B, IGF-1, paclitaxel, GW788388, LY2109761). Images were taken as random
triplicates per well at baseline and after 24 hours of incubation with each of the treatments.
The healing of each wound was then analysed and calculated as the area recovered by cells
due to migration compared to baseline image using ImagelJ software (168). Experiments

were performed at least four times.

Protein isolation

For protein isolation from human frozen tissues, lysates were obtained by using Tissue
Raptor (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Protein
derived from line cell cultures were obtained after seeding in 12-well plates of NCI-H727
and NCI-H720 cells at 3x10°> and 5 x10° cells/well, respectively. Human cell lines and
human tissues were lysed in RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA)
with 1X Halt™ Protease and Phosphatase Inhibitor Cocktail according with manufactures
protocols, kept in ice for 30 minutes, then sonicated and centrifuged at 13,000 rpm for 30
minutes at 4°C. The supernatant was then transferred to a new tube and protein concentration
was measured by the BCA Protein Assay kit (Thermo Fisher Scientific). The BCA assay is
based on the colorimetric reaction between bicinchoninic acid and copper ions (Cu+) from
the copper sulphate which is reduced by the binding of proteins present in the sample. The
change of colour from green to purple is proportional to the amount of protein present,
followed by reading at a wavelength of 562 nm at the Envision 2104 Multilabel
Spectrophotometer (Perkin Elmer, Monza, Italy).
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Western blot analysis

Protein levels were analysed by western blot (WB). NEN cells were seeded at 3x10° (NCI-
H727) and 5 x10° (NCI-H720) cells/well, respectively and serum starved for 24 hours after
70% confluence was reached. Cells were then treated with same compounds as previously
described. Total protein collected from fresh tissue were lysed and quantified. Total protein
obtained from cell line was lysed after 24- and 48 hours or time-coursed at 0, 3, 6, 9, 12, 18,
24, 36 hours of treatment to access cell cycle proteins. 30ug of protein were prepared with
laemmli buffer (62,5 mM Tris-HCI (pH 6.8), 25% glycerol, 2.1% sodium dodecyl sulphate,
0.01% bromophenol blue, DTT) in 1:1 ratio, boiled at 90°C for 5 minutes and loaded in 12
or 15% acrylamide gel. Proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane (Millipore, Darmstadt, Germany). Membranes were blocked for an
hour with 5% non-fat milk dissolved in Tris-buffer saline and 0.05% Tween 20 (TTBS).
Membranes were then incubated in agitation with primary antibodies (Table 9) overnight in
4°C chamber. The next day, membranes were washed 3 times with TTBS and incubated with
horseradish peroxidase-conjugated goat anti-rabbit or mouse IgG secondary antibody at half
the concentration of primary antibody for 1 hour. Membranes were again washed 3 times
with TTBS and biding of antibodies was revealed by enhanced chemiluminescence using
the Azure c300 (Azure Biosystems, Dublin, CA, USA). Analyses were carried out using
densiometric analysis with ImageJ software (168) and relative protein expression was

normalised against housekeeping protein GAPDH.

Table 9 List of primary antibodies

Primary Ab Reference Molecular Weight (kDa) Source Concentration
Caspase 3 Cell Signaling #9662 35 Rabbit 1:1000
TGF-B Cell Signaling #3709 12, 45-60 Rabbit 1:500
TGFBRI Cell Signaling #3712 52 Rabbit 1:1000
TGFBRII Cell Signaling #11888 70-80 Rabbit 1:1000
SMAD2/3 Cell Signaling #8685 52, 60 Rabbit 1:1000
SMAD4 Cell Signaling #38454 70 Rabbit 1:1000
SMAD6 Invitrogen MA5-15687 53 Mouse 1:1000
N-cadherin Cell Signaling #14215 140 Mouse 1:1000
E-cadherin abcam ab1416 110 Mouse 1:1000
Cyclin D1 abcam ab74646 33 Mouse 1:1000
Cyclin E1 Cell Signaling #4129 48-56 Mouse 1:1000
CDK4 abcam ab3112 34 Mouse 1:1000
CDK2 Cell Signaling #2546 33 Rabbit 1:1000
LC3 abcam ab48394 15 Rabbit 1:1000
GAPDH Cell Signaling #8884 37 Rabbit 1:1000
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Statistical analysis

All analyses were assessed using GraphPad Prism 6.01 (GraphPad Software, La Jolla, CA,
USA). Cell viability, caspase activation, migration quantification and western blot analyses
were analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. Cell cycle
proteins before and after treatment conditions were analysed by calculating the differences

between the area under the curve (AUC) of each condition using the following equation: z =

|AUC; —AUG,|

2 2
JSEAU61+SEAUC2

. The two-tailed p-value was calculated with the following Microsoft Excel

function p = 2x(1 — DISTRIB.NORM.ST(z)). All data were obtained from at least three
independent experiments from different cellular passages and expressed as mean + SEM. p-

values smaller than 0.05 were considered statistically significant and represented as p <0.05

(*), p < 0.01 (*%), p < 0.001(***), p < 0.0001 (¥***).

RESULTS

TBC vs. ABC cell-cycle protein profile

Previous studies by Gagliano et. al reported that two mTOR inhibitors, including eve,
influenced cell-cycle progression by inducing a delay in the G1 phase only in the ABC cell
line NCI-H720. The Authors also report that both inhibitors decreased cyclin D1 expression
especially in the ABC cell line. However, the measurement was performed at a single time
point and did not include other cell-cycle proteins that could allow further characterisation
of resistant BC. To understand if there were differences in the expression of cell-cycle
proteins in TBC vs. ABC and evaluate eve effects, the levels of cyclin D1, cyclin E, CDK4
and CDK2 were assessed by WB. Protein levels were evaluated after 24h hour starvation at
baseline and after treatment with eve at 0, 3, 6, 9, 12, 18, 24, 36h. As shown in Figure 9
cell-cycle proteins are differentially expressed in BC cells. Precisely, cyclin D1 is expressed
almost 2-fold more in TBC vs. ABC (p=0,0004), whereas CDK4 is >3-fold more expressed
in ABC (p=0,026). Moreover, the effect of eve on reducing cyclin D1 expression in the TBC
cell line NCI-H727 was relatively moderate compared to the effect observed in ABC cells,
whereas cyclin E expression was reduced by treatment with eve only in the ABC cell line

(AUCs comparison in Table 10, Figure 10 and Figure 11).
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Increased expression of the canonical TGF- signalling in typical carcinoids

Total proteins were extracted and analysed by WB from tissue samples of 4 TBC and 3 ABC.
GAPDH was used as loading control. The levels of almost all the analysed proteins were
found to be higher in TBC compared to ABC (Figure 12). The mean differences (= S.E.M.)
between TBC and ABC were as follow: TGF- (135,5 = 30,30, p=0.003), TGFBRI (22,49 +
3,020, p=0.0003), TGFBRII (40,57 + 15,34, p=0.01), SMAD 2/3 (310,4 + 54,31, p=0.0006),
SMAD 4 (87,92 + 16,99, p=0.003) and SMAD 6 (35,61 + 48,59, p=non-significant (ns)).

TGF-B increases cell malignancy features in typical carcinoids

In order to further explore the differences found in the TGF-f/Smad signalling, BC cells
were treated with eve and/or TGF-f and cell viability, caspase activation, apoptosis, and cell
migration were assessed. IGF-1 and paclitaxel (pac) were used as positive and negative

control, respectively.

Cell migration was assessed through the wound healing assay as previously described.

Cells were treated with eve and/or TGF-B, whereas IGF-1 and paclitaxel pac were used as
positive and negative control to migration, respectively (Figure 13A). As shown in Figure
13B, eve treatment had no significant effect in TBC cell migration. On the other hand, TGF-
B increased cell migration in TBC by 40% vs. untreated cells (p=0.002), whereas combined
treatment with eve abrogated TGF-f effect by 27,85% vs. untreated cells (p=0.002) and by
68,36% vs. TGF-f treatment alone (p= <0,0001). Moreover, combined treatment of TGF-f
and pac significantly increased migration by >50% vs. pac treatment alone (p=0.03) (Figure
13C), indicating that TGF-3 was responsible for the observed increased migration in these

cells, whereas combination with IGF-1 had no further effect vs. IGF-1 treatment alone.

EMT marker N-cadherin is more expressed in typical carcinoids

One of the primary ways in which TGF-f contribute to disease is through their involvement
in EMT. EMT is a process that occurs during development and tissue repair in which cells
of epithelial origin lose their cell-cell adhesions and become more mesenchymal in nature.
During EMT, TGF-B can stimulate the expression of N-cadherin and other mesenchymal
markers, leading to the acquisition of a more mesenchymal phenotype by epithelial cells. In

fact, N-cadherin has been shown to promote the migration and invasion of cancer cells and
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to be associated with a poor prognosis in several types of cancer. Therefore, we assessed the
levels of E- and N-cadherin in TBC and ABC derived from fresh tissue and cell lines (Figure
14). Interestingly, N-cadherin expression was higher in NCI-H727 vs. NCI-H720 cells
(p=0.009), whereas there were no significant differences in BC derived from fresh tissue
samples. Treatment with eve, TGF- and the combination of both further increased N-
cadherin expression in the TBC NCI-H727 cell line but not in NCI-H720 (Figure 14E/G
and Figure 15) by 45 (0.05), 137 (p<0,0001) and 79% (p=0,002), respectively. On the
contrary, eve treatment increased the epithelial marker E-cadherin in the ABC cell line NCI-
H720 by 80% vs. control (p=0.004) whereas combined treatment with TGF- increased N-
cadherin marker by 33% vs. control (p=0.02) (Figure 14F/G and Figure 15).

Figure 9
Cell-cycle proteins profile in TBC vs. ABC at baseline
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Figure 10

Time course of cell cycle proteins in NCI-H727 cells
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Figure 11
Time course of cell cycle proteins in NCI-H720 cells
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experiments. E-H) Violin plots of the global differences of the expression profile in untreated (BLACK) vs. eve treated

(RED) cells. in NCI-H720.

Table 10 Area under the curve of time course of cell cycle proteins in TBC and ABC cell

lines
NCI-H727 AUC1 AUC 2 z p-value
Untreated eve
Cyclin D1 4204 3353 2,12 0,03
Cyclin E 4225 3625 0,91 0,36
CDK4 5271 4699 1,28 0,20
CDK2 4361 3982 0,91 0,36
NCI-H720
Cyclin D1 3959 2368 2,89 0,004
CyclinE 4557 1909 4,80 <0,0001
CDK4 3698 3971 0,54 0,59
CDK2 2917 3287 1,06 0,29
Figure 12
Basal levels of TGF-f pathway’s proteins in bronchial carcinoids fresh tissue.
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Figure 13
TGF-f-induced migration in atypical carcinoids.
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Cell viability, caspase activation and apoptosis were next assessed to verify if TBC

and ABC cell lines presented different functional responses to treatment with eve and/or
TGF-B. Though eve had little effect in the viability of the TBC cell line (~7% reduction vs.
control, p=0.05), it decreased the cell viability of ABC cells by ~20% (p=0.01) (Figure 16A
and D). TGF-B, in contrast, increased the activation of caspase 3/7 in the TBC cell line by
~15% vs. untreated control cells (p=0.002) (Figure 16B and E), but not in ABC cells.
Interestingly, caspase activation in TBC cells was not accompanied by apoptosis as cell
viability was not modified by TGF-B (Figure 16C), indicating that caspase might be playing
a non-canonical role in this setting. In fact, the levels of the caspase 3 protein were higher in
TBC vs. ABC, although this difference was only statistically significant when the analysis

was done on BC cell lines (28,49% £ 9,225, p=0.03) and not on fresh tissue (Figure 16G/H).
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Inhibition of mTOR and TGF-P signalling reduce TBC malignancy features

To understand if the concomitant inhibition of mTOR and TGF- signalling could be of
interest in the treatment of resistant BC, the TBC cell line was treated with eve alone or
combined with LY2109761 and GW788388, both inhibitors of TGF- receptor I and II, and
cell migration (Figure 17A/B), cell viability (Figure 17C) and apoptosis (Figure 17E) were
evaluated. LY2109761 is a dual inhibitor of TGFBRI/II with Ki of 38 nM and 300 nM,
respectively, and it has been studied as a potential treatment for various diseases, including
cancer, fibrosis, and autoimmune disorders. GW788388 is potent and selective inhibitor of
TGFBRI with Ki of 18 nM, but also inhibits activin type II receptor. It has been shown to
inhibit the growth of cancer cells and reduce fibrosis in animal models. As shown in Figure
17, GW788388 treatment alone increased cell migration by >40% vs. control (p<0,0001)
and cell viability by ~29% (p=0.003) which is a strong indicator that GW788388 is not
suitable for the purpose of ameliorating advanced BC disease. However, both inhibitors
significantly reduced cell migration in combination with eve without causing any significant
impact on cell viability: GW788388 by 31% (p= 0,0084) and LY2109761 by 24% (p=
0,0009). Even more interesting is the combination of both inhibitors with eve which caused
a reduction in cell migration of >40% vs. control (p<0,0001) accompanied by cell viability
reduction of ~28% vs. control (p= 0,006) and ~24% more apoptosis vs. eve treatment alone

(p=0.04).
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Figure 14
E- and N-cadherins expression in bronchial carcinoids
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Note. A-C) E- and N-cadherin expression profile in NCI-H727 (A), NCI-H720 (B) and BC fresh tissues (C, only E-
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Figure 15
N-cadherin expression in BC cell lines after treatment with everolimus and/or TGF-f
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Figure 16
TBC and ABC functional responses to treatment and Caspase 3 expression
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Note. A-C) Cell viability (A), caspase 3/7 activation (B) and apoptosis measured as ratio of caspase activation over cell
viability (C) in the TBC cell line NCI-H727. D-F) Same as A-C in the ABC cell line NCI-H720. Data are expressed as the
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HK=housekeeping GAPDH; 1= lane for NCI-H727, T=typical carcinoids, 2= lane for NCI-H720, A= atypical carcinoids.

52



Figure 17

PI3K/mTOR and TGF-B pathway inhibition reduce malignancy features in typical

carcinoids
A)
Everolimus + - + + +
LY2109761 - + - + +
GW788388 - - + - +

Oh

24h

% of recovered wound vs. control

=)

150

% caspase acivity vs. control

Cell migration

NCI-H727 caspase 3/7 activity

% cell viability vs. control

% apoptosis acivity vs. control

C)
150
100

50

E)

150
100

50

NCI-H727 cell viability

Apoptosis NCI-H727

*

—

Control

eve

GW788388

LY2109761

eve+GW788388
eve+LY2109761
eve+lLY2109761+GW788388

Note. NCI-H727 Cells were treated with TGF-f receptors inhibitors LY2109761 and GW788388 alone or combined with
everolimus. A) Cell migration (scratch wound healing assay). Representative images are shown from three independent
experiments. The black area (=wound area) was quantified with ImagelJ at baseline and after 24h. B) Quantification of the
recovered area of the wound vs. control. C) Percentage of cell viability vs. untreated control cells. D) Percentage of caspase
activity vs. untreated control cells and E) percentage of apoptosis calculated as the ratio of caspase activity over cell
viability. Data are expressed as the mean + S.E.M. percent of specific assay vs. untreated control cells.

53



CONCLUSIONS

Bronchial Carcinoids are a rare type of NET which often follow an indolent course, meaning
they grow slowly and may not cause symptoms for many years. However, in advanced
disease, BC can be very aggressive and difficult to treat. Resistant BC are a significant
clinical problem because they are often associated with a poor prognosis and limited
treatment options. Advanced disease in BC refers to BC that has spread beyond the primary
site, meaning tumour debulking is unlikely. Treatment options for advanced BC may include
chemotherapy, radiation therapy, targeted therapy, and surgery. Notwithstanding an overall
improvement in the survival rates of NEN, lung NEN had one of the smallest improvements,

probably due the fact that an adequate therapy is still missing (50).

TBC tends to have a more favourable prognosis and is typically treated with surgery, while
ABC may require additional treatments such as chemotherapy or radiation. Despite the
generally less aggressive nature of TBC compared to ABC, some studies have found that
TBC cells are more resistant to treatment, including the mTOR inhibitor eve. Understanding
the molecular mechanisms underlying resistance in BC is crucial for the development of
targeted therapies that can effectively treat these tumours. Therefore, chapter one of the
present assay aimed to identify if there were different expression profiles in BC that could
explain the distinct functional responses found in these carcinoids. Resistance to treatment
can be caused by various factors, including the overexpression of proteins that promote cell
growth and survival, such as cyclins and CDKs, and the activation of signalling pathways
that are able to drive tumour progression, such as the TGF-f/Smad and the PI3K/mTOR
pathway. In this setting, we have evaluated different proteins and signalling pathways that

are involved in the growth and proliferation of cancer cells.

It is well established that cyclin D1 is often overexpressed in various types of tumours,
including breast, ovarian, and colorectal cancers (135, 169, 170, 171). This overexpression
can contribute to the development of cancer by promoting cell cycle progression and
inhibiting cell death. The levels of cyclin D1, cyclin E, CDK4 and CDK2 were assessed by
WB after treatment with eve at different time points. The protein levels were quantified and
the resulting AUCs were calculated to determine if there were differences between the
typical and atypical carcinoid cell lines in terms of protein levels and response to eve
treatment. In our study, TBC cells expressed higher basal levels of cyclin D1 and were less
sensitive to the effects of eve treatment compared to ABC cells, which express higher levels
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of CDK4. Results on cyclin D1 overexpression are in line with previous report regarding
cyclin D1 overexpression and aberrant Rb pathway in TBC cells (172). The fact that TBC
cells have higher levels of cyclin D1 may be relevant in terms of the resistant phenotype that
has been observed in these cells, which could potentially benefit from targeted therapies that
are tailored to the specific molecular characteristics of each type of carcinoid (i.e., CDK

inhibitors such as dinaciclib).

Previous studies have also reported a possible crosstalk between TGF-f signalling and the
PI3K/mTOR pathway in cancer progression (165, 173). Preliminary studies have reported a
differential TGF-f signalling in BC cells lines. Therefore, we continued the analysis by
verifying if TBC and ABC from fresh tissue presented similar differences. We have found
that the canonical TGF-B/Smad pathway is much more expressed in TBC than ABC, making
this pathway an interest target for advanced BC. TGF-f regulates several cellular processes,
including cell growth, differentiation, and apoptosis. The TGF-B/Smad is a signalling
pathway that is activated by TGF-f and involves the phosphorylation and activation of
transcription factors called Smads. TGF-B can stimulate the expression of mesenchymal
markers, such as N-cadherin, and lead to the acquisition of a more mesenchymal phenotype
by epithelial cells through EMT. N-cadherin is a protein that is involved in cell-cell adhesion
and is upregulated during EMT. High levels of N-cadherin have been associated with
increased migration and invasion of cancer cells and a poor prognosis in several types of
cancer. We have found that TBC cells have higher expression of proteins involved in the
TGF-B/SMAD pathway, and treatment with TGF-3 promotes the migration of TBC cells, an
effect that is abrogated by treatment with eve. Moreover, TBC cells also present higher basal
levels of N-cadherin, a known marker of EMT, which expression is further induced by TGF-
B or combined treatment with eve. Interestingly, we have also found an overexpression of
procaspase 3 in TBC vs. ABC, as well as a major caspase activation following TGF-3
treatment in these cells, which could indicate a non-canonical role for caspase in TBC. In
fact, in addition to their role in apoptosis, caspases have also been shown to play non-
canonical roles in cancer, including the regulation of migration, invasion and metastasis

(174).

Given the above results, TGF- signalling could be participating in the resistant phenotype
found in some TBC through activation of caspase 3 and induction of EMT. Therefore, we

assessed the concomitant inhibition of the PI3K/mTOR and TGF-f3 pathways, which may be
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a promising approach for increasing the PFS of patients with advanced BC. TBC cells were
treated with eve alone or in combination with inhibitors of the TGF-B receptor 1 and II
(LY2109761 and GW788388). We found that treatment with GW788388 alone increased
cell migration and viability, indicating that it is not suitable for the treatment of these
neoplasms. However, both LY2109761 and GW788388 significantly reduced cell migration
in combination with eve, and the combination of both inhibitors with eve caused a further
reduction in cell migration and in cell viability, which was also associated with increased
apoptosis vs. eve treatment alone. These results suggest that the concomitant inhibition of
the PI3K/mTOR and TGF-B pathways may be an effective strategy for reducing the
malignancy of TBC cells in terms of invasiveness, thereby improving the prognosis and PFS

of patients with advanced disease.

In summary, TBC are often slow-growing and may not cause any symptoms in the early
stages. However, when they do spread, they can be difficult to treat, as they can spread to
virtually any part of the body. Carcinoid tumours are usually treated with surgery to remove
the tumour, but if the tumour is inoperable or resistant to treatment, it can be difficult to
manage. Finding new treatments and management strategies for inoperable or treatment-
resistant TBC is therefore of great importance. TBC and ABC differ in their expression of
cell-cycle proteins and signalling pathways, with TBC exhibiting higher levels of certain
proteins and a more pronounced response to TGF-B. These differences may contribute to the
observed resistance of TBC to treatment with eve and suggest the need for alternative
therapeutic approaches for this subtype of BC. Targeting simultaneously PI3K/mTOR and
TGF-p pathways, as shown herein, could increase the PFS in patients with advanced typical

carcinoids for whom there are no other treatment options.
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CHAPTER 2
COMPOUND 5 MECHANISM OF ACTION

INTRODUCTION

Normal cells are in constant equilibrium between cell growth, differentiation, and
programmed cell death (apoptosis). Many pathways are involved in maintaining such
equilibrium and when the balance is disturbed, abnormal cellular accumulations may result
(175). Tumour cells can acquire capabilities that allow them to grow under suboptimal
conditions and escape from cell growth control and pro-apoptotic signals. Mutations in the
pathway of apoptotic signal transduction may cause tumour development, metastatic
progression, and resistance to cell death stimuli, giving tumour cells the ability to resist
chemotherapy treatments (176). Two major intracellular caspase cascades (intrinsic and
extrinsic) are responsible for the activation of apoptosis, which are tightly regulated by
different factors, including pro- and anti-apoptotic Bcl-2 family members, inhibitors of
apoptosis proteins (IAP), and several protein kinases (177). The mitochondrial cascade, also
known as the intrinsic pathway of apoptosis, is initiated by release of cytochrome C (cytC)
and other polypeptides from the mitochondrial intermembrane space. The extrinsic pathway
includes signalling through death-receptor pathway and begins with specialised ligand
binding on cell surface. Survival outcome is determined by the balance of interactions
between pro-apoptotic and anti-apoptotic members of the Bcl-2 family. There is a complex
crosstalk between extrinsic and intrinsic pathways, i.e., activators of one may sensitise

activation of the other.

Cancer cell resistance to a variety of structurally and functionally distinct medical treatments
is the primary cause of failure of chemotherapeutic approaches for most human tumours,
especially endocrine-related cancers (178). Mechanisms for chemoresistance may be due to
decrease of active drug concentration owing to activation of membrane transporters or
detoxification mechanisms, defective drug—target interactions and several factors able to
influence cellular response to pro-apoptotic stimuli. Intrinsic mechanisms occur

independently of prior exposure to chemotherapeutic drugs and hamper the efficacy of
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chemotherapy, which is a common phenomenon in endocrine-related cancers. Acquired
chemoresistance, instead, is developed by cancers initially sensitive to chemotherapy,
undergoing selection and overgrowth of drug-resistant cancer cell clones, frequently
occurring in targeted-therapy. Overcoming drug resistance is therefore crucial to understand
the mechanisms participating to the chemoresistance phenotype, in order to identify new

strategies to defeat this ominous phenomenon that causes recurrence, cancer dissemination

and death.

Magmas

Tim16, encoded by the gene Magmas, is an integral constituent of the TIM23 translocase
complex located in the mitochondrial inner membrane (Figure 18). It is highly conserved
and ubiquitously expressed in mammalian cells at different levels, suggesting an important
role in cell viability (179). Tim16 drives proteins from the intermembrane space into the
mitochondrial matrix by functionally interacting with Tim14, another protein participating
in the TIM23 complex. Magmas is involved in the Granulocyte-Macrophage-Colony
Stimulating Factor (GM-CSF) signal transduction, which in turn regulates Magmas mRNA
levels. GM-CSF is one of many growth factors that affect survival, growth and
differentiation of hematopoietic cells. The highest levels of Magmas mRNA were observed
in heart, skeletal muscle, and pituitary gland. Surprisingly, many of the tissues with high
Magmas mRNA levels are not believed to express GM-CSF receptor, suggesting that
Magmas expression is influenced by transduction pathways other than those regulated by
GM-CSF (180). Although its role in cell growth is still unclear, some studies have
highlighted possible correlation between Tim16 overexpression and poor cancer prognosis
(167, 181). Tim16 overexpression has been reported in prostate cancer independently from
the number of mitochondria present (182). An increased expression of Magmas has also
been associated as being part of a poor prognostic gene-expression signature in breast cancer
(183). Its overexpression has also been associated to impaired reactive oxygen species (ROS)
homeostasis by promoting cellular tolerance through: (i) enhancing antioxidant enzyme
activity, which prevents induction of apoptosis, and (ii) enhancing the activity of electron
transport chain complexes, causing reduced ROS production (184). In this settings, previous
studies in our laboratory demonstrated that Tim16 was also overexpressed in pituitary
adenomas (PA) and Magmas silencing was able to sensitise ACTH-secreting mouse PA cell

line (AtT-20 D16v-F2 cells) to pro-apoptotic stimuli (167). Moreover, fluorescence
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microscopy analysis confirmed that Magmas overexpression is confined to the mitochondria
other notwithstanding mitochondrial proteins normal expression levels measured by real
time chain reaction (qQPCR) (167). Magmas silencing also determined a reduced rate of DNA
synthesis, an accumulation in G0/G1 phase with concomitant decrease in S phase.
Interestingly, Magmas-silenced cells displayed basal caspase 3/7 activity and DNA
fragmentation levels similar to control cells, which both increased under pro-apoptotic
stimuli, the hypothesis that Magmas may play a role in tumour development by protecting
neoplastic cells from apoptosis and by promoting cell proliferation. These findings were also
confirmed in rat GH/PRL-secreting PA cell lines. In fact, in this other study, Magmas
overexpression was able to inhibit Staurosporine-induced apoptosis by hampering CytC
release from mitochondria, influencing Bax and Bcl-2 modulation by pro-apoptotic stimuli
(185). Moreover, Magmas overexpression promoted S-phase accumulation in rat cell lines
with concomitant increase in cell proliferation, which was not associated with decreased
basal apoptotic rate, indicating that the protective effects towards apoptosis occur only in the
presence of pro-apoptotic stimuli (167). Together, these studies suggest that Magmas may

be involved in promoting pituitary cell growth through the activation of survival pathways.

Magmas Inhibitor: Compound 5

The evidence that Magmas protein, Tim16, could play a protective role towards pro-
apoptotic stimuli prompted the search for chemical compounds that could effectively reduce
Magmas function. In this setting, small molecules of Magmas inhibitors were synthesised

and tested in Saccharomyces cerevisiae and mice (186), of which one resulted promising (

Figure 19). Starting from this inhibitor, six different compounds were synthesized and their
ability to sensitize chemoresistant cells while lacking cytotoxic activity was tested. Among
these, Compound 5 (Figure 20) was able to enhance the pro-apoptotic effects of
Staurosporine on TT cell line, derived from a chemoresistant human medullary thyroid
carcinoma (MTC), by reducing mitochondrial membrane potential (MMP) activation (187)

while presenting almost noncytotoxic features (188).
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AIMS

There is evidence that: (i) Magmas silencing sensitises cells to pro-apoptotic stimuli,
whereas its overexpression confers resistance to pro-apoptotic stimuli, supporting a role for
this protein in cancer survival and progression; (ii) Magmas overexpression enhances MMP
and prevents the inhibitory effects of Staurosporine on this parameter, indicating that
Magmas is involved in MMP control; (ii1)) Compound 5 reduces MMP in TT cells, providing
support for a mitochondrial involvement in the sensitising effects of Magmas inhibitor. In
view of the above, Compound 5 could aid in sensitising chemoresistant cells to
chemotherapy, however, its mechanism of action is still unknown. Therefore, the aim of the
present study is to identify whether Compound 5 hinders Tim16/Tim14 interaction through

a protein-protein interaction assay.

Figure 18

Mitochondrial TIM23 complex, its substrates and cooperating translocases.
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Note. The TIM23 complex transports precursor proteins with positively charged presequences which are present in
precursor forms of soluble matrix proteins (a), of inner membrane proteins with multiple (b) or single transmembrane
domains (c); a group of inner membrane proteins contain an internal presequence-like element which together with the
transmembrane domain serves as mitochondrial targeting signal (d). OM, outer membrane; IMS, intermembrane space;
IM, inner membrane. From “The many faces of the mitochondrial TIM23 complex” by Mokranjac et. al 2022, (BBA) -
Bioenergetics, Volume 1797, issue 6-7. Copyright 2010, Elsevier.

Figure 19
Model of Magmas inhibitor binding in the Tim14—Timl6 interface pocket
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Note: The predicted Tim14-Tim16 binding pocket surface is colour coded according to protein binding properties (white:
neutral surface; green: hydrophobic surface; red: hydrogen bonding acceptor potential; blue: hydrogen bond donor
potential; brown: magmas inhibitor. From “Design, synthesis, and biological activity of novel Magmas inhibitors” by
Jubinsky et. al 2011, Bioorganic & Medicinal Chemistry Letters, volume 21, issue 11. Copyright © 2011 Elsevier Ltd. All
rights reserved.

Figure 20
Compound 5 chemical formula
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Chemical formula: C,yH;,N;O
Molecular weight: 329,48
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MATERIALS & METHODS

Drugs and reagents

Compound 5, N-carbamidoyl-4-((3-ethyl-2,4,4-trimethylcyclohexyl)methyl)benzamide (
Figure 20), was synthesized by the Department of Chemical and Pharmaceutical Sciences
of the University of Ferrara (Italy). All other reagents, if not otherwise specified were

purchased from Sigma (Milano, IT).

Cell culture

MCF7 cell line (ATCC® HTB-22™) was purchased from the ATCC® and grown in DMEM-
High Glucose (Euroclone, Milano, Italy) supplemented with 10% FBS, 10 U/ml

penicillin/streptomycin and maintained in a sterile incubator at 37°C with 5% COa.

NanoLuc® Binary Technology (NanoBiT)

NanoBiT is a luminescent assay from Promega based on structural complementation of two
reporter system composed of a large bit (LgBiT) subunit and a small bit (SmBiT) subunit.
These NanoBiTs are fused to proteins of interest (POI) in different C- and N-terminal
configurations. In the event of protein-protein interaction in a kinetically favourable
conformation, LgBiT and SmBIT interact to form a functional enzyme that oxidise Nano-

Glo reagent containing furimazine substrate, generating a luminescent signal (Figure 21).

Figure 21
Overview of the protein:protein interaction system

POI 1 + POI 2 - poi1( POI2

Note. Proteins A and B are fused to LgBiT and SmBiT. Interaction of fusion partners leads to structural complementation
of LgBiT with SmBIT, generating a functional enzyme capable of oxidising furimazine substrate. Created with
BioRender.com.
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Vectors, Plasmids & Primers

Plasmids containing Magmas and DNAJC19 genes are described in Figure 22. Tim16 and
Tim14 full length coding sequences were received in pCMV6-Entry and pCMV6-AC-HA
vectors, respectively (Origene: RC202828 and PS100004). Both Tim16 and 14 were amplified
using ad hoc primers following standard cloning protocols to introduce genes of interest (GOI)
into the NanoBiT vectors (Figure 23). Primers sequences used to amplify Tim16 and Tim14
proteins out of their vectors of origin, as well the primers used to sequence the resulting fusion
gene, were designed with Primer3 software, and are represented in Table 11. From 5’ to 3’
primers included six random bases, six bases corresponding to unique restriction enzyme
sequences found in the NanoBiT vectors, ATG start codon sequence for C- terminal NanoBiT
tags, and TCA/TAA stop codons for N- terminal NanoBiT tags and 18-30 bases corresponding
to the specific GOI. PCR products were purified on 1 % agarose gel and bands were extracted
using the QIAquick Gel Extraction Kit (Qiagen) following the manufacturer’s instruction. The
amplified and purified GOI and NanoBiT vector were then digested with the same specific
restriction enzyme (Nhel or Xhol) to allow for the creation of sticky ends in both GOI sequence
and vector, which were later ligated using T4 DNA Ligase (New England Biolabs, Ipswich.
Massachusetts, USA) in a T4 DNA Ligase buffer from same kit and nuclease-free water for one
hour at room temperature. To determine the optimal orientation of the fusion proteins eight

possible combinations of expression constructs were tested.

Table 11 Primers designed to fit the NanoBiT vectors

Primer ID Sequence RE
1) FW-TIM16- Nhel
[ ] e
LgBiT/SmBIT C 5' CCTAAGGCTAGCATGGCCAAGTACCTGGCCCAG 3
2) RV-TIM16- Xhol
LgBit/SmBiT C 5' CTTAGGCTCGAGCCCGTATGGGGCATCTGCC 3 0
3) FW-TIM16- Xhol
LgBiT/SmBIT N 5' CCTAACCTCGAGCGGTGCCAAGTACCTGGCCCAG 3 0
4) RV-TIM16- Nhel
[ ' ($
LeBiT/SmBiT N 5' CCTAGGGCTAGCTCACGTATGGGGCATCTGCC 3
5) FW-TIM14-
. . 5' CCTAACGCTAGCATGGCCAGTACAGTGGTAGCAGTTG 3 Nhel
LgBiT/SmBiT C
6) RV-TIM14-
. . 5" CTTAGGCTCGAGCCTTTTTTAGCTTGACCTTCTAGTAAATCTTT 3' Xhol
LgBit/SmBiT C
7) FW-TIM 14-
LoBi . 5' CCTAACCTCGAGCGGTGCCAGTACAGTGGTAGCAGTTG 3' Xhol
gBiT/SmBiT N

63



8) RV-TIM14-
LoBi . 5' CCTAGGGCTAGCTAATTTTTTAGCTTGACCTTCTAGTAAATCTTT 3' Nhel
gBiT/SmBiT N

9) NanoBiT FW 5' AAAGCCACCAGATCTGCTAGC 3' -
10) NanoBiT RV 5' TCCACCTCCGCTCCCGCCACCACC 3' -

Note. Primers were designed according with the manufacturer instructions. Bases are colour coded: red=random sequence,
blue=specific restriction enzyme (RE) sequence, purple=start or stop codon, grey=included bases to allow in frame fusion
of the protein of interest, black=Tim16, Tim14 or NanoBiT specific sequences.

Figure 22
Maps of the vectors containing the genes of interest
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Note. A) plasmid RC202828 with Magmas and B) PS100004 with DNAJC19.

Transformation of DNA into E. coli

Plasmids were transformed into competent JIM109 E. coli K strain. (Promega, Milano, IT).
Briefly, 10 ng DNA were mixed with cells and incubated on ice for 30 minutes before being
heat-shocked at 42°C for 45 seconds. Pre-heated 250 pul SOC media was added (2% tryptone,
0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSO4 and 20 mM
glucose; Sigma) and samples were shaken horizontally at 37°C for one hour before being
centrifuged at maximum speed and resuspended in 50 pl SOC media. Cells were finally plated
on antibiotic plates and incubated for 24 hours. Plates were made from LB-agar and 100 pg/ml

ampicillin or 50 pg/ml kanamycin.
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Figure 23
NanoBiT® MCS Starter System

HSV-TK promoter

A HSV-TK promoter B
. Bgll 816
Amp Nhel 822
' Bglll 815 el 822
e Y B Sacl 846
o hae PBiT1.1-C [TK/LgBiT] EcoRl 852
BiT2.1-C [TK/SmBIT] Esc?acrll 3215 Vector Xhol 861
pBIT2.1- mBi
Vector Xhol 860 (3,865bp)
(3423bp) 5= ¥ SmBiT BT
SV40 late
poly(A) signal

ori SVA40 late
poly(A) signal

HSV-TK promoter
HSV-TK promoter

Amp'
Amp’ °
BiT1.1-N [TK/LgBIiT]
pBiT2.1-N [TK/SmBIT] SmBIT P Vec[tor ll ;
Vector v Xhol 887 tosrt
(3,858bp)
(3,417bp) Sacl 902
4170p EcoRl 908
Nhel 921 Xhol 1328
Bglll 927 Sacl 1343
Xpal 933 EcoRl 1349
Svapiae L2 1
ale
. . Xbal 1374
ori poly(A) signal ori Fsel 1393
SV40 late
poly(A) signal

Note. A) N-terminal LgBiT, B) C-terminal LgBiT, C) N-terminal SmBiT, D) N-terminal LgBiT.

Miraprep: purification of plasmid DNA

Colonies were picked from antibiotic-Luria Broth (LB)-Agar plates after 24 hours of incubation
at 37°C, resuspended in 10 ml LB and incubated for 16 hours at 37°C with shaking at 225 rpm.
The next day, the culture was processed via an altered miniprep protocol (189). Miraprep was
performed using QIAprep Spin Miniprep Kit (QIAgen, Milano, Italia) following the
manufacturer’s protocol except for one extra step: addition of 96% ethanol in an equal volume
to supernatant after precipitation of proteins and chromosomal DNA in order to maximise
binding of plasmid DNA to the column, consequently increasing DNA yield in the final elution.
DNA concentration was quantified using the Invitrogen Qubit® 2.0 Fluorometer (Thermo

Fisher, Waltham, Massachusetts, USA).

Sequencing

Purified DNA was sequenced by Sanger sequencing. Briefly two sequence reactions were

performed for each sample in order to sequence both the sense and antisense strands of the
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DNA. Each reaction contained 200ng of purified DNA, 1ul of forward/reverse primer (Table
11) at a concentration of 2.5 nM, 1ul of BigDye™ Terminator v3.1 Ready Reaction Mix
(Thermofisher), and 2ul of 5X Sequencing Buffer from the same kit. The reactions were run
on thw Applied Biosystems™ Veriti™ Thermal Cycler using a thermal cycling protocol of
96°C for 1 minute (1 cycle), 96°C for 10 seconds, 50°C for 50 seconds, and 60°C for 75
seconds (25 cycles), followed by a final hold at 4°C. The resulting sequences were then
purified using the BigDye XTerminator™ Purification Kit and loaded onto the sequencer
for analysis. The final cycle was a single hold at 4°C. The resulting sequences were analysed

with the 3500 Dx Genetic Analyzer (Applied Biosystems).

Cell transfection & Plate reading

MCF7 and HeLa cells were seeded into 6-well plates at a density of 3.5 x 10° cell/ml in a 6-
well plate. After 24 hours cells were transiently transfected with pg of each of the tagged
vectors Tim16/Tim14-LgBiT/SmBiT using TransIT-LT1 transfection reagent (Mirus,
Carlsbad, CA) according to the manufacturer’s protocol. Briefly, DNA was added to serum-
free media Opti-MEM and incubated at room temperature for five minutes. Lipofectamine
reagent Mirus' TransIT® (Mirus Bio LLC, WI, USA) was added at a 3:1 ratio of TransIT-
LT1 (ul) to DNA (ng) and incubated at room temperature for 30 minutes to facilitate
formation of DNA-lipofectamine complexes. 100 ul were added dropwise to the 6-well plate
and incubated at 37°C for 48 hours. Cells were co-transfected with the 8 possible
combinations of Tim16 and Tim14 constructs in pairs to assess which pair of fusion protein
produce the best response and with vector only. Forty-eight hours later, cells were detached
with trypsin, counted, resuspended in phenol-red-free DMEM, plated on 96-well flat bottom
plate with white walls at 5x10* cells/well density and treated with DMSO or 5 uM
Compound 5 six hours after reseeding. 24 hours after Compound 5 treatment, Nano-Glo
Live Cell Substrate dilution buffer (Promega) was equilibrated to room temperature and
prepared 19 volumes to 1 volume Nano-Glo live cell substrate (Promega). 25 pl of solution
were added per well and distributed by orbital shaking for two minutes. Luminescence was
measured every two minutes for twenty cycles in the EnVision™ 2104 Multilabel Reader
(Perkin-Elmer). Luminescence was measured in untreated co-transfected cells, mock

transfected cells (vector only) and in co-transfected cells treated with Compound 5.
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Table 12 Expression constructs that were created.

TIM16-LgBiT TIM14-LgBiT
Tim16 LgBIT-TIM1§ Tim14 LgBlT—TIMl{l
TIM16-SmBIT TIM14-SmBIT
SmBIiT-TIM16 SmBIT-TIM14

Note. Each POl is fused at either the N or C terminus with LgBiT and SmBiT. POI: protein of interest.

RESULTS

It is known that Tim16 forms a heterodimer with Tim14 and that there are inhibitors capable
of interfering with such interaction. However, the mechanism of action of Compound 5 has
never been tested in this context and its effect on Tim16-Tim14 binding is unknown. To
examine whether Compound 5 altered the affinity of the Tim16-Tim14 binding, protein-
protein interaction experiments were performed using the NanoBiT technology. The
experiment was performed using MCF7 cells, treated with the inhibitor at 5 uM for 24 hours
post-transfection. Tim16 and Tim14 interaction was confirmed only when LgBiT-Tim16
and SmBiT-Tim14 were -C terminal tagged. Compound 5 significantly disrupted the
physical interaction between Tim16 and Tim14 (Figure 24).

Figure 24
Effect of Compound 5 on Tim16-Tim14 interaction
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Note. MCF7 cells were co-transfected with LgBiT-Tim16 and SmBiT-Tim14, both -C terminal tagged. Luminescence was
measured in untreated cells, Compound 5-treated cells and mock-transfected (vector only).
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CONCLUSIONS

Magmas is ubiquitously expressed in eukaryotic cells, which is involved at least in GM-CSF
signal transduction, one of many growth factors that affect survival, growth, and
differentiation of hematopoietic cells (180, 185). However, deregulation on expression
levels of this gene has been linked to several tumour pathologies. It has been demonstrated
that high levels of Magmas protect cells from apoptotic stimuli (167, 188). Previous studies
in rat GH/PRL secreting pituitary adenoma cell line demonstrated that inhibition occurs by
influencing Bax and Bcl-2 modulation, thus hampering CytC release from mitochondria.
Magmas overexpression was also associated to increased cell proliferation. In addition, its
protective effect towards apoptosis occurs only in presence of pro-apoptotic stimuli, whereas
it does not influence spontaneous programmed cell death(185). Magmas encodes for Tim16,
a member of TIM23 complex. Tim16 functionally forms a heterodimer with Tim14 to drive

proteins from the intermembrane space into the mitochondrial matrix (190).

A chemical inhibitor of Tim16, named Compound 5, was synthesised and its ability to
stimulate chemoresistant cells to apoptotic stimuli was evaluated. Previous studies on TT
cell line established that Compound 5 alone did not affect cell viability, while it was able to
enhance pro-apoptotic stimuli induced by Staurosporine (188). In the present study, we
aimed to verify if Compound 5 acts through inhibition of Tim16-Tim14 interaction using
the NanoBiT protein-protein interaction system. Timl6 and Timl4 interaction was
confirmed only when LgBiT-Tim16 and SmBiT-Tim14 were -C terminal tagged, and
Compound 5 significantly disrupted the physical interaction between Tim16 and Tim14.

Preliminary studies have shown that the ability of Compound to reduce Tim16 expression is
enhanced by Compound 5 only in neoplastic cell lines but not in normal cell line. Altogether,
these results indicate that Compound 5 does not affect cell viability, while it is capable of
sensitising pro-apoptotic stimuli, probably by inhibiting Tim16 and preventing dimerization

with Tim14 as shown herein.
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CHAPTER 3
NGS IN THE PREOPERATIVE DIAGNOSIS OF
INDETERMINATE THYROID NODULES

INTRODUCTION

Thyroid nodules

Thyroid nodules (TNs) are common entities frequently discovered during physical
examination or, accidentally, during imaging procedures. The majority of TNs are benign
and the clinical challenge is to accurately classify malignant nodules that need surgical
attention from benign ones. The use of fine needle aspiration (FNA) biopsy, ultrasound
guidance and The Bethesda System for Reporting Thyroid Cytopathology (TBSRTC) allow
for accurate diagnosis in 60-80% of all nodules. TBSRTC is a standardised system used to
report the results of FNA biopsy. It was first published in 1991 and has since been revised
several times, with the most recent update published in 2017 (191). The Bethesda System is
used to provide a consistent and standardised way of communicating the findings of a thyroid
FNA to clinicians and patients. The Bethesda System divides thyroid FNA results into six
categories:

e Negative for malignancy

e Benign follicular neoplasm

e Suspicious for a follicular neoplasm

e Suspicious for malignancy

e Malignant

e Cannot be classified

Each category is further divided into subcategories, which provide additional information
about the findings of the FNA. For example, the "malignant" category is divided into
subcategories such as papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma

(FTC).
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Accurate distinction between benign nodules from cancer is extremely important for correct
patient management. However, 10-20% of thyroid FNAs are not easily classified into benign
or malignant categories and yield an indeterminate cytologic diagnosis defined as Atypia of
Undetermined Significance (AUS) or Follicular Lesion of Undetermined Significance
(FLUS), also known as Bethesda III category. AUS and FLUS describe FNA results that are
not clearly benign or malignant but have cytological features that are not specific enough to
classify them into one of the other categories. AUS is used to describe FNA results that show
atypical cells, but the atypia is not sufficient to classify the sample as suspicious for a
follicular neoplasm or suspicious for malignancy. AUS is considered a "grey zone" category,
and it is often difficult to determine the clinical significance of AUS findings based on
cytology alone. Additional studies, such as immunohistochemistry or molecular testing, may
be needed to determine the significance of the atypia. FLUS is used to describe FNA results
that show follicular cells, but the cytological features are not specific enough to classify the
sample as benign or suspicious for a follicular neoplasm. Like AUS, FLUS is considered a
"grey zone" category, and further evaluation may be needed to determine the clinical

significance of the findings.

Each TBSRTC category has an implied cancer risk that helps clinical guidance, ranging from
0-3% for benign nodules to 100% for carcinomas. According to the BSRTC, the risk for
malignancy for AUS/FLUS is 5-15%, whereas the risk for Bethesda IV category, Follicular
Neoplasm (FN) or Suspicious for a Follicular Neoplasm (SFN), is 15-30%. Nevertheless,
the real malignancy rate of Bethesda III and IV categories is difficult to ascertain and varies
among laboratories because only a minority of patients undergo surgery and, therefore,
histopathological analysis of the lesion is not available. Recommendations for both
AUS/FLUS and FN/SFN are controversial and include repeating FNA after 6 months,
thyroidectomy or clinical follow-up. Advancements in molecular biology allowed for the
identification of genetic alterations associated with thyroid cancer (TC) that may assist

clinical practice in the management of controversial FNAs.

Epidemiology

TNs are common findings in the general population, and their prevalence increases with age.

According to a meta-analysis of epidemiological studies, the overall prevalence of TNs is
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approximately 4-7% in the general population, but it can be as high as 50% in certain

subgroups such as older individuals and individuals with a history of radiation exposure .

Thyroid nodules can be benign or malignant, and the risk of malignancy varies depending
on various factors such as the patient's age, the size and location of the nodule, and the
presence of other risk factors for thyroid cancer. The majority of thyroid nodules are benign,
and the risk of malignancy is generally low. However, the risk of malignancy increases with
the size of the nodule, and larger nodules are more likely to be malignant than smaller ones.
The most common type of thyroid cancer is papillary thyroid cancer, which accounts for
approximately 80% of all thyroid cancers. Papillary thyroid cancer is more common in
women than in men and tends to occur in younger individuals. The incidence of papillary
thyroid cancer has been increasing in recent years, although it is not clear why this is the
case. Other types of thyroid cancer, such as follicular thyroid cancer and medullary thyroid

cancer, are less common but tend to have a higher risk of recurrence and metastasis.

Risk factors for thyroid nodules and thyroid cancer include a family history of thyroid
cancer, a personal history of radiation exposure, and certain genetic conditions such as
multiple endocrine neoplasia type 2 (MEN2). Other risk factors for thyroid cancer include a
history of goitre (enlargement of the thyroid gland) and a history of benign thyroid

conditions such as thyroiditis or thyroid nodules.

Diagnosis & Management

The diagnosis and management of TN typically involves a combination of clinical
evaluation, laboratory testing, and imaging studies. The first step in the evaluation of a TN
is a thorough history and physical examination. The healthcare provider will ask about the
patient's symptoms and medical history, including any family history of TC or other thyroid
conditions. The provider will also perform a physical examination of the thyroid gland,
looking for any signs of nodules or other abnormalities. If a thyroid nodule is detected during
the physical examination, they may recommend further evaluation, including thyroid
function tests and imaging studies. Thyroid function tests, such as thyroid-stimulating
hormone (TSH) and thyroxine (T4) levels, can help to determine whether the thyroid gland

is functioning normally. Imaging studies, such as ultrasound or thyroid scintigraphy, can be
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used to visualize the thyroid gland and to identify the presence and location of thyroid

nodules.

If the results of the initial evaluation suggest the possibility of a TN, the next step is typically
the execution of a FNA biopsy. FNA is a procedure in which a thin needle is used to obtain
a small sample of cells from the TN. The sample is then examined under a microscope to
determine the nature of the nodule. FNA is generally considered to be a safe and reliable
method for evaluating TNs, and it is often the most cost-effective way to determine whether

a nodule is benign or malignant.

Depending on the results of the initial evaluation and the subsequent diagnostic testing. If
the nodule is benign, the healthcare provider may recommend a follow-up visit to monitor
the nodule for any changes. If the nodule is malignant or if there is a high risk of malignancy
based on the results of the FNA, the healthcare provider may recommend surgery to remove
the nodule or a portion of the thyroid gland. In some cases, radioactive iodine therapy may
be recommended after surgery to destroy any remaining thyroid tissue and to reduce the risk

of recurrence.

Molecular Testing

Molecular testing of FNA biopsy is a diagnostic approach that involves analysing the genetic
makeup of TNs using molecular techniques such as polymerase chain reaction (PCR) and
NGS, which can be used to identify genetic abnormalities that may be associated with an
increased risk of malignancy. One of the main indications for FNA molecular testing is the
evaluation of TNs that are classified as indeterminate by cytology, meaning that the results
of the FNA are not clearly benign or malignant. FNA molecular testing can help to provide
additional information about the nature of indeterminate nodules and guide the management
of these cases. In fact, 67% of TC have one of common genetic alterations such as BRAF
and RAS point mutations and RET/PTC, PAX8/PPARY, TK and ALK rearrangements. The
predominant mutation in BRAF gene is represented by the V60OE variant which is found in
approximately 40% of papillary thyroid carcinomas (PTC). Molecular testing for this variant
has shown to be a valuable tool to identify malignant nodules (high specificity) though it is

not able to rule out cancer with enough certainty in most cases, showing <60% sensitivity.
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RAS mutations and RET/PTC rearrangements, on their part, exhibit even lower sensitivity

(4.2% and 15.3%, respectively).

Currently there are several commercially available genetic tests that can be used to evaluate
TNs. These tests are typically performed on samples obtained by FNA biopsy and can be
used to identify genetic abnormalities that may be associated with an increased risk of
malignancy. With improving technology, NGS provides parallel high-throughput alternative
to assess multiple targets of the genome. Different NGS platforms that use different
technologies have been developed in the last decade. Bioinformatics is later used to analyse
these sequences, mapping them to the human genome. Consequently, there are several
potential uses of NGS from basic research to the clinical practice. As tumour cells
accumulate somatically mutations, NGS allows for the identification of numerous genomic
alterations simultaneously which may be further compared to normal tissue DNA or liquid
biopsy for example, providing a picture of the tumour genetic landscape. NGS has improved
both diagnosis and prognosis as many biomarkers have been identified through this
technique, including biomarkers for drug response. It can be used to sequence whole
genomes, exomes, transcriptomes or hot-spot genes for a specific disease from tissue DNA,

liquid biopsy or single cell DNA. It depends on the set goals.

Some of the commercially available genetic tests for TNs include: Afirma Gene Expression
Classifier (GEC), ThyroSeq v2, Thyroid FNA Analysis (TFA) and ThyGenX/ThyraMIR.
The Afirma GEC is a gene expression test that uses microarray technology to analyse
messenger RNA expression of 167 genes, optimized to recognize AUS/FLUS nodules
presenting a benign expression profile. Multicentre prospective studies using the Afirma
GEC have demonstrated that this test has finer potential to rule out cancer better than point
mutation analyses, showing 90% sensitivity and 52% specificity(192). ThyroSeq (193) is an
NGS-based test that analyses the DNA and RNA of TNs to identify genetic abnormalities
that may be associated with an increased risk of malignancy. Several mutational panels that
include genetic alterations identified in TC have been reported to aid the TC clinical
management. Nikiforova et. al developed the ThyroSeq custom panel, designed to target 284
hotspot mutations in 12 genes (BRAF, KRAS, HRAS, NRAS, RET, CTNNBI1, PIK3CA, PTEN,
TSHR, AKTI, TP53 and GNAS) that occur in TC. Following, version 2 of this targeted NGS
panel (ThyroSeq v2 (193)) included point mutations in 13 genes and 42 types of gene

fusions. In addition to the first mutational panel, ThyroSeq v2 included primers for detecting
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the cytosine-to-thymine mutation 228 and 250 hotspots of the telomerase transcriptase
(TERT) gene promoter, 38 types of RET fusion genes and other fusions found in TC. Few
studies have assessed the performance of this multi-gene NGS assay which reports, for a
prevalence of 26.9%, 90% sensitivity, 93% specificity, a positive predictive value (PPV) of
83% and a negative predictive value (NPV) of 96% in internal validation studies (194).
Inasmuch as the population malignancy prevalence may alter test performance, it is
important to validate within different patient population before accepting generalized use of
ThyroSeq panels or other molecular approaches to all clinical practice. In fact, malignancy
rates for indeterminate TNs are highly variable among different population, ranging from 5-
40%. In these settings, Taye et. al analysed retrospectively 156 Bethesda III and IV TNs
with the use of ThyroSeq v2 panel (195). The reported prevalence of malignancy in their
population was 10-30%. Thyroseq v2 performance in this cohort exhibited high NPV value
of >95%, 89% sensitivity, low PPV of 22%, and 43% specificity. Performance results in this
study are consistent with a rule-out test. Moreover, the ability of ThyroSeq v2 to identify
accurately malignant nodules in this study was inferior of that reported for GEC microarray-
based assay (192). Another study by Livhits et. al compared test performance of both GEC
and ThyroSeq v2. This study analysed 149 Bethesda III and IV nodules that were randomly
assigned to GEC or Thyroseq v2 assay (192). Malignancy prevalence in their study was
13.9% and both assays performed 100% sensitivity and NPV. On the contrary, GEC reported
a specificity of 52% and 38% PPV in conformity with other validation studies, whereas
ThyroSeq v2 displayed higher specificity (60%) and PPV (57%). Interestingly, Authors
explain the fact surgery was performed in only 53 nodules, 30 tested with GEC and 23 with
ThyroSeq v2 and hence, histopathological analysis confirmation was not available for all
negative samples. Therefore, some patients with a negative molecular test could represent a

false negative, resulting in decreased sensitivity and NPV.

AIMS

Considering ThyroSeq knowledge, the aim of this study was to validate and apply a custom
multi-gene NGS panel designed for TC diagnosis and verify if such panel may be used to
correctly stratify PTC and follicular thyroid carcinomas (FTC) in the grey zone of the

indetermined thyroid nodules.
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MATERIALS & METHODS

Study Cohort

From January 2007 to June 2018, at the Section of Endocrinology of the University of
Ferrara, 14686 nodules from 11996 patients underwent FNA biopsy. Among these, 1212
nodules were classified as indeterminate cytology and 268 were suspicious for neoplasm,
which fall into Bethesda III and IV categories after recent TBSRTC reports. Of the 1480
nodules classified as AUS/FLUS or FN/SFN, 464 patients underwent surgery and
histopathological confirmation of the lesion was available. The study consisted of 72 FNAs
yielding AUS/FLUS, FN/SFN or adenomas cytological analysis. Samples were randomly
selected using R software, considering ThyroSeq v2 performance statistics and our Centre
malignancy rates. In summary, 39 benign nodules, 22 PTC and 11 FTC from 72 patients
were retrospectively analysed to assess the performance of our Centre custom multi-gene

test.

DNA extraction from cytology samples

Whenever FNA biopsy is requested, samples are obtained using a syringe with a 22-gauge
needle passed three to four times. Material from the needle is prepared for cytology, whereas
needle washing in normal saline, if requested, is sent for molecular analysis at the laboratory
of Endocrinology of the University of Ferrara. Samples are centrifuged, pellet resuspended

in new physiological solution and stored at -20°C FNA bank.

For this study, when FNA sample was available at the FNA bank, genomic DNA was
extracted using the Qlamp micro kit (Qiagen, Germantown, MD, USA) following the
manufacturer’s protocol. For those specimens that did not arrive in the same way at the
laboratory of Endocrinology, cytology slides were kindly provided by the Section of
Pathology of the University of Ferrara and DNA was extracted using the FFPE Qlamp kit
(Qiagen, Germantown, MD, USA). Briefly, slides were scraped and FFPE material was
resuspended in buffer and proteinase K. The mixture was then vortexed and incubated over
night at 58°C for complete lysis. The next day samples were treated according to the

manufacturer’s instructions.
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Multi-gene NGS panel design

The custom primers were design using the lon AmpliSeq Designer tool from ThermoFisher

Scientific. The NGS panel designed contained primers for the amplification of 188 genomic

Table 13 NGS panel

Gene ID Region Chromosome Start End

115259357 115259512
NRAS Exons 1, 2 and 3 chrl 115259357 115259512
115259357 115259512
178928212 178928371

PI3KCA Exon 9 and 20 chr3

178948011 178948170
TERT Exons chr5
BRAF Exon 15 chr7 140453075 140453194

43607547 43607673
43609006 43609126
43609929 43610188
RET Exons &, 10, 11, 13, 14, 15 and 16 chr10 43613820 43613930
43607439 43607861
43615528 43615653
43617394 43617465

MEN1 Coding sequence chrll
AIP Coding sequence chrll
535390 535557
HRAS Exons 1, 2 and 3 chrll 534210 534383
533764 533954
CDKNI1B Exons chrl2

25377149 25377925
KRAS Exons 1, 2 and 3 chrl2 25377149 25377925
25377149 25377925
25377149 25377925
25377149 25377925

PTEN Exons 5, 6, 7 and 8 chrl2

25377149 25377925

25377149 25377925
TSHR Exon 10 chrl4 81606023 81606211
AKT1 Exon 3 chrl4 105246196 105246630
TP53 Coding sequence chrl7

57468736 57476426
GNAS Exons 8 and 9 chr20

57468736 57476426
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regions of interest (Table 13), divided in two primer pools of 91 and 97 amplicons. Briefly,
10 ng of DNA per reaction of multiplex Polymerase Chain Reaction (PCR) was amplified
using the premixed primer pool and the Ion AmpliSeq™ HiFi Master Mix (Ion AmpliSeq™
Library Kit 2.0). Amplified amplicons were partially digested and purified. The obtained
libraries were then barcoded and quantified for further clonal PCR. Emulsion PCR was
carried out for clonal amplification using the Ion Sphere™ particles scaffold (Ion PGM HI-
Q View OT2). The obtained template was purified and later sequenced with the Personal
Genome Machine™ Sequencer (Ion Torrent) using the Ion PGM HI-Q View Sequencing

reagent according to manufacturer’s instructions.

After library quality control 56 FNA (34 benign nodules, 14 PTC and 8 FTC) were
successfully sequenced and the raw signal data were analysed with the Torrent Suite v5.10
which included signalling processing, base calling, alignment to human genome 19 reference
and variant calling. For quality control, samples with a genotyping rate >95% and <2 missing

genotypes were included for further analysis.

Determining Sensitivity, Specificity, and Predictive Values

To evaluate the performance of the NGS panel as diagnostic test, we calculated several key
parameters, including positive predictive value (PPV), negative predictive value (NPV),

sensitivity, specificity, and accuracy, which are better explained in Table 14.

Table 14 Definition of performance parameters used to describe diagnostic tests

Proportion of true positive results among all positive cases. It indicates the
Sensitivity
ability of the test to correctly identify positive cases.
Proportion of true negative results among all negative cases. It indicates the
Specificity
ability of the test to correctly identify negative cases.
Positive predictive Proportion of true positive results among all test results that are positive. It
value (PPV) indicates the likelihood that a positive test result is a true positive.
Negative predictive Proportion of true negative results among all test results that are negative. It
value (NPV) indicates the likelihood that a negative test result is a true negative.
Proportion of true results (both positive and negative) among all results. It
Accuracy
indicates the overall reliability of the test.
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Calculations were performed with the aid of 2x2 contingency Table 15.
PPV and NPV were calculated using the following formulas:

PPV =a/ (atb) and NPV =c / (ct+d).

Sensitivity and specificity were calculated as:

Sensitivity = a / (a + d) and Specificity =c/ (¢ + d).

Finally, the accuracy was calculated with the following formula:

Accuracy=(a+c)/(a+b+c+d)

Table 15 Contingency matrix used for deriving sensitivity, specificity, PPV and NPV

Malignant TN Benign TN
True positives False positives
Positive test
a b
True negatives False negatives
Negative test d
c

Principal Component Analysis

We performed principal component analysis (PCA) using the PLINK software (196). PLINK
is a widely used tool for the analysis of large-scale genetic data sets, and it has built-in
functions for performing PCA. To begin the analysis, we first imported the genotypic data
into PLINK. This data consisted of single nucleotide polymorphisms (SNPs) genotyped in a
sample of individuals. We then used the "pca" command in PLINK to compute the principal
components of the data. The "pca" command has a number of optional parameters that can
be used to customize the analysis, such as the number of principal components to compute
and the method used to centre and scale the data. We used the default settings for these
parameters in our analysis. The output of the PCA was a set of principal components, which
we visualized using a scatterplot. The scatterplot allowed us to examine the distribution of
the individuals in the sample along the different principal components, and to identify any

patterns or trends in the data.
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Logistic regression

PLINK and R software (197) were used to compute logistic regression, two widely used
software packages for statistical analysis. Overall, logistic regression is a powerful tool for
examining the association between a genetic data set and disease status, and it can provide
valuable insights into the underlying biological mechanisms involved in the development of
a particular disease. The "logistic" command was used in PLINK to fit a logistic regression
model to the data. The output of the logistic regression analysis included estimates of the
odds ratios and p-values for each SNP, which allowed us to assess the strength of the
association between each SNP and disease status. To perform the analysis in R, we first
imported the genotypic data and disease status into the software as a data frame. We then
used the "glm" function in R to fit a logistic regression model to the data. The output of the
logistic regression analysis included estimates of the coefficients and p-values for each SNP

that were used to compute the odds ratio.

RESULTS

NGS panel as rule-out test

We evaluated the performance of our NGS-based panel as a diagnostic tool though the
estimation of the performance parameters sensitivity, specificity, PPV, NPV, and accuracy.
The results are summarized in the table below (Table 16). The histological status of the 56
samples analysed was known: 34 nodules were benign and 22 were malignant (14 PTC and
8 FTC). Among malignant nodules 8 PTC were negative and 6 were positive for genetic
mutations, whereas in the FTC group 6 were true positives and 2 were negative. Only one

benign sample resulted mutated in the benign group (Figure 25).

The calculated sensitivity in detecting TN malignancy was 54%, meaning that it was able to
correctly identify 12 out of the 22 malignant nodules. Of these, 6 were PTC and 6 were FTC.
In terms of specificity, the used panel was able to correctly identify 33 out of the 34 benign
nodules, which means a specificity of 97% Table 16.
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Figure 25
Schematic representation of the test results
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Note: PTC=papillary thyroid carcinoma, FTC=follicular thyroid carcinoma.

Table 16 Performance of the NGS panel used as a diagnostic tool

Performance Parameter Value (%)
Sensitivity 54.54
Specificity 97.06
PPV 92.31
NPV 76.74
Accuracy 80.36

Logistic regression results

Our analysis using logistic regression found strong associations between genetic data and
TN phenotype. As expected, the single nucleotide polymorphism (SNP) rs113488022
(BRAF V600E variant) was found to be strongly associated with PTC, with an odds ratio
(OR) of 41 (p=0.002). In fact, 5 of the 6 mutated PTC had this genetic variant. On the other
hand, FTC did not associate with any known RAS variant; only 2 of the 6 mutated FTC
presented the NRAS Q61 variant described by rs121913254 SNP. However, FTC was found
to be associated with three SNPs: rs2699895, rs540012, and an intronic non-reported variant
of the HRAS gene. The odds ratios for these SNPs were 3.97, 3.328, and 43.27, respectively,
with corresponding p-values of 0.01, 0.03, and 0.005.

The magnitude of the odds ratios observed in our analysis suggest a strong association

between these genetic variants and respective phenotype. It is worth noting that rs2699895
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refers to an intronic variant (intron 5) of PI3K gene, which belong to a haplotype block that
has been reported in triple-negative breast cancer in women from North-eastern Mexico
(198). Along with the non-reported intronic variant of HRAS gene, these variants could have

a potential role as long non-coding RNA and could be further analysed.

Overall, these findings provide valuable insight into the genetic basis of thyroid diseases and
may have implications for the development of personalized treatment approaches. Further

studies will be necessary to replicate and expand upon these results.

PCA results

PCA was performed to verify if there were distinct genetic patterns that would allow for
differentiating the three phenotypes considered. Notwithstanding the different genetic
variants associated with each phenotype, PTC, FTC, and benign nodules share common

variants, and the differences found were not able to specifically describe them (Figure 26).

Figure 26
Principal component analysis
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CONCLUSIONS

Thyroid Nodules are lumps that can form in the thyroid gland, which are usually benign and
do not cause any symptoms. However, some TNs may be cancerous and need to be treated.
The TBSRTC system is a standardised classification system used to report the results of
FNA biopsy of TNs. The Bethesda III category, also known as the "grey zone," is used to
describe TNs with FNA biopsy results that are indeterminate and cannot be confidently

classified as benign or malignant based on the cytological features observed.

In this study, we aimed to evaluate the performance of our NGS-based panel as a diagnostic
tool for thyroid nodules. Various performance parameters including sensitivity, specificity,
positive predictive value, negative predictive value, and accuracy were calculated. We found
that the panel had a sensitivity of 54% for detecting malignancy in TNs, meaning it was able
to correctly identify 12 out of the 22 malignant nodules in our sample. It also had a high
specificity of 97%, correctly identifying 33 out of the 34 benign nodules, and therefore could
be a useful "rule-out” tool in the diagnosis of TN malignancy, allowing it to eliminate the
need for further testing or treatment. This is an important consideration in the management
of TN, as it can help reduce unnecessary interventions and improve patient outcomes.
Further studies with larger sample sizes and a wider range of TN types may be needed to

fully evaluate the utility of NGS in this setting.

In addition to evaluating the performance of the panel, we also analysed the genetic basis of
thyroid diseases by examining the associations between genetic variants and TC phenotypes.
We found strong associations between certain genetic variants and specific TC phenotypes,
which may have implications for the development of personalized treatment approaches.

However, further research is needed to replicate and expand upon these findings.

We also conducted a PCA to determine if there were distinct genetic patterns that would
allow for differentiation between the three TN phenotypes considered in this study. PCA did
not show any significant variation between PTC, FTC, and benign nodules, indicating the
heterogeneous nature of TNs. However, we did find genetic alterations in intronic regions
of PI3KCA and HRAS genes that were significantly associated with our population of FTCs,
showing an odds ratio>15 and p> 0.001. Further analysis, including the use of additional

genetic markers, may be needed to fully understand the genetic basis of thyroid diseases.
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Our results indicate that FNA samples with Bethesda III or IV cytological analysis show
genetic alterations in intronic regions of PI3KCA and HRAS genes in 16% of the samples
and associate with a final histology consistent with FTCs. Several groups have developed
Genetic Classifiers for thyroid cancer in order to increase sensitivity and specificity of
molecular testing. However, unknown and/or intronic genetic alterations are usually
discarded. We found an intronic HRAS point mutation that was strongly and positively
associated with FTC phenotype that should be investigated for its’ potential predictive value.
Overall, the results of this study demonstrate the utility of NGS in the diagnosis of TN
malignancy, particularly in the identification of benign nodules. Further research is needed
to determine the optimal use of NGS in clinical practice and to explore the potential for

improved sensitivity and specificity.
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OVERALL CONCLUSIONS

The three chapters of this thesis have addressed different aspects of molecular biology in
BCs, TNs, and the mechanism of action of a small inhibitor called Compound 5. Through
the examination of various molecular and cellular processes, this research aimed to gain a
deeper understanding of the underlying mechanisms driving the development and

progression of these diseases.

Chapter one focused on the challenges of treating resistant BC and the differences between
TBC and ABC. We found that concomitant targeting of PI3K/mTOR and TGF- pathways
in TBC may improve the progression-free survival in patients with advanced typical
carcinoids. Chapter two examined the mechanism of action of a chemical inhibitor,
Compound 5, which has shown to enhance the sensitivity of chemoresistant cells to pro-
apoptotic stimuli. Our findings indicated that Compound 5 may sensitize cells to pro-
apoptotic stimuli by disrupting the physical interaction between Tim16 and Tim14. Chapter
three explored the use of next- NGS to diagnose TNs and identified genetic alterations in
intronic regions of the PI3KCA and HRAS genes in samples with Bethesda III or IV
cytological analysis, which associated with the FTC phenotype. These results highlight the
potential for NGS in the diagnosis of TNs and the importance of considering unknown or

intronic genetic alterations in molecular testing.

In summary, while these three topics may initially seem unrelated, they highlight the
importance of targeting specific proteins and pathways, identifying ways to overcome
chemoresistance, and utilizing advanced technologies such as NGS to improve the treatment
and diagnosis of cancer, which might have important implications for the development of

new therapeutic strategies and diagnostic tools for BCs, TNs and other cancer types.
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