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1.0 OVERALL RESEARCH ACTIVITY



This present work summarizes the candidate’s main research activities performed during
the 4-year PhD program at the Doctoral School in Biomedical Sciences and Oncology of
the University of Turin (Subject: “Advanced Immunodiagnostics”), under the supervision
of Prof. Marco Volante.

The research interest has been mainly focused on the study of rare forms of aggressive
endocrine and neuroendocrine tumors, in particular focusing on specific aspects in the
molecular pathogenesis and in the identification of novel potential therapeutic targets.
What illustrated in the present work is related to studies still unpublished but completed,
that are already submitted or in draft for publication. Additional studies that the Candidate
performed during the PhD program, that are already published, are briefly mentioned in

the Summary Table here below but are not described in detail in the present Thesis.

Study 1 and 2 are dedicated to the investigation of molecular mechanisms of tumor
progression and on the identification of potentially druggable alterations in adrenocortical
carcinoma.

In study 1, we focused our work on the analysis of mechanisms of progression of adrenal
cortical carcinoma cases associated with a benign component. In most cases we found a
common genotype in the two components that was enriched for additional molecular
events in the malignant component that suggested to be main drivers of tumor progression.
However, a subset of cases, even in the presence of a closely intermingled combination of
the tumor components, showed a markedly different genotype, thus suggesting that in a
subset of these cases clonal evolution was independent.

In study 2, we wanted to analyze clinical, pathological, and molecular characteristics of
adrenocortical carcinomas with a defective mismatch repair (MMR) system, to establish
their prevalence in a large cohort and their specific characteristics. MMR-deficient cases
showed the presence in general of characteristics of more aggressive diseases and a

genotype highly enriched for the presence of TP53 mutations.

Study 3 and 4 are focused on the investigation of the molecular characteristics of poorly
differentiated thyroid carcinomas. The two studies here present have a similar
conceptualization as the two ones in adrenocortical carcinoma.

In study 3, our aims were to verify if, from a molecular point of view, poorly differentiated
thyroid carcinomas derive from direct progression from well differentiated thyroid

carcinomas or develop as new clonal events. We selected and analyzed separately tumor
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components from cases having well-differentiated and poorly differentiated carcinoma
areas and found that most of the cases were molecularly correlated. However, similarly to
what we found in Study 1, a few cases were molecularly unrelated.

In study 4, we aimed to characterize a series of poorly differentiated thyroid carcinomas
with multimodal molecular approach to identify potential targetable genes. Our results
showed that cases could be segregated in molecularly different subgroups, and that,
overall, a significant proportion of cases harbor molecular alterations of potential
therapeutic interest.

Finally, Study 5, is investigating the molecular background of lung carcinoids with high
proliferation index, with the aim of investigating their relationship with other forms of lung
neuroendocrine neoplasms and specifically to determine the prevalence of genomic
alterations of potential therapeutic relevance. As a result, we found that these tumors share
molecular characteristics of both carcinoids and high-grade neuroendocrine carcinomas,
with special reference to large cell neuroendocrine carcinoma, but overall have a distinct
genotype. Moreover, as for what found in study 4 in the model of poorly differentiated
carcinomas, lung carcinoids with high proliferation index have a high number of molecular

alterations in genes that are potential therapeutic targets.
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special reference to alterations in genes of
potential therapeutic relevance.

mutations (single or co-occurrent) in genes that
are potential therapeutic targets, including those




in DNA repair genes (31%), MMR (19%) and
ERBB2 (15%).

Francesca Napoli, Ida Rapa,
Umberto Mortara, Federica Massa,
Stefania lzzo, Angelica Rigutto,
Vanessa Zambelli, Claudio
Bellevicine, Giancarlo Troncone,
Mauro Papotti, Marco Volante

MicroRNA profiling predicts
positive nodal status in
papillary thyroid carcinoma in
the preoperative setting

To assess the preoperative role of microRNAs
(miRNAS) in predicting the nodal status of
patients with papillary thyroid cancer.

In thyroid cytological samples, 4 miRNAs (miR-
154-3p, miR-299-5p, miR-376a-3p, and miR-

302E) were demonstrated to predict significantly
pN-positive versus pN-negative status at surgery.

Francesca Bersani, Francesca
Picca, Morena Deborah, Luisella
Righi, Francesca Napoli,
Mariangela Russo, Daniele Oddo,
Giuseppe Rospo, Carola Negrino,
Barbara Castella, Marco Volante,
Angela Listi, Vanessa Zambelli,
Federica Benso, Fabrizio Tabbo,
Paolo Bironzo, Emanuele
Monteleone, Valeria Poli, Filippo
Pietrantonio, Federica Di
Nicolantonio, Alberto Bardelli,
Carola Ponzetto, Silvia Novello,
Giorgio Scagliotti, Riccardo Taulli

Exploring circular MET RNA
as a potential biomarker in
tumors exhibiting high MET
activity

To provide a comprehensive molecular
characterization of circular MET RNA
(circMET), an abundant and stable circRNA
molecule encoded by MET exon 2.

Using publicly available bioinformatic tools, we
discovered that the MET locus transcribes several
circRNA molecules, but only one candidate,
CircMET, was particularly abundant. Deeper
molecular analysis revealed that circMET levels
positively correlated with MET expression and
activity, especially in MET-amplified cells. We
developed a circMET-detection strategy and, in
parallel, we performed standard FISH and IHC
analyses in the same specimens to assess whether
circMET quantification could identify patients
displaying high MET activity. Longitudinal
monitoring of circMET levels in the plasma of
selected patients revealed the early emergence

of MET amplification as a mechanism of acquired
resistance to molecular therapies.

Francesca Napoli, Angela Listi,
Vanessa Zambelli, Gianluca
Witel, Paolo Bironzo, Mauro
Papotti, Marco Volante, Giorgio
Scagliotti, Luisella Righi

Pathological Characterization
of Tumor Immune
Microenvironment (TIME) in
Malignant Pleural
Mesothelioma

To collect literature data on the role of the
Tumor Immune Microenvironment in pleural
mesothelioma to critically evaluate possible
implications for clinical practice (Review)

The chronic inflammatory response to asbestos
fibers leads to a unique tumor immune
microenvironment (TIME), constituted by
immunosuppressive cells, such as type 2 tumor-
associated macrophages and T regulatory
lymphocytes, plus the expression of several
immunosuppressive factors, such as tumor-
associated PD-L1. These data opens the way to
the identification of novel potential tissue
biomarkers.
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The general aim of this Thesis is to characterize rare aggressive endocrine cancers, in order
to better understand their molecular background and to unravel novel potential therapeutic
targets.

All models investigated in the present Thesis are aggressive forms of cancer that are
characterized by an uncertain histogenesis, by an aggressive clinical course with poor
response to standard therapeutic protocols, and by the lack of an individualized clinical
and therapeutic approach.

In the different tumor models, we design 5 main studies with the specific sub aims:

a) to identify molecular pathways of tumor progression

b) to better characterize specific tumor subgroups

c) to define the prevalence and potential clinical impact of druggable alteration.

Rare aggressive endocrine cancers

-

ACC

PDTC

Lung carcinoids with
high proliferation

|
Mechanisms of
transformation
from ACA to ACC

2
Impact of MMR
deficiency in ACC
pathogenesis

v

Mechanisms of
transformation from
WDC to PDTC

4
Identification of
novel molecular
therapeutic targets

v

5
Identification of
novel molecular
therapeutic targets
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3.0 GENERAL METHODS
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Tumor tissue samples analyzed in the present Thesis are detailed in the specific chapters.
All material corresponds to series of formalin-fixed and paraffin embedded (FFPE) human
tumor tissues.

Here below are listed all the products, the general procedures and technical protocols used
in this 4-year PhD program, with a specific reference for each methos to the study where

it has been employed.

3.1 Immunohistochemistry (Study 2, 4 and 5)

3.1.1 Mismatch repair status (Study 2 and 4)

The expression of mismatch repair (MMR) proteins was tested using
immunohistochemistry (IHC) in an automated system (DakoCytomation Omnis, Dako)
using the following antibodies (all from DakoCytomation): MLH1 (clone ES05), MSH2
(clone FE11), MSH6 (clone EP49) and PMS2 (clone EP51). Loss of nuclear expression
for paired proteins (MLH1 and/or PMS2 or MSH2 and/or MSH6) or for MSH6 and PMS2
alone was considered as altered expression pattern. Non tumoral cells (peritumoral adrenal
cortical or thyroid cells, inflammatory cells and/or endothelial cells) were used as positive
internal control cells. Cases with an altered pattern were also tested for the presence of
microsatellite instability (MSI) using genomic DNA extracted as described below.

Since thyroid and adrenocortical cancer-specific panels are not commercially available, all
cases were analyzed using a kit clinically approved for colon and endometrial cancer
(EasyPGX ready MSI KIT CE IVD, Diatech Pharmacogenetics) that includes the
following markers: BAT25, BAT26, NR21, NR22, NR24, NR27, CAT25 and MONO27.
Results are expressed as microsatellite stable (MSS), low microsatellite instability (MSI-

low) and high microsatellite instability (MSI-high).

3.1.2 ALK (Study 5)

In all samples of lung neuroendocrine neoplasms that resulted positive for ALK fusion on
RNA NGS testing, one five-micron thick section was cut, deparaffinized and tested for
expression of ALK protein by using immunohistochemistry (IHC) (clone 5A4,
Novocastra™, Leica) following manufacturer instructions, with an automated Dako
Omnis System (Agilent Technologies, Santa Clara, CA, USA).
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3.2 Fluorescence In Situ Hybridization (FISH) (Study 4 and 5)

To validate the TBL1XRA-PIK3CA fusion in poorly differentiated thyroid cancer, a FISH
approach was applied on four-micron thick formalin-fixed paraffin-embedded section
using a TBL1XR1/PIK3CA probe set (Empire Genomics, New York, US) following
manufacturer instructions. The TBL1XR1/PIK3CA probe set consisted of DNA labeled in
Spectrum Green and Spectrum Orange. The DNA probe set hybridizes to chromosome
3026.32 (Green) and 3726.32-026.33 (Orange) in interphase nuclei (Figure 1).

RET and NTRK2 FISH assays were performed on four-micron thick formalin-fixed
paraffin-embedded (FFPE) section with ZytoLight™ SPEC RET and NTRK2 Dual Color
Break-Apart Probes (Zyto Vision, Bremerhaven, Germany) following manufacturer
instructions.

The SPEC RET Dual Color Break-Apart Probe is a mixture of two direct labeled probes
hybridizing to the 10g11.21 band. The orange fluorochrome direct labeled probe
hybridizes proximal to the RET gene, the green fluorochrome direct labeled probe
hybridizes distal to the gene (Figure 2).

The SPEC NTRK2 Dual Color Break-Apart Probe is a mixture of two direct labeled probes
hybridizing to the 9921.32-921.33 band. The green fluorochrome direct labeled probe
hybridizes proximal to the NTRK2 breakpoint region at 9921.32-g21.33, the orange
fluorochrome direct labeled probe hybridizes distal to the NTRK2 breakpoint region at
9g21.33 (Figure 3).

For PIK3CA probe the presence of two green and red separated signals were considered as
normal pattern, while altered partner was characterized by fused signals (yellow) and/or
with multiple red and green signals without fusion signal.

For RET break-apart probe signal pattern consisting of two orange/green fusion signals
were considered negative; one orange/green fusion signal, one orange signal, and a
separate green signal were considered positive. Isolated green signals are the result of
deletions proximal to the RET breakpoint region.

For NTRK2 break-apart probe signal pattern consisting of two orange/green fusion signals
were considered negative; one orange/green fusion signal, one orange signal, and a
separate green signal were considered positive.

For each case, 100 non overlapping tumor cell nuclei were examined for the presence of
yellow or green and orange, fluorescent signals. Cutoff values for all probes were set at

>15% of nuclei with altered signals.

14



The sections were examined with an Olympus BX61 fluorescence microscope (Olympus
Corporation, Tokyo, Japan) equipped with a triple-pass filter (DAPI/Green/Orange; Vysis,
Downers Grove, IL, USA) with CytoVision® software version 7.6 (Leica Biosystems,
Buffalo Grove, IL, USA).

3.3 Nucleic acid extraction (All studies)

Genomic DNA and RNA were extracted from the formalin-fixed paraffin-embedded tumor
material. Enrichment of tumor cells was obtained by manual micro dissection under light
microscopy from one to ten sections for each case. For NGS analysis, the selected material
was extracted using Maxwell® RSC DNA FFPE kit (Promega Corporation, Madison, W1,
USA) and Maxwell® RSC RNA FFPE kit (Promega Corporation, Madison, WI, USA)
according to the manufacturer’s instructions. Nucleic acids were quantified on QuantusTM
fluorometer (Promega Corporation, Madison, WI, USA) using Quantifluor® DNA System
(Promega Corporation, Madison, WI, USA) and Quantifluor® RNA System (Promega
Corporation, Madison, WI, USA) following manufacturer’s instructions. DNA quality was
evaluated with Real Time PCR of EGFR Exon2 amplification through Rotor-Gene Q
(Qiagen, Hilden, Germany) Real Time PCR instrument, the following primers were used
for EGFR: EGFRex2b Fw (5’-GAAGATCATTTTCTCAGCCTCCA-3’) and EGFRex2b
Rw (5’-AGGAAAATCAAAGTCACCAACCT-3’) (Diatech Pharmacogenetics, Jesi, AN,
Italy). RNA quality was evaluated with Real Time PCR with beta-actin amplification
through Rotor-Gene Q (Qiagen, Hilden, Germany) Real Time PCR instrument, the
following primers were used for B-ACT: BACT Fw (5°-
CCTTCCTGGGCATGGAGTCTTG-3’) and BACT Rw (5°-
GGAGCAATGATCTTGATCTTC-3").

For gene and microRNA expression analysis, total RNA (including miRNAs) was isolated
using a different commercially available RNA extraction kit (miRNeasy FFPE kit, Qiagen,
Hilden, Germany), according to the manufacturer’s instructions. The concentration and the
purity of RNA samples were determined by measuring the optical density (OD)
260/0D280.

3.4 Wide targeted next generation sequencing (All studies)
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3.4.1 Focus Assay (Study 3)

Complementary DNA (cDNA) synthesis prior to library preparation for RNA panel was
carried out using SuperScript™ VILO™ cDNA Synthesis Kit (11754050, Thermo Fisher
Scientific, Waltham, MA, USA). Library preparation was carried out using the DNA
Oncomine™ Focus Assay (Thermo Fisher Scientific, Waltham, MA, USA) and RNA
Oncomine™ Focus Assay (Thermo Fisher Scientific, Waltham, MA, USA) following
manufacturer’s instructions using a total of 10 ng input DNA and or 15 ng input RNA. The
Oncomine™ Focus DNA and RNA assay (Thermo Fisher Scientific, Waltham, MA, USA)
comprises two separate panels (DNA and RNA) interrogating hotspot mutations in 35
genes, copy number variations in 19 genes and fusions in 23 genes (Table 1). DNA and
RNA assay specificity and sensitivity were assessed using clinical samples with known
molecular alterations, the Quantitative Multiplex Reference Standard cfDNA mild
(Horizon Discovery, Waterbeach, UK,catalog) and the ALK-RET-ROS1 Fusion FFPE
RNA Reference standard (Horizon Discovery, Waterbeach, UK, RNA REF 1-4). Libraries
were clonally amplified onto lon Sphere Particles (ISP) using emulsion PCR in an lon
Chef System (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Enriched ISPs were loaded onto 530 chips accommodating
eight DNA end eight RNA sample on a single chip and sequencing on the S5 sequencer

(Thermo Fisher Scientific, Waltham, MA, USA), according to manufacturer’s instructions.

3.4.2 Oncomine Comprehensive Assay V3 (Study 2, 4, 5)

Library preparation was carried out automatically using the DNA and RNA Oncomine™
Comprehensive Assay v3 (Thermo Fisher Scientific, Waltham, MA, USA) using a total
from 10 to 40 ng input DNA and RNA in an lon Chef System (Thermo Fisher Scientific,
Waltham, MA, USA) following manufacturer’s instructions. The Oncomine™
Comprehensive Assay v3 (Thermo Fisher Scientific, Waltham, MA, USA) comprises
DNA panel which was designed to interrogate hotspot mutations (87), full exon coverage
(48) and copy number variations (43) and RNA panel which was designed to interrogate
fusion drivers (51) (Table 2). The prepared libraries were clonally amplified onto lon
Sphere Particles (ISP) using emulsion PCR in an lon Chef System (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Enriched

ISPs were loaded onto 540 chips accommodating eight DNA samples and eight RNA
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samples on a single chip and sequencing on the lon Torrent S5 Prime Studio™ (Thermo

Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions.

3.4.3 Oncomine Comprehensive Assay PLUS (Study 1)

Library preparation was carried out automatically using the DNA Oncomine™
Comprehensive Assay PLUS (Thermo Fisher Scientific, Waltham, MA, USA) using a total
from 20 to 30 ng input DNA and in an lon Chef System (Thermo Fisher Scientific,
Waltham, MA, USA) following manufacturer’s instructions. The Oncomine™
Comprehensive Assay PLUS (Thermo Fisher Scientific, Waltham, MA, USA) comprises
DNA panel which was designed to interrogate hotspot mutations and CNV gain (185), full
exon coverage (227) and TMB only genes (89) (Table 3).

The prepared libraries were clonally amplified onto lon Sphere Particles (ISP) using
emulsion PCR in an lon Chef System (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. Enriched ISPs were loaded onto 550 chips
accommodating four DNA samples on a single chip and sequencing on the lon Torrent S5
Prime Studio™ (Thermo Fisher Scientific, Waltham, MA, USA), according to the

manufacturer’s instructions.

3.5 Sanger sequencing for TERTp mutation analysis (Study 3 and 4)

To validate TERT promoter (TERTp) mutations that are difficult to detect in NGS analysis,
as they are intronic, we performed Sanger sequencing analysis on all cases tested for DNA
genomic alterations in NGS. TERTp region was sequenced for the detection of the two
mutations C228T and C250T. Target region was amplified by conventional PCR with the
following primes: TERT Fw (5’AGTGGATTCGCGGGCACAGA-3’) and TERT Rw (5°-
CAGCGCTGCCTGAAACTC-3). A first step with Uracil-DNA Glycosylase (Thermo
Fisher Scientific, Waltham, MA, USA) was performed on all samples, following
manufacturer’s instructions. Then, the PCR run in 50 pL reactions with 25uL of 2X
Platinum™ Superfi™ 11 PCR Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA), 5uM of each primer and 10pL of gDNA. The amount of gDNA for each PCR varies
from 5 to 100 ng, depending on sample’s quality. PCR conditions consist of one cycle of
98°C for 1 min, 3 cycles of (98°C for 30s, 62°C for 30s, 72°C for 45s), followed by 35
cycles of (98°C for 30s, 60°C for 30s, 72°C for 45s), and final extension at 72°C for 5 min.

17



Resulting amplicons were visualized in 2% agarose gels and verified to have the expected
size of 193 bp. TERTp sequences were generated by Sanger sequencing and sequencing
was performed at Eurofins Genomics (Ebersberg, Germany). All samples were sequenced
in both directions.

3.6 Bioinformatics and statistical analysis (All studies)

Pathological features, immunohistochemical and molecular results were correlated to
clinical variables, using appropriate statistical tests (chi-square and t Student’s test for
qualitative and quantitative parameters correlation, and univariate analyses of both
disease-free interval (from the date of diagnosis to first metastasis/recurrence) and disease-
specific survival (from the date of diagnosis to death if related to the disease). All statistical

analyses were performed using Graph Pad Prism 9.4.1 software.

3.6.1 Oncomine Focus assay data analysis (Study 3)

Analysis was carried out using Ion Torrent Suite™ Browser version 5.12 (Thermo Fisher
Scientific, Waltham, MA, USA) and Ion Reporter™ version 5.10 (Thermo Fisher
Scientific, Waltham, MA, USA). The Torrent Suite™ Browser was used to perform initial
quality control check including chip loading density, median read length and number of
mapped reads. The Coverage Analysis plugin was applied to all data and used to assess
amplicon coverage for regions of interest. The lon Reporter suite (Thermo Fisher
Scientific, Waltham, MA, USA) was used to filter out known polymorphic variants. The
variants were annotated by three genetic databases: the Single Nucleotide Polymorphism
Database (dbSNP) (http://www.ncbi.nlm.nih.gov/ projects/ SNP/), the Catalogue of
Somatic Mutations in Cancer (COSMIC)
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) and the ClinVar database
(http:/mwww.ncbi.nlm.nih.gov/clinvar/). The prediction of the functional pathogenic
effects of the missense variants to the protein structure and function were predicted in silico
by PolyPhen-2 (https://ionreporter.thermofisher.com) and SIFT
(https://ionreporter.thermofisher.com).

Missense variants predicted to be benign or tolerated in PolyPhen-2 and SIFT software
were excluded, as well as variants having a frequency higher than 1% in all populations

from the 1000 Genomes data.
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Moreover, variants with altered allele depth <1000 base coverage and/or an allelic
frequency <5% were also eliminated from the analysis. Significance of identified variants
was checked using Alamut Visual v.2.15 (Interactive Biosoftware, Sophia Genetics,
Boston, MA, USA). Any discrepancy in variant identification between lon Reporter and
Alamut was validated manually using the Integrative Genomics Viewer (Thorvaldsdottir
et al, 2013) All variants were re-evaluated according to the search engineVVarSome.com
(Kopanos et al, 2019).

Synonymous, benign and VUS mutations were excluded from analysis.

3.6.2 Oncomine Comprehensive assay V3 data analysis (Study 2, 4 and 5)

Analysis was carried out using Ion Torrent Suite™ Browser version 5.16 (Thermo Fisher
Scientific, Waltham, MA, USA) and Ion Reporter™ version 5.16 (Thermo Fisher
Scientific, Waltham, MA, USA). The Torrent Suite™ Browser was used to perform initial
quality control including chip loading density, median read length and number of mapped
reads. The Coverage Analysis plugin was applied to all data and used to assess amplicon
coverage for regions of interest. For DNA analysis, the lon Reporter suite (Thermo Fisher
Scientific, Waltham, MA, USA) was used to filter out known polymorphic variants. The
variants were annotated by genetic databases: The Single Nucleotide Polymorphism
Database (dbSNP) (http://www.ncbi.nlm.nih.gov/ projects/ SNP/), Catalogue of Somatic
Mutations in Cancer (COSMIC)
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) and ClinVar  database
(http://www.ncbi.nlm.nih.gov/clinvar/).Variants with altered allele depth <100 base
coverage and a variant allelic frequency <5% were eliminated from the analysis. Identified
variants were checked for correct nomenclature using Alamut Visual Plus (Interactive
Biosoftware, Sophia Genetics). Any discrepancies in variant identification, between lon
Reporter and Alamut, were validated manually using the Integrative Genomics Viewer
(http://dx.doi.org/10.1093/bib/bbs017). Variants were annotated following ACGM
guidelines (Richards et al,2015) and the search engine VarSomePremium.com (Kopanos

et al, 2019).The prediction of functional effects of the variants that were find as Variants
of Uncertain Significance (VUS) was assessed with 13 in silico tools (Table 4) (Tavtigian
et al, 2006; Quang et al, 2015; Grantham, 2014; Felsenstein, 1981; Li et al, 2022; Schwarz
et al, 2010; Pejaver et al, 2020; Choi et al, 2015; loannidis et al, 2016; Kumar et al, 2009)
. VUS was qualified as Damaging when defined as such by at least 7 tools (Ticha et al,

2019). Synonymous mutations, missense variants called benign or tolerated and variants
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showing a frequency higher than 1% in all populations from the 1000 Genomes data were

excluded from the analysis.

3.6.3 Oncomine Comprehensive assay PLUS data analysis (Study 1)

Analysis was carried out using Ion Torrent Suite™ Browser version 5.18 (Thermo Fisher
Scientific, Waltham, MA, USA) and Ion Reporter™ version 5.20 (Thermo Fisher
Scientific, Waltham, MA, USA). The Torrent Suite™ Browser was used to perform initial
quality control including chip loading density, median read length and number of mapped
reads. The Coverage Analysis plugin was applied to all data and used to assess amplicon
coverage for regions of interest.

The lon Reporter suite (Thermo Fisher Scientific, Waltham, MA, USA) was used to filter
out known polymorphic variants. The variants were annotated by genetic databases: The
Single Nucleotide Polymorphism Database (dbSNP) (http://www.ncbi.nlm.nih.gov/
projects/ SNP/), Catalogue of Somatic Mutations in Cancer (COSMIC)
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) and ClinVar database
(http://www.ncbi.nlm.nih.gov/clinvar/).Variants with altered allele depth <100 base
coverage and a variant allelic frequency <5% were eliminated from the analysis. Identified
variants were checked for correct nomenclature using Alamut Visual Plus (Interactive
Biosoftware, Sophia Genetics). Any discrepancies in variant identification, between lon
Reporter and Alamut, were validated manually using the Integrative Genomics Viewer
(Thorvaldsdottir et al, 2013). Variants were annotated following ACGM guidelines
(Richards et al, 2015) and the search engine VarSome.com (Kopanos et al, 2019).

3.7 Quantitative PCR gene expression analysis (Study 5)

Complementary DNA was transcribed from 10 ng of RNA using M-MLV Reverse
Transcriptase (Invitrogen, Carlsbad, California), according to standard protocols, in a final
volume of 20 pl with the following conditions: 25° C for 10 min, 50° C for 37 min, and
70° C for 15 min. Reaction without RNA was added as a negative control for excluding
any likely contamination of the mix.

TagMan gene expression assays (Applied Biosystems) were used according to the
manufacturer's instructions for ACTB (Hs01060665 gl1), ASCL1 (HS00269932_m1),
CHGA (Hs00154441 m1), DLL3 (Hs01085096_m1), INSM1 (Hs00357871_sl),
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NEUROD1 (Hs01922995_s1), NOTCH1 (Hs01062014_m1), MYCL1
(Hs00420495_m1), POU2F3 (Hs00205009_m1) and YAP1 (Hs00902712_g1).Expression
levels for all genes studied and the internal reference gene (f-actin) were examined using
a fluorescence based real-time detection method (ABI PRISM 7900 Sequence Detection
System—TagMan; Applied Biosystems, Foster City, CA). Each measurement was

performed in duplicate.

3.8 miRNA PCR Array (Study 5)

For global miRNA profiling in study 5, six cases, each, of lung neuroendocrine
tumors/carcinoids with elevated proliferative index, typical carcinoids and LCNEC were
analyzed. 500 ng of total RNA were retro-transcribed from the 18 chosen samples using
MiScript II RT Kit (Qiagen, MD, USA) in a final volume of 20 pL. In the reaction mix
were present 4 uL of miScript HI spec 5X buffer, 2 uL of 10X miScript nucleics mix and
2 uL of Reverse Transcriptase mix. Cycling condition were 37°C for 1 hour and 5 minutes
at 95°C. At each 20 uL of cDNA obtained were added 310 puL of RNase-free water. This
mix was then divided in three aliquots of 110 pL. Each aliquot was used for one 384 plate
(3 in total) where different miRNA arrays were present. miScript® miRNA PCR Array
System, Human genome V16.0 Complete (SABiosciences, Qiagen company, MD, USA)
was used for the simultaneous detection of 1152 different miRNAs in the same sample.
The mix for the reaction was prepared as follow: 2050 pl of QuantiTect SYBR green PCR
master mix, 410 pL miScript universal primer, 1540 pL of RNase free water and 100 pL
of diluted cDNA. 10 pL of this mix was dispensed in each 384 wells containing the miRNA
array. The RT-PCR was performed using ABI 7900HT instrument (Applied Biosystems,
Life technologies group). Cycling conditions were 95°C for 15 minutes followed by 40
cycles at 94°C for 30 seconds and 55°C.

3.9 Gene and miRNA data evaluation (Study 5)

The relative gene expression levels were expressed as ratios (differences between the Ct
values) between 2 absolute measurements (genes of interest/internal reference gene). The

AACt values were calculated subtracting ACt values of sample and ACt value of a pool of
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RNA derived from normal different tissues (kidney, stomach, larynx, thyroid) and
converted to ratio by the following formula: 2-AACt. PCR Array data analysis was
performed using the http:/pcrdataanalysis.sabiosciences.com/miRNA tool.

For both gene and microRNA expression, rows and columns were clustered using the
hierarchal clustering tool in Morpheus
(https://software.broadinstitute.org/morpheus/documentation.htm) using the one minus
Pearson correlation matrix and the average linkage method. The log2 fold change values
were z-score adjusted before clustering.

The biological impact of microRNA deregulated among the different groups was evaluated
identifying the pathways impaired by those genes targeted by at least 5 microRNAs using
the STRING database (https://string-db.org/).
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Oncomine Focus Assay

AKT1, ALK, AR, BRAF, CDKA4,
CTNNB1, DDR2, EGFR, ERBBZ2,
ERBB3, ERBB4, ESR1, FGFR2,
FGFRS, GNA11, GNAQ, HRAS,
IDH1, IDH2, JAK1, JAK2, JAKS,
KIT, KRAS, MAP2K1, MAP2K2,
MET, MTOR, NRAS, PDGFRA,
PIK3CA, RAF1, RET, ROS1, SMO

Hotspot mutations

AKT1, ALK, AR, BRAF, CCND1,
CDK4, CDK6, EGFR, ERBB2,
FGFR1, FGFR2, FGFR3, FGFR4,
KIT, KRAS, MET, MYC, MYCN,
PDGFRA, PIK3CA

Copy number genes

ABL1, AKT3, ALK, AXL, BRAF,
EGFR, ERBB2, ERG, ETV1, ETV4,
ETV5, FGFR1, FGFR2, FGFRS,
MET, NTRK1, NTRK2, NTRKS,
PDGFRA, PPARG, RAF1, RET1,
ROS1

Gene fusions

Table 1: List of all genes included in Oncomine Focus Panel



Oncomine Comprehensive Assay V3

Hotspot mutations

AKT1, AKT2, AKT3, ALK, AR, ARAF, AXL, BRAF, BTK, CBL, CCND1, CDK4,
CDKe6, CHEK2, CSF1R, CTNNB1, DDR2, EGFR, ERBB2, ERBB3, ERBB4,
ERCC2, ESR1, EZH2, FGFR1, FGFR2, FGFR3, FGFR4, FLT3, FOXL2, GATAZ,
GNA11, GNAQ, GNAS, H3F3A, HIST1IH3B, HNF1A, HRAS, IDH1, IDH2, JAK1,
JAK2, JAKS, KDR, KIT, KNSTRN, KRAS, MAGOH, MAP2K1, MAP2K2,
MAP2K4, MAPK1, MAX, MDM4, MED12, MET, MTOR, MYC, MYCN, MYD88,
NFE2L2, NRAS, NTRK1, NTRK2, NTRK3, PDGFRA, PDGFRB, PIK3CB,
PIK3CA,PPP2R1A, PTPN11, RAC1, RAF1, RET, RHEB, RHOA, ROS1, SF3B1,
SMAD4, SMO, SPOP, SRC, STAT3, TERT, TOP1, U2AF1, XPOL.

Full length genes

ARID1A, ATM, ATR, ATRX, BAP1, BRCA1l, BRCA2, CDK12, CDKN1B,
CDKN2A, CDKN2B, CHEK1, CREBBP, FANCA, FANCD2, FANCI, FBXW?7,
MLH1, MRE11, MSH6, MSH2, NBN, NF1, NF2, NOTCH1, NOTCH2, NOTCHS3,
PALB2, PIK3R1, PMS2, POLE, PTCH1, PTEN, RAD50, RAD51, RADS1B,
RADS1C, RADS1D, RNF43, RB1, SETD2, SLX4, SMARCA4, SMARCB1, STK11,
TP53, TSC1, TSC2.

Copy number genes

AKT1, AKT2, AKT3, ALK, AXL, AR, BRAF, CCND1, CCND2, CCND3, CCNE1,
CDK2, CDK4, CDK6, EGFR, ERBB2, ESR1, FGF19, FGF3, FGFR1, FGFR2,
FGFR3, FGFR4, FLT3, IGFIR, KIT, KRAS, MDM2, MDM4, MET, MYC, MYCL,
MYCN, NTRK1, NTRK2, NTRK3, PDGFRA, PDGFRB, PIK3CB, PIK3CA,
PPARG, RICTOR, TERT.

Gene fusions

AKT2, ALK, AR, AXL, BRCA1, BRCA2, BRAF, CDKN2A, EGFR, ERBB2, ERBB4,
ERG, ESR1, ETV1, ETV4, ETV5, FGFR1, FGFR2, FGFR3, FGR, FLT3, JAK2,
KRAS, MDM4, MET, MYB, MYBL1, NF1, NOTCH1, NOTCH4, NRG1, NTRK1,
NTRK2, NTRK3, NUTM1, PDGFRA, PDGFRB, PIK3CA, PRKACA, PRKACB,
PTEN, PPARG, RAD51B, RAF1, RB1, RELA, RET, ROS1, RSPO2, RSPO3,
TERT.

Table 2: List of all genes included in Oncomine Comprehensive assay V3
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Oncomine Comprehensive Assay PLUS

ABCB1, ABL2,ACVR1* AKT1,AKT2,AKT3,ALK,AR,ARAF,ATP1A1* AURKA,
AURKC,AXL,BCL2,BCL2L12,BCL6,BCR*,BMP5* BRAF,BTK*,CACNA1D*,CARD11,CBL,CCN
D1,CCND2,CCND3,CCNE1,CD79B*,CDK4,CDK6,CHD4,CSF1R*,CTNNB1*,
CTNND2,CUL1*,CYSLTR2*,DDR1,DDR2,DGCR8*,DROSHA* E2F1* EGFR,EIF1AX,
EMSY,EPAS1* ERBB2,ERBB3,ERBB4,ES1,EZH2,FAM135B,FGF19,FGF23,FGF3,FGF4,
FGF7* FGF9,FGFR1,FGFR2,FGFR3,FGFR4,FLT3,FLT4,FOXA1,FOXL2* FOXO1*,FYN,GATA
2,GLI1*,GLI3,GNA11*,GNAQ*,GNAS,H1-4* H2BC5*,H3-3A, H3-3B, H3C2* ,HIF1A* ,HRAS,
IDH1*, IDH2,IGF1R, IKBKB, IL6ST*, IL7R, IRF4*, IRS4*, KDR, KIT, KLF4*,
KLF5,KNSTRN*,KRAS,MAGOH, MAP2K1, MAP2K2*, MAPK1, MAX, MCL1, MDM2,
MDM4,MECOM,MED12* MEF2B, MET, MITF, MPL, MTOR, MYC, MYCL,
MYCN,MYD88,MYOD1* NFE2L2,NRAS,NSD2* NT5C2* NTRK1,NTRK2,NTRK3,NUP93*,PAX5
*,PCBP1,PDGFRA,PDGFRB,PIK3C2B,PIK3CA,PIK3CB,PIK3CD*,PIK3CG*,PIK3R2,PIM1,PL
CG1,PPP2R1A,PPP6C, PRKACA, PTPN11, PTPRD*, PXDNL, RAC1, RAF1, RARA,
RET,RGS7*,RHEB,RHOA*, RICTOR, RIT1, ROS1, RPL10*,
RPS6KB1,RPTOR,SETBP1,SF3B1,SIX1*,SIX2*,SLCO1B3,SMC1A,SMO,SNCAIP*,SOS1*,
SOX2*,SPOP,SRC,SRSF2*,STAT3,STATSB,STAT6, TAF1, TERT, TGFBR1*, TOP1, TPMT,
TRRAP*, TSHR*,U2AF1,USP8, WAS* XPO1, YAP1,YES1,ZNF217,ZNF429.

CNV gains and Hotspot genes

A1CF,ACSM2B,ADAM18,ANO4,ARMC4,AURKB,BRINP3,C6,C8A,C8B,CANX,CASR,
CD163,CNTNG6,CNTNAP4,CNTNAP5,COL11A1,DCAF4L2,DCDC1,GALNT17,GPR158,
GRID2,HCN1,HLA-C,KCND2,KCNH7,KCNJ5,KEL,KIR3DL1,KRTAP21-1,KRTAP6-2,
LRRC7,MARCO,NLRC5,NOL4,NRXN1,NYAP2,0R10G8,0R2G6,0R2L13,0R2L2,0R2LS,
OR2M3,0R2T3,0R2T33,0R2T4,0R2W3,0R4A15,0R4C15,0R4C6,0R4M1,0R4M2,
OR5D18,0R5F1,0R5L1,0R5L2,0R6F1,0R8H2,0R812,0R8U1,0RC4,PAKS5,PCDH17,
PDE1A, PDE1C,PLXDC2,POM121L12,PPFIA2,RBP3,REG1A,REG1B,REG3A,REG3G,
RPTN, RUNDC3B,SH3RF2,SLC15A2,SLC8A1,SYT10,5YT16, TAPBP,TOP2A TPTE,
TRHDE, TRIM48,TRIM51,ZIM3,ZNF479,ZNF536.

TMB only genes

ACVR1B,ACVR2A,ADAMTS12, ADAMTS2, AMER1,APC,ARHGAP35,ARID1A,ARID1B,
ARID2,ARID5B,ASXL1,ASXL2,ATM} ATR,ATRX,AXIN1,AXIN2,B2M,BAP1,BARDI4,
BCOR,BLM,BMPR2,BRCA 1+, BRCA24 BRIPI+, CALR* CASPS8,CBFB,CD274,CD276,CDC73,CDH
1,CDHI10,CDK12t,CDKNI14,CDKNIB,CDKN2A4,CDKN2B,CDKN2C,CHEKI4,
CHEK24,CIC,CIITA* CREBBP,CSMD3,CTCF,CTLA4,CUL3,CUL4A,CUL4B,CYLD,
CYP2C9,CYP2D6*,DAXX,DICER1,DNMT3A,DOCK3,DPYD,DSC1,DSC3,ELF3,ENOL,
EP300,EPCAM,EPHA2, ERAP1,ERAP2,ERCC2,ERCC4,ERCC5*,ERRFI1,ETV6,FANCA,
FANCC,FANCD2,FANCE,FANCF,FANCG,FANCI, FANCLY, FANCM,FAS* FAT1,FBXW7,
FUBP1,GATA3,GNA13,GPS2,HDAC2,HDACY,HLA-A,HLA-B,HNF1A,ID3*,INPP4B,
JAK1,JAK2,JAK3,KDM5C,KDM6A,KEAP1,KLHL13* KMT2A,KMT2B,KMT2C,
KMT2D,LARP4B,LATS1,LATS2, MAP2K4,MAP2K7,MAP3K1,MAP3K4,MAPK8,MEN1,
MGA,MLH1,MLH3,MRE11,MSH2,MSH3,MSHE6,MTAP,MTUS2* MUTYH,NBN,NCOR1,
NFI,NF2,NOTCHI,NOTCH2,NOTCH3,NOTCH4,PALB2t, PARP1,PARP2,PARP3,PARP4,
PBRM1,PDCD1,PDCD1LG2,PDIA3,PGD,PHF6,PIK3R1,PMS1,PMS2,POLD1,POLE,
POT1,PPM1D,PPP2R2A,PRDM1,PRDM9,PRKAR1A,PSMB10*,PSMB8*,PSMB9* PTCH1,PTEN
,PTPRT,RAD50,RAD51,RAD5 1By, RAD51Ct,RAD5 1Dt RAD52,RAD54L+ RASA1,
RASA2,RB1,RBM10,RECQL4,RNASEH2A,RNASEH2B,RNASEH2C,RNF43,RPAL,RPL22*,
RPL5* RUNX1,RUNX1T1,SDHA,SDHB,SDHC,SDHD,SETD2,SLX4,SMAD2,SMAD4,
SMARCA4,SMARCB1,SOCS1,5S0X9,SPEN,STAG2,STAT1,STK11,SUFU,TAP1,TAP2,
TBX3,TCF7L2,TET2, TGFBR2, TMEM132D* , TNFAIP3,TNFRSF14,TP53,TP63,TPP2,TSC1,TSC2,
UGT1A1* USPI9X,VHL,WT1,XRCC2,XRCC3,ZBTB20*,ZFHX3,ZMYM3,ZRSR2.

CDS genes

Table 3: List of all genes included in Oncomine Comprehensive assay PLUS (*CNV is

not reported, + Homologous recombination repair genes enabled for gene-level LOH).
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phyloP30way mammalian,
phyloP17way_primate,
phastCons100way_vertebrate,
phastCons30way _mammalian,
phastCons17way_primate and SiPhy, and 4 allele
frequency information from the 1000 Genomes
Project, EXAC, gnomAD exome, and gnomAD

genome) and produce an ensemble prediction

Score name Website Basis Score Classification
GVGD= Class
. . . . Protein structure/function and evolutionary CO0, C15, C25, C65: most likely
Align GVGD (http://agvgd.hci.utah.edu/agvgd_input.php) conservation C35. C45, CO: less likely.
C55, or C65
DANN (https://varsome.com) Contrast an_notatlons of flerI nearly f|xec_j derived 0.01-0.99 near 1 = "damaging"
alleles in humans with simulated variants
i ) . . . p-values < 0.5="benign"
FATHMM-MKL (https://fathmm.biocompute.org.uk) Evolutionary Conservation range: 0 - 1 > 0.5= "deleterious"
0-50= "conservative"
51-100= "moderately
e . . . i conservative"
Grantham (https://ionreporter.thermofisher.com) Evolutionary Conservation 0-215 101-150= "moderately
radical”
>151 "radical"
s - Tolerated
LRT (https.//5|tes.google.cor)n/sne/jpopgen/deSFP Evolutionary Conservation 0-1 Unkown
Damaging
Integrate information from 28 high-level
annotation scores (16 functional prediction scores
including SIFT, Polyphen2_HDIV,
Polyphen2_HVAR, MutationAssessor,
PROVEAN, VEST4, M-CAP, REVEL, MutPred,
MVP, PrimateAl, DEOGEN2, CADD, fathmm-
XF, Eigen and GenoCanyon, 8 conservation
scores including GERP, <05 = "Toerated"
Meta-RNN (http://www.liulab.science/metarnn.html) phyloP100way_vertebrate, 0-1 > 0.5 = "Damaging"
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model with a deep recurrent neural network
(RNN).

"Damaging" (Score -

Mutation i . . . i Min)/(Max-Min)= < 0.65
Assessor (http://mutationassessor.org/r3) Evolutionary Conservation 52t0 6.5 “Tolerated" (Score -
Min)/(Max-Min)= > 0.65
0.0-2.15 "disease causing"
. . . Protein structure/function and evolutionary (does not "disease causing automatic"
Mutation Taster (https://www.mutationtaster.org) conservation affect “polymorphism”
forecast) "polymorphism automatic"
i . : _ > 0.5 "Damaging"
MutPred (http://mutpred.mutdb.org) Evolutionary Conservation 0-1 < 0.5 "Benign"
Two models: 0.0 - 0.15= "benign"
. . . HumDiv: 0.00 0.15 - 0.85= "possibily
Polyphen 2 (https://ionreporter.thermofisher.com) EvoIutlor;?rra/cgjcr);sfirr:/;tilgﬁl protein -1 damaging"
HumVar: 0.85 - 1.0= "probably
0.00-1 damaging"
Evolutionary conservation/Allignment and -40 -12.5 > -2 5= "Deleterious”
Provean (http://provean.jcvi.org) mesurement of similarity between variant (threshold: - T '_2_5_ “Neutral”
sequence and protein sequence homolog 2.5) - T
Ensemble method for predicting the pathogenicity
of missense variants based on a combination of
. scores from 13 individual tools: MutPred, > 0.5="Deleterious"
REVEL (https://labworm.com/tool/revel) FATHMM v2.3, VEST 3.0, PolyPhen-2, SIFT, From0Oto 1l < 0.5= "Neutral"
PROVEAN, MutationAssessor, MutationTaster,
LRT, GERP++, SiPhy, phyloP, and phastCons
SIFT (https://sift.bii.a-star.edu.sg) Evolutionary Conservation 0.00-1 < 0.05= "Damaging

> 0.05="Tolerated"

Table 4: List and characteristics of the different bioinformatic tools used for variant classification.
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4.0 ADRENOCORTICAL CARCINOMA
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Adrenal tumors are very common, affecting 3% to 10% of human population, and the
majority are small benign nonfunctional adrenocortical adenomas (ACA) (Mansmann et
al, 2014). Adrenocortical Carcinoma (ACC), in contrast, is a very rare disease as defined
by the National Institutes of Health Office of Rare Diseases Research, with a prevalence
of fewer than 200000 patients in the United States (Viani et al, 2009). In adults the
majority of ACC are found in the female gender (Luton et al, 1990), and the median age
of diagnosis is in the fifth to the sixth decade, with the German ACC Registry
recommending a median age of 46 years at diagnosis (Fassnacht et al, 2009).

ACCs have a varied presentation in adults: 40-60% of patients present with signs and
symptoms of adrenal steroid hormone excess. Pediatric ACCs are generally rare and can
be a part of familiar cancer syndromes (Kim et al, 2023). Hormone hypersecretion, apart
from being responsible for heterogeneous clinical presentations, has been also associated
with outcome, being cortisol secretion a predictor of poor prognosis (lkeya et al, 2020).
Patients that do not present hormonal excess have abdominal mass effect or are
discovered incidentally through imaging for unrelated medical conditions (Fassnacht et
al, 2009; Else et al, 2014). In children, 90% of cases arise from hormonal excess
(Michalkiewicz et al, 2004).

Pathological diagnosis is based on the application of scoring systems and/or diagnostic
algorithms. The Weiss score has widely been used since its introduction in 1984 to
diagnose ACC (Weiss, 1984). It consists of nine histopathological parameters relating to
tumor invasion, tumor cell properties, tumor structure and mitotic rate to predict the
malignant potential of the tumor (Pittaway et al, 2019). Subsequently, it has been
modified into the Weiss Revised Index, that consist of five parameters with a greater
weight on mitotic rate and tumor cell type (Aubert et al.,2002). Since both are difficult
to apply and are affected by low reproducibility, other scores/systems have been
developed. Among them, the one gaining major interest is the Helsinki Score, that in
addition to mitotic index and necrosis includes the use of Ki-67 proliferation index
(Pennanen et al, 2015). Ki-67 index per se has been suggested to help to refine the
diagnosis and prognosis of ACC (lkeya et al, 2020). In fact, a Ki-67 index >5% has been
proposed some years ago to differentiate ACC from ACA (Schmitt et al, 2006).
Moreover, Ki-67 index is considered a prognostic marker, as it has been suggesting that
patients with a Ki-67 index >10% have a high risk of recurrence (Fassnacht et al, 2018).
Most ACCs are sporadic, but up to 10% of cases can be associated with a hereditary
cancer syndrome (HCS) (Hofstedter et al, 2023).
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The most frequent are:

- Li Fraumeni syndrome (LFS), that develops childhood ACC, because of germline
TP53 gene  mutations; in LFS approximately 3% to 10% of LFS-associated
cancers are ACC, and 50% to 80% of ACC cases in children are in the context of
LFS (Li et al,1988; Bouregard et al, 2008; Rodriguez-Galindo et al, 2005; Wagner
et al, 1994; Valrey et al, 1999);

- Beckwith-Wiedemann syndrome (BWS) spectrum disorders, that can increase the
risk of ACC (Else et al, 2014); this syndrome consists genetically of alteration of
DNA methylation of the 11p15 locus where the coding region of IGF2, the cell
cycle regulator CDKN1C and the non-translated RNA H19 are located (Weksberg
et al, 2005);

- Multiple endocrine neoplasia type 1 (MENL1), that is caused by mutation in the
MEN21 gene on chromosome 11g13; its manifestations are hyperparathyroidism,
foregut neuroendocrine tumors and pituitary adenomas. A fraction of MEN1
patients will develop adrenal lesions (20-50%), being 14% of these malignant
(Skogseid et al, 2015; Waldmann et al, 2007; Gatta et al, 2012);

- Lynch syndrome (LS), caused by mutation of genes involved in DNA mismatch
repair pathway, as MSH2, MSH6, PMS2 and MLHZ1; patients with Lynch syndrome
have an increased risk of developing cancer, in particular colorectal and
endometrial cancer (Stoffel et al, 2019). The prevalence of Lynch syndrome in
patients with ACC is around 3%, that is comparable to the prevalence in colon and
endometrial cancer, which is estimated to be around 2 to 5 % (Raymond et al,
2013);

The number of therapeutic alternatives in ACC is very limited, and the only curative
treatment is complete surgical rejection. More than 50% of patients, after 5 years,
develop relapse of their disease (Glover et al, 2013), with a significant proportion of
distant metastases (Bianchini et al, 2021).

The only drug that has been approved from the US Food and Drug Administration is
mitotane, an inhibitor of steroidogenesis, both for treatment of cases at relapse after
surgery and for palliation (Assié et al, 2007). However, given the rarity of ACC,
randomized prospective trials evaluating adjuvant mitotane are nonexistent, and most
retrospective studies are limited by small sample size and/or single-institution bias

(Postlewait et al, 2016). Unfortunately, toxicities due to mitotane are common and
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include lethargy, somnolence, vertigo, paresthesia, anorexia, nausea, vomiting, hormonal
dysregulation, and skin changes (Williamson et al, 2000; Baudin et al, 2001).

In the presence of cases with an aggressive clinical course, the current standard practice
recommendations support combination therapy regiments associating mitotane with
chemotherapy agents such as etoposide, doxorubicin, and cisplatin (Bianchini et al, 2021;
Postlewait et al, 2016). By contrast, target therapies in ACC are under clinical

investigation but largely miss specific targets or biomarkers (Kenney et al, 2023).

Therefore, there has been an emerging interest on performing Next Generation Sequencing
(NGS) on ACCs in order to detect genomic alteration that could be used to guide targeted
therapies for the treatment of this rare disease (Ross et al,2014).

Main pathways involved in ACC cancerogenesis are the insulin growth factor 2 (IGF-2),
the Wnt/3-catenin and the p53/Rb pathways (Espiard et al, 2014).

TP53 gene mutations are associated with more aggressive tumors and with a poor
outcome (Libeé et al, 2007; Ragazzon et al, 2010; Hescot et al, 2022). In a recent study it
has been shown that TP53 is one of the most frequent genetic alterations in ACC, together
with BRD9, TERT, CTNNB1, CDK4, FLT4 and MDM2 (Hescheler et al, 2022)

Whnt/B-catenin pathway is relatively conservative in evolution, since it has important
effects on ontogeny, cell differentiation, apoptosis, and necrosis (MacDonald et al, 2009).
It is activated by R-catenin that is coded by the CTNNB1 gene. Mutations in CTNNB1
gene can inactivate the Wnt/3-catenin pathway, leading to a higher risk of developing
adrenocortical tumors, both benign and malignant (Zhou et al, 2020).

The gene and protein overexpression of insulin-like growth factor (IGF) Il is observed in
the majority of ACC (Scicluna et al, 2022). The IGF2 gene is located within 90 kb from
the H19 gene in chromosomal region 11p15.5 (Larsson et al, 2013). The IGF2- H19 is
subjected to parental imprinting, which is frequently lost in cancer by the loss of
imprinting, leading to the overexpression of IGF2/IGFII (Ogawa et al, 1993; Weksberg
et al, 1993).

Among other pathways involved in ACC pathogenesis, the Mismatch Repair (MMR)
system attracted great attention in the last years due to possible clinical implications
related to the possible use of immunotherapy. MMR is part of the DNA damage repair
pathway, and germline mutations in MMR genes are responsible for cancer development
(Lynch et al, 2009; Latham et al, 2019; Wang, 2016), causing hypermutability or
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microsatellite instability (MSI). The presence of MSI using molecular tools and/or testing
the expression of MMR proteins through immunohistochemistry (IHC) are generally
used for Lynch syndrome screening in different cancer types (Carethers et al.,2015; Li et
al.,2021; Olave et al.,2022). In ACC, MMR defects are poorly studies but recent data
claim that a significant proportion of cases, up to about 14%, harbor mutations in MMR

genes (Pozdeyev et al.,2021).
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4.1 Study 1

Deep molecular analysis of matched samples of adrenocortical neoplasms with

coexisting benign and malignant tumor components

Aim

To unveil mechanisms of progression from adrenal cortical adenoma to adrenal cortical
carcinoma through deep molecular characterization of cases with coexistence of both a

benign and a malignant component within the same lesion.

Methods

DNA extraction; Next Generation Sequencing, OCA Plus Assay.

Patients and tissue samples

From a large series of 418 samples of ACC collected at San Luigi Hospital, Orbassano,
Turin, we selected 15 cases that were characterized by the coexistence of a
morphologically recognizable benign/adenomatous component within the same lesion (4%
of the series). All cases were re-assessed by a pathologist to confirm ACC diagnosis and
evaluate adequacy of leftover FFPE material for molecular analyses. Seven cases met
inclusion criteria for NGS testing. Match pairs of benign and malignant components were
obtained by means of stereo-microscopically assisted manual microdissection (performed
in all cases by the same pathologist) from serial sections.

Results

Pathological characteristics
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The histological subtype of the 7 cases analyzed was conventional in four cases, oncocytic
predominant in two and myxoid focal in one. Three cases were high and four were low
grade according to the WHO 2022 classification. One representative case is illustrated in

Figure 1_1.

Next generation sequencing analysis

The number of total gene mutations (including not only pathogenic mutation but also
benign mutations and VUS mutations) that have been found is showed in Figure 1_2 into
Venn diagrams.

In most of the cases there is a slight increase in the number of mutations in the carcinoma
component, although 1 case (S_1) displayed a higher number of mutations in the benign
component.

Regarding pathogenic mutations, only, one sample was not informative due to the lack of
pathogenetic alterations. The TERT promoter mutation c. -124 C>T occurred in two cases,
both lacking pathogenetic variants in the benign component. Two other cases showed the
presence of a single pathogenic mutation occurring in both the benign and the malignant
component (CTNNB1 and FANCA, respectively), with an additional co-mutation in TP53
and NF1. Then, last two cases presented the same mutation profile adenoma and carcinoma
components, one with FANCD2 and GNAS co-mutations, and one with NQO1 mutation.
Mismatch repair status was stable in all four cases that passed QC control in both tumor
components (Figure 1_3).

Tumor mutational burden (TMB) was rather low, ranging from 0.95 to 6.65 in all samples.
In most of the cases (71.4%), TMB was stable or increased in the carcinoma component,
while in two cases TMB was higher in the adenoma component (Figure 1_4).

Loss of heterozygosity (LOH) analysis was assessable using the OCA Plus panel in 14
genes (the names of the genes are showed in Figure 1 5). Two out of 7 cases were not
informative, not showing LOH in the adenoma or carcinoma component. Three cases
showed either the presence of LOH exclusively in the malignant component or co-
occurrence of LOH in both components with additional loci lost in the malignant sample.
In the last two cases, the LOH profile was completely different between the two
components: in case S_7, a higher number of LOH was observed in the adenoma
component whereas in case S_1 both components were altered but none of the altered gene

was in common between the two components (Figure 1_5).
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Oncomine comprehensive assay PLUS detects copy number variations (CNV) and
chromosomal arms alterations in terms of losses and gains. In the majority of cases (5/7
cases, 71.4%) there is an increasing number of CNV loss/gain and chromosomal arms
loss/gain in the carcinoma component (Figure 1_6). The other two cases had a completely
discordant results, showing a high number of CNV and chromosomal arms loss/gain in
both components.

Based on the overall agreement of molecular features in the tumor components, for each
analysis (including pathogenic gene mutations, TMB, LOH and CNV/chromosomal arms)
samples were coded as follows (Figure 1_7):

a) monoclonal-homogeneous, when there was a predominant molecular overlapping
between the two components;

b) monoclonal-heterogeneous, when a few molecular alterations were shared in the two
components, but the malignant component was enriched for additional molecular
alteration;

¢) polyclonal, when molecular alterations were predominantly mutually exclusive between
the two sample, thus molecularly unrelated.

As a summary of integrated molecular findings, most of the cases are in agreement with
the hypothesis of a direct progression from adenoma to carcinoma, with 3 cases
characterized by the acquisition of CNV alterations, one by TERT promoter mutation in
association with CNVs, and one by TP53 mutation and CNV. By contrast, two cases were
more suggestive for a polyclonal origin due to a predominant heterogeneous, partly

mutually exclusive, genotype.

Discussion

ACC with a benign associated component exist but have been very rarely described in the
literature (Ranganathan et al, 2005). In a previous molecular study investigating both
adrenocortical adenomas and carcinomas, it was shown that a high number of molecular
alterations were present in benign and in malignant tumors, supporting a model of multi-
step tumor progression (Ronchi et al, 2013). However, a molecular analysis of ACC cases
with a coexistent benign component has not been conducted, so far.

Therefore, we retrieved from a very large collection of ACC samples a set of cases

morphologically showing a combination of benign and malignant tumor components. The
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fifteen cases recognized to have such features are indicative that this type of lesions is not
extremely rare, but represents about 4% of ACC, at least in our series of cases.

The molecular analysis was limited to 7 cases due to the incomplete availability of leftover
tumor tissue material and/or a suboptimal quality of the tissue that prevented an adequate
quality of nucleic acids for the deep NGS testing planned in the study.

Genomic alterations were both exclusively identified in the ACC component or shared
with the benign tumor tissue counterpart. Gene mutations exclusively detected in the ACC
component were TERTp (2 cases), NF1 (one case) and TP53 (one case), thus showing that
alterations in these genes are a hallmark of malignancy. Other mutations were all shared
by both benign and malignant components and included mutations in genes involved in
the b-catenin/Wnt pathway (CTNNB1, one case), the DNA repair mechanisms (FANCD2
and FANCA, one case, each), G-protein regulation (GNAS, one case) and cell cycle
regulation (NQOL, one case). Most shared or malignant-specific mutations detected have
been already described in ACC. TP53 mutations are among the most frequent in ACC
(Assié et al, 2014; Hescheler et al, 2022). CTNNB1 and GNAS mutations are known to
occur

in adrenocortical adenomas, also (Wu et al, 2022). Germline NF1 mutations are related to
the onset of ACC in the context of neurofibromatosis type 1 syndrome (Minkiewicz et al,
2020), but in our case the NF1 mutation occurred in the ACC component only, thus
demonstrating to occur as a somatic event. Interestingly, mutations in NQO1 gene have
never been found in adrenocortical carcinoma, so far, but are described as pathogenetic
event in other cancer types (Chao et al, 2006).

The analysis of microsatellite instability was not informative, both because of the high
number of inadequate cases and the absence of cases showing an instable pattern.

TMB, as assessed by using the assay employed in this study, was also moderately
informative due to a general low index, although the majority of cases showed a slight
increase in the malignant as compared to the benign component. Although not directly
comparable due to different methods of investigation, out data on low TMB are apparently
different from recent data claiming a significant rate of cases with high TMB (Araujo-
Castro et al, 2021), that was also correlated with worse clinical outcome (Luo et al, 2022).
With all the limitations due to our small sample size and method of estimation, our data
seem to suggest that ACC cases associated with a benign component harbor a low number

of overall mutations as compared to “pure” ACC cases.
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LOH analysis was limited in the NGS panel to a small number of genes, but was
informative in 5 cases, with heterogeneous profiles. In three cases, some LOH were shared
by the two components with additional LOH events in the malignant counterpart, whereas
two other cases clearly showed mutually exclusive profiles. This overall picture was even
more evident for CNV and chromosomal arms analysis. Also in this context, some cases
showed almost mutually exclusive profiles in the two components. Therefore, at variance
with genomic data related to mutational profiles that were supportive of a clonal multistep
progression in all informative cases, LOH and CNV data were indicative, at least in some
cases, of an unrelated clonal evolution even in cases where the two tumor components
were closely intermingled.

In fact, an integrated overview of molecular data was supportive of the existence of cases
following two different models of evolution:

a) 5 cases were consistent with a model of monoclonal evolution from the benign to the
malignant component mediated by the acquisition of gene mutations (i.e. TERTp or TP53),
or by the increased number of chromosomal alterations;

b) in 2 cases the benign and malignant components were molecularly unrelated, with

special reference to CNV and LOH profiles, supporting a polyclonal evolution.
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Normal
adrenal

Figure 1_1: A case of ACC (upper panels, with atypia, necrosis, atypical mitotic figures,
disrupted reticulin framework and moderate Ki-67 index) with abrupt transition from a
predominant peripheral adenoma-like component (lower panels, with no or necrosis, low
mitotic index with no atypical mitotic figures, intact reticulin framework and very low Ki-

67 index). ACA: adrenocortical adenoma. ACC: adrenocortical carcinoma
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Figure 1_2: Venn diagrams showing number of gene mutations (including benign, VUS

and pathogenic); list of pathogenic mutations related to each case.
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Figure 1_3: Microsatellite instability summary of cases. Fail is due to QC fail.
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Figure 1_4: Tumor mutational burden
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Figure 1_5: Loss of heterozygosity of the 14 genes analyzed by the assay.
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Figure 1_6: Number of copy number variation and arms loss/gain of all samples in both

components.
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Figure 1_7: Summary of the results obtained from the different analyses.
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4.2 Study 2

Pathological and molecular characteristics of adrenocortical carcinomas with

mismatch repair deficiency

Aim

The aim of this project was to investigate prevalence, clinical, pathological and molecular
characteristics of MMR-deficient ACCs.

Methods

DNA extraction; immunohistochemistry (MMR proteins); microsatellite instability

analysis; Next Generation Sequencing, OCA v3 assay.

Patients and tissue samples

From the same database used for study 1 including 418 samples of ACC collected at San
Luigi Hospital, Orbassano, Turin, we randomly selected 120 cases based on availability of
residual FFPE material adequate for all analyses planed in this study. All cases were re-
assessed by a pathologist to confirm ACC diagnosis and to select the most representative
tumor paraffin block. For molecular analyses, tumor cell enrichment was obtained by
means of stereo-microscopically assisted manual microdissection (performed in all cases

by the same pathologist) from serial sections.

Results

Prevalence of altered MMR protein expression
Out of the 120 ACCs tested, the majority (109/120, 91%) showed a preserved

immunohistochemical expression of MMR proteins. By contrast, 11 out of 120 cases
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(9.1%) showed an altered MMR protein expression profile. Among these cases, the most
common alteration was the loss of MSH6, observed in 8 out of 11 cases (72%). This loss
was either isolated (5 cases) or combined with the loss of MSH2 (3 cases). Conversely, the
remaining cases showed an alteration in both MLH1 and PMS2 protein expression (3/11
cases, 27%) (Figure 2_1).

Association of MMR-deficient pattern with clinical and pathological characteristics

Main clinical and pathological characteristic of MMR-deficient cases were correlated with
those lacking MMR alterations. Altered expression of MMR proteins was associated
significantly with non-oncocytic histotype (p=0.03), and higher T stage (pT3-pT4 in 7/11,
64%; p=0.006). Moreover, MMR deficient cases were associated although with a
borderline statistical significance with higher Weiss and Helsinki scores and Ki67 index.

No associations were found with the other clinical and pathological factors (Table 2_1)

Concordance between loss of MMR protein expression and MSI status assessed by
Real-time PCR and with DNA NGS analysis

ACC cases with altered MMR protein expression, were investigated at the molecular level
to detect both the presence of microsatellite instability (MSI) and the occurrence of
mutations in MMR genes.

For MSI analysis, we employed a Real-time PCR kit designed for MSI testing in colorectal
and endometrial cancer. Interestingly, this analysis did not show a microsatellite unstable
phenotype in any of the MMR-deficient case as assessed by immunohistochemistry
(Figure 2_2).

Next-Generation sequencing (NGS) analysis detected overall 10 mutations in genes coding
for MMR proteins. The genomic/phenotypic profile was concordant in 7/11 cases (64%)
(Figure 2_3). In the discrepant cases, one case displayed MSH2 and MLH1 mutations with
MSHS6 protein loss, whereas in the remaining three cases (two with MSH2/MSH6 loss and
one with MLH1/PMS2 loss), no mutations in mismatch repair gene were found.

Genomic characteristics of MMR deficient ACC

Subsequent molecular characterization of the MMR-deficient cases through DNA NGS
analysis unveiled these cases to carry additional mutations (7 £ 4 mutations). Among these
alterations, TP53 mutations were the most common (82%), followed by mutations in genes
related to chromatin remodeling, such as ARID1A (46%), ATM (36%), SMARCA4 (36%),

56



and ATRX (27%). Importantly, every MMR-deficient case exhibited at least one mutation
in the aforementioned chromatin remodeling genes. Additional frequent molecular
alterations involved NF1 (27%), TSC2 (27%), BAP1 (18%), CTNNB1 (18%), ERBB2
(18%), MDM2 (18%), NOTCH1 (18%), PIK3R1 (18%), RAD50 (18%), RB1 (18%)
(Figure 2_4).

Heterogeneity of MMR pattern and genotype in metachronous tumor samples of one
case

Among the 11 MMR-deficient ACC cases, one case had altered protein pattern (MSH6
loss) in the sample corresponding to a local recurrence but not in the primary tumor sample.
DNA NGS analysis showed that the primary lesion had a relatively limited number of
mutations, primarily involving TP53, CTNNB1 with a high allelic frequency. Moreover, a
NOTCH3 mutation was also detected but a very low frequency. Both TP53 and CTNNB1
mutations were retained in the recurrent MMR-deficient sample, that harbored a more
complex genotype with several co-mutations with variable allelic frequencies (Figure
2_5).

Discussion

In the field of endocrine pathology, the relationship between the adreno-cortical carcinoma
(ACC) and the MMR system has recently garnered increased attention. This heightened
interest stems from several factors. Firstly, ACC has been reported to be potentially linked
to the spectrum of MMR system-related disorders, but this aspect remains to be confirmed
(Domeénech et al, 2021; Mete et al, 2022). Secondly, there is a growing body of evidence
suggesting that in certain endocrine malignancies the MMR status may serve as a
significant prognostic indicator (Santos et al, 2018; Rocha et al, 2021; Wong et al, 2019;
Teuber et al, 2021; Park et al, 2020). However, whether this could relate to ACC as well,
including its potential utility in screening ACC patients for Lynch syndrome remains to be
demonstrated (Domenech et al, 2021; Raymond et al, 2013). Lastly, the role of MMR
status in determining the eligibility for immunotherapy in ACC remains to be validated,
and this aspect is particularly relevant considering its potential clinical implications (Casey
et al, 2018; Pozdeyev et al, 2021).
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In this setting, this study makes a valuable contribution to better understanding ACC with
MMR deficiency. In particular, it provides evidence of the association of MMR deficiency
with unfavorable clinicopathological characteristics and highlights the presence of
alternative pathways for MMR instability.

Adrenocortical carcinoma (ACC) is an exceptionally aggressive and rare malignancy, with
an incidence of approximately 0.7-2 cases per million in the United States (Libe, 2019).
Among these cases, the prevalence of MMR instability is reported to be low, varying from
310 13.7% (Else et al, 2014; Darabi et al, 2021; Pozdeyev et al, 2021), and with the most
frequent alterations involving MSH2 (Domenech et al, 2021) or MLH1 (Brondani et al,
2020).

Similarly, in our series of surgically resected ACCs, only a minority (11 out of 120, or
9.1%) showed alterations in MMR protein expression, confirming both the presence as
well as the rarity of this finding in ACC. Moreover, even though occasional alterations in
MSH2 or MLH1 were reported, the loss of MSH6 was, by a significant margin, the most
frequently observed alteration in our cohort, making this study the first to document such

a finding.

Regarding clinical implications, our series clearly established a noteworthy connection
between cases showing altered MMR protein expression and clinical characteristics that
are typically associated with a more aggressive disease course. In particular, altered MMR
protein expression was found to be significantly associated with a higher pathological T-
stage (T3, T4). Additionally, while not quite reaching statistical significance, there was a
trend indicating a positive association between MMR deficiency and elevated Weiss and
Helsinki scores, as well as a high Ki-67 proliferation index. These findings gain particular
significance when considered alongside recent evidence suggesting a link between MSH6
alterations in ACC and a worse prognosis (Chen et al, 2023).

The presence of MMR-deficient profile as assessed by immunohistochemistry was not
associated with microsatellite instability using a commercial panel designed for colon and
endometrial cancer. These results suggest that the profile of microsatellite instability is
tumor and/or tissue specific and is influenced by the type of alteration affecting the MMR
pathway. As an example, recently MSH6 loss has been associated even in endometrial
cancer with a low sensitivity of PCR-based panels used to identify the presence of
microsatellite instability (Adachi et al, 2023).
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Genomic data in MMR-deficient cases were also contributing to the characterization of
these cases. First, in 4 cases the immunohistochemical results were not correlated with the
presence of mutations in MMR genes. This observation claimed that non genomic
regulation but rather epigenetic mechanisms (such as methylation) might be responsible
for a MMR-deficient phenotype, at least in a subset of cases. The single case in which we
could compare primary tumor and tumor tissue sample related to a metachronous
recurrence is strongly supportive of this scenario. In fact, whereas the primary tumor was
MMR-proficient, the tumor at recurrence was MMR-deficient due to MSH®6 protein loss.
The IHC profile was non associated with significant mutations in MMR genes, if not for
mutations in MSH2 and MLH1 with a very low allelic frequency, and probably arising as
a consequence of defective DNA repair mechanisms. Moreover, MMR-deficient cases had
peculiar co-occurring gene mutations that are different to what expected by overall data
available in ACC. In particular, a very high frequency of TP53 mutations was observed
(more than 80%) as compared to the 20% expected (Ragazzon et al, 2010). Finally,
mutations in chromatin-remodeling gens were highly prevalent, with almost all cases of

MMR-deficient ACC harboring at least one mutation in genes belonging to this pathway.
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Figure 2_1: Patterns of loss of nuclear expression of MMR proteins in ACC. Endothelial

or peritumoral cortical cells served as positive internal controls.
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Figure 2_2: Examples of profiles of amplification of microsatellite regions tested in the
assay applied in our study to detect the presence of microsatellite instability. The ACC

sample with MSH6 protein loss showed a stable profile as compared to the colon cancer

sample used as positive control.
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Figure 2_4: Main molecular alterations in ACC cases showing MMR deficiency.
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Figure 2_5: Comparative genomic analysis in one ACC case with MMR-proficient
primary adrenal lesion and MMR-deficient recurrence. Percentages in the histograms
represent allelic frequencies.
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MMR-

MMR-proficient

Parameter deficient p-value
(#11) (#109)
M 5 46
Sex = 5 62 0.99
average, yrs ) i
Age [range] 56 [37-69] 49 [18-66] 0.13
Not secreting | 1 18
Cortisol 2 15
. 96 0.78
Functionality Other 1 (androgens) cortlsol+ar.1drogens, 3
androgens; 1
aldosterone+cortisol)
Not known 7 67 /
. average, cm 12.7 [4.3- i
Diameter [range] 13.7] 11.5[0.7-24.3] 0.44
Weight average, ¢ 600.3 [321- i
[range] 810] 619.8 [64-2800] 0.94
Conventional | 8 84
Predominant | Oncocytic 1 22 0.03
subtype Mixoid 2 2 '
Sarcomatoid | O 1
. average i i
Weiss score [range] 8 [4-9] 6.9 [3-9] 0.06
o average i i
Helisnki score [range] 39.9 [14-73] | 30.5[7-78] 0.13
o average i )
Ki-67 index [range] 32.4[11-65] | 22.9[1-70] 0.10
1-2 4 66
Stage pT 34 7 18 0.006
NX 6 93 /
Stage pN NO 3 10
N1 > 5 0.99

Table 2_1: Clinical and pathological correlates.
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5.0. POORLY DIFFERENTIATED THYROID CANCER
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Thyroid cancer has a wide spectrum of morphologies and behaviors that include the most
common and indolent tumors as well as the most aggressive and rapidly lethal
malignancies (Asa et al, 2019).

Follicular cell-derived tumors constitute the majority of thyroid neoplasm, and the 2022
WHO classification of endocrine tumors has organized these neoplasms into three
categories: benign neoplasms, low-risk neoplasms, and malignant neoplasms (Baloch et
al, 2022).

Poorly differentiated thyroid carcinoma (PDTC), together with differentiated high-grade
thyroid carcinoma (DHGTC), are rare thyroid malignancies that are both recognized by
the new WHO classification as high-grade non-anaplastic follicular cell-derived
carcinomas with an intermediate prognosis (Baloch et al, 2022).

The term “poorly differentiated (PD) thyroid carcinoma” has been proposed 20 years ago
to define non-follicular, non-papillary thyroid carcinomas, which produced thyroglobulin
and were unrelated to anaplastic carcinoma, showing an intermediate clinical behavior
between follicular or papillary and anaplastic carcinomas (Volante et al, 2008).

PDTC and DHGTC are intermediate forms of thyroid cancer that are classified between
differentiated thyroid carcinomas and anaplastic thyroid carcinomas (Cracolici, 2023). In
particular, well differentiated thyroid carcinoma (WDTC) accounts for 90-95% of thyroid
carcinoma and is further subtyped into papillary thyroid carcinoma (PTC) and follicular
thyroid carcinoma (FTC) (Duan et al,2019). In contrast, PDTC represent less than 5% of
all newly diagnosed thyroid malignancies, they generally affect patients in the fifth to sixth
decade of life with a slight female predominance (Volante et al, 2007; Wong et al, 2019;
Asioli et al, 2010) and have a mean survival, after diagnosis of only 3.2 years (Landa et al,
2016).

While there was a universal agreement on the recognition of PDTC, pathologist differed
on histologic definition (Ibrahimpasic et al, 2019). Some of them lean on a solid/trabecular
growth pattern alone (Volante et al, 2004), while head and neck pathologists at Memorial
Sloane Kettering Cancer Center (MSKCC) used high mitotic rate and/or tumor necrosis to
diagnose this tumor (Hiltzik et al, 2006). In 2006, in order to unify the concept of PDTC,
a group of internationally recognized thyroid experts met in Turin and elaborated the
“Turin consensus”, an algorithm based on high-grade features and growth pattern (\VVolante
et al, 2007; Dettmer et al, 2020; Volante et al, 2021).

Turin criteria include:
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a) presence of a solid/trabecular/insular pattern of growth in a malignant/invasive
tumor;

b) absence of the conventional nuclear features of papillary carcinoma;

C) presence of at least one of the following features: convoluted nuclei, mitotic activity

>3 x 10 high power microscopic fields (HPF) and tumor necrosis.

PDTC represents the main cause of morbidity and mortality from non-anaplastic follicular
cell-derived thyroid cancer (Ibrahimpasic et al, 2019), and distant disease, most commonly
in lung and bone, represent the major cause of death in PDTC, accounting for up to 85%
of disease-related deaths (Sanders et al, 2007; Chao et al, 2004; Ibrahimpasic et al, 2014).
According to most of the available molecular data, PDTC and DHGTC may arise from
differentiated thyroid carcinoma, but they may also originate de novo, in association with
iodine deficiency (Baloch et al, 2022).

In terms of treatment, due to their rarity and heterogeneity of inclusion criteria, therapeutic
strategies of PDTC have still not been standardized, and surgery is the first treatment of
choice for PDTC (Ibrahimpasic et al, 2019). PDTC patients are partially responsive to
radioiodine (RAI) therapy, but 10-year survival is below 10% (Dierks et al, 2021).
Molecular targeted therapies, as tyrosine kinase inhibitors (TKISs) represent promising
therapeutic options for thyroid carcinoma patients (Valerio et al,2017), but only patients
with specific genetic mutations can have some benefits from TKIs therapy (Borson-Chazot
et al, 2018; Iwasaki et al, 2018).

Therefore, increase in the knowledge of PDTC molecular background is of pathogenetic
interest but it also has a prime aim to identify potential therapeutic targets that might offer
novel strategies in patients developing radio-iodine refractory disease.

There have been several studies using next generation sequencing (NGS) techniques as a
tool to unravel genomic alterations in PDTC (Gerber et al, 2018; Landa et al, 2016;
Sykorova et al, 2015; Nikiforova et al, 2013). Genetic alterations include “Early” and
“Late” molecular events, where “early changes are found in combination with “Late”, in a
model of multistep progression from well differentiated to poorly differentiated to
anaplastic thyroid carcinoma.

“Early” mutations are mainly in RAS and BRAF genes, whereas other mutations such as in
EIF1AX, ATM and ERBB4 are less frequent (Landa et al,2 016; Chen et al, 2018; Gerber
et al, 2017). “Late” changes (similarly to anaplastic thyroid carcinoma — ATC) are mainly
somatic mutations in TP53, and TERTp, and dysregulation of the PIK3/PTEN/AKT
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pathway (Volante et al, 2021). In particular, TERT gene plays a dominant role in the
activation of telomerase during malignant transformation cells (Liu et al, 2016). There are
two TERTp mutations that are common in thyroid cancer and are located at two hotspots:
chr5:1295228 C>T (C228T) and chr5:1295250 C>T (C250T), corresponding to the
positions 124 and 146, respectively (Liu et al,2016).

The C228T mutation is more common than C250T in most cancers; both mutations
generate a consensus binding site in the TERTp for E-twenty-six (ETS) transcription
factors, which has been shown to confer the TERTp increased transcriptional activities
(Huang et al, 2013; Horn et al, 2013; Na et al, 2022).

In thyroid cancer, TERTp mutations increases significantly from well to poorly
differentiated and undifferentiated carcinomas, up to 50% of all cases (Gandolfi et al,
2015), and are associated with poor prognosis (Ibrahimpasic et al, 2017).

Gene fusions, such as RET/PTC, ALK, NTRK1 and 3 and PAX8/PPARG, also occur in
thyroid cancer (Gatalica et al, 2019; Panebianco et al, 2019). Although most data are on
well-differentiated histotypes, they been found in a significant proportion in PDTC, also
but data are still limited to relatively small series.

DNA Mismatch Repair (MMR) proteins are important players in the post-replication
repair by correcting base spontaneous mutations that results from replication errors (Hsieh
et al, 2008). Mutations in genes coding for MMR proteins, namely MLH1, MSH2, MSH6
and PMS2, can lead to the development of malignant transformation and tumorigenesis
(Luchini et al, 2019; Li, 2008).

Usually, mutations in MMR genes that alter the expression of one or couples of MMR
proteins are associated with the onset of microsatellite instability (MSI), since the loss of
function of the MMR pathway increases the occurrence of errors in the replication of
microsatellite regions of the DNA.

DNA MMR alterations can be identified using immunohistochemistry to detect loss of
MMR proteins and/or molecular tests to show microsatellite alterations (Luchini et al,
2019). The occurrence of MMR defects in thyroid cancer (in particular involving MSH2
and MSHG6) has been investigated in thyroid cancer, but data in PDTC are few and limited

to a small number of cases (Qiao et al, 2022).
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5.1 Study 3

Molecular heterogeneity of poorly differentiated thyroid carcinomas associated with

a well differentiated carcinoma component.

Aim

The aim of the present study was to characterize the molecular landmark of poorly
differentiated carcinomas associated with a well-differentiated component, to underpin
possible molecular pathways of tumor progression and to verify a possible clonal origin
for these tumors.

Methods

DNA and RNA extraction, targeted Next Generation Sequencing, Focus Assay; Sanger

sequencing.

Patients and tissue samples

Cases enrolled in the study were selected from the databases of the Department of
Oncology, University of Turin, at both San Luigi (Orbassano, Turin) and Citta della Salute
(Turin) Hospitals, from the Mauriziano Hospital (Turin) and from the Institute of
Pathology, University of Bern (Bern). A total of 27 cases were identified meeting the
following criteria: i) a diagnosis of poorly differentiated carcinoma confirmed after
histological revision (by MV and JM) according to the diagnostic criteria assessed in the
Turin Consensus as defined in the most recent WHO classification of thyroid tumors
(Baloch et al.,2022); ii) the presence of a clearly recognizable associated well
differentiated carcinoma component, and iii) leftover paraffin embedded material adequate
for molecular analysis. Match pairs of poorly differentiated and well differentiated
components were obtained by means of stereo-microscopically assisted manual

microdissection (performed in all cases by the same pathologist, MV) from serial sections.
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Results

Clinical and pathological characteristics

Among the 27 selected cases, 23 yielded nucleic acids adequate for further molecular
testing. Of these, 13 were associated with a papillary carcinoma component, 8 with a
follicular carcinoma component and two with an oncocytic carcinoma component (Figure
3_1). In those with an associated papillary carcinoma component, six were of the classical
type, five of the follicular type and one of the tall-cell type. The age, sex and pathological
stage distribution of the cases is reported in Table 3_1, together with the summary of
detected molecular alterations. Male to female ratio was 2:1, and the mean age was 65.9

years.

Prevalence of TERT mutations

Two out of 23 cases (cases T2 and T7) gave inadequate results for TERT promoter
sequencing. Six out of 21 adequate cases (28.5%) harbored a TERT promoter mutation
(three with associated papillary carcinoma, classic type, and three with associated follicular
carcinoma components). All TERT promoter mutations detected were C228T (c.-124
C>T). In all but one case, the TERT promoter mutation was identified in both the well
differentiated and the poorly differentiated components of the tumor. In the last case (case
T18), the TERT promoter mutation was detected in the poorly differentiated component,
only (Figure 3_2). In all but one case (T22), the TERT promoter mutation was coexistent

with other driver mutations.

Next generation sequencing analysis

Seven cases lack any molecular alteration in the genes covered by the NGS panel.
DNA analysis in the 16 samples with detectable molecular alterations identified a total of
38 pathogenic variants in one or in both the two tumor component analyzed (Table 3_1).
RAS mutations, exclusive or concurrent with other alterations, were the most prevalent,
detectable in 12/23 cases (52.2%), being NRAS mutations the most frequent (7 cases).
BRAF mutations were detected in three cases (13%), being the single pathogenic variant
in one of them. Overall, the RAS/RAF pathway was altered in 14/23 cases (60.8%).
PIK3CA mutations occurred in four cases (17.4%), either associated with RAS mutations
(2 cases) or co-mutated with BRAF (1 case) and EGFR (1 case). AKT1 mutations occurred
in two cases (8.7%), both co-occurring with NRAS mutations. Overall, the PISK/AKT
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pathway was altered in 6/23 cases (26.1%); one single case lacked co-mutations with RAS
genes. EGFR mutations were the second most prevalent and were detected in five cases
(21.7%) all but one co-occurring with RAS, PIK3CA and/or BRAF mutations. Finally, non-
recurrent mutations (one mutation for each gene) were detected in MED12, FGFR1,
FGFR2, RET, PDGFRA, MET, GNA11, GNAQ and KIT. Copy number variations (CNV)
were not detected.

Concerning RNA analysis, 13 cases failed in sequencing. In the 10 adequate cases, one
PAX8-PPARy and one ETV/NTRK3 fusion were detected.

Comparison of genomic alterations detected in the two separate tumor components (well
differentiated and poorly differentiated) of each case are illustrated in Figures 3 3 and
3_4, except for TERTp mutations and gene fusions whose allelic frequencies cannot be
expressed.

Based on the overall agreement of molecular features in the tumor components, 7 cases
(T1, T4, T5, T9, T10, T11 and T22) were coded as monoclonal/homogeneous genotype,
because of the overlapping molecular alterations in the well differentiated and poorly
differentiated carcinoma components. Allelic frequencies of shared mutations, when
available, were strongly similar in the two tumor components in all cases.

Six other cases (T3, T8, T12, T15, T16, T17) showed a monoclonal/heterogeneous
molecular profile. In these cases, one or two gene mutations were shared by the two tumor
components, but additional molecular alterations (from 1 to 3) were detected in the poorly
differentiated carcinoma component. Additional co-mutations included the two gene
fusions, together with AKT1 and EGFR (2 cases, each), and KRAS, BRAF, GNA11, GNAQ,
PIK3CA and KIT (1 case, each). In most cases, allelic frequencies of these genes, when
assessable, were lower than those detected for mutations in shared genes. Finally, four
cases (T2, T6, T7, T18) were considered polyclonal since no molecular alteration detected
in the case was shared by the two tumor components, or — as for case T7 — the shared
mutations demonstrated a significantly different allelic frequency together with additional
molecular alterations exclusively present in the well differentiated component.
Interestingly, all these four cases were enriched in one of the two tumor components for

mutations in genes encoding for proteins active as tyrosine kinases.

Discussion
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The coexistence of PDTC and WDTC components within an individual lesion is well
known (Dettmer et al, 2020), and postulate the hypothesis of the existence of PDTC cases
progressing from pre-existing WDTC, in contrast to others arising de novo (Volante et al,
2021).

However, at variance with the model of anaplastic carcinoma where this phenomenon has
been also investigated at the molecular level, cases with coexisting WDTC and PDTC have
not been investigated, so far, in terms of the definition of possible molecular pathways of
progression. The molecular data available on anaplastic carcinoma support the existence
of driver early alterations (mainly RAS and BRAF mutations) common in WDTC and
anaplastic components, but also that the WDTC component possess a genomic signature
that is different to what expected in WDTC without associated anaplastic components
(Mika et al, 2021).

Based on these observations, we designed this study to investigate if PDTC with coexistent
WDTC component are distinct from pure PDTC in their genomic background, and if a
clonal evolution could be designed based on the observed molecular alterations in the two
components.

As a first observation, in our series of cases the WDTC component was made of every type
of differentiated thyroid cancer, from papillary to follicular to oncocytic, thus showing that
there is not a unique pattern of association, and that PDTC may theoretically arise from
every type of WDTC.

In terms of genomic profiling, RAS mutations were the most frequently observed, as it has
been described in the literature since several years (Nikiforova et al, 2003; Pita et al, 2014),
especially when the Turin criteria for PDTC classification are applied (Volante et al, 2009;
Landa et al, 2016). Interestingly, the PI3K/AKT pathway was the second most altered, but
in almost all cases by mutations co-occurring with those in RAS genes. Mutations in
PIK3CA and AKT1 genes were either mutated in both WDTC and PDTC tumor
components or were present exclusively in the PDTC component, suggesting that they may
represent either mechanisms of tumor progression or characterize WDTC samples with a
peculiar genotype favoring dedifferentiation. This second hypothesis is even more evident
considering the mutation profile of TERTp. In fact, TERTp mutations had the expected
prevalence (about 30%), but they were early event in our series of tumors since in all but
one case they were already detectable in the WDTC component. Therefore, in these cases,
the WDTC component harbored already a genetic hallmark of aggressiveness in thyroid

carcinogenesis (Liu et al, 2016; Dettmer et al, 2015). Other mutations, such as those in

80



genes coding for tyrosine kinases (i.e. EGFR), were detected at low prevalence and
generally at a low allelic frequency, similarly to previous reports (Gerber et al, 2018;
Soares et al, 2011). Mutations in tyrosine kinase genes occurred both in WDTC and PDTC
tumor components, but generally in a discordant pattern within individual tumors. Apart
from their hypothetical role in the molecular mechanisms of tumor progression in PDTC,
it is important to underline that these mutations are potential targets for therapy, as
suggested by some preclinical data (Sa et al, 2022).

The two gene fusions identified in our series were both exclusively detected in PDTC
tumor samples. The prevalence of fusions in our series of PDTC is similar to what reported
in the literature (Yakushina et al, 2018), but our data are limited by the high rate of failure
in RNA analysis.

The overall molecular comparison between WDTC and PDTC components of the same
case could divide the cases into 4 major groups:

a) not informative, due to the lack of any molecular marker

b) monoclonal/homogeneous, due to a very similar genotype in the two components

¢) monoclonal/heterogeneous, due to the coexistence of shared mutations between the two
components and additional mutations, more frequently recognized in the PDTC
component

d) polyclonal, due to distinct genomic profiles in the two components.

Although patterns b and ¢ were predominant, pattern d was present in four cases, both with
a papillary and a follicular WDTC component, and without morphological signs suggestive
of a collision phenomenon of two separate tumors. In conclusion, monoclonal
homogeneous or heterogeneous samples reinforce the hypothesis that PDTC may arise
from progression/dedifferentiation steps from WDTC cases that might already possess a
genotype characterized by mutations in genes associated with clinical aggressiveness.
However, a few cases showing both WDTC and PDTC components may be clonally
unrelated and develop independently as a consequence of a pro-tumorigenic milieu in the
thyroid tissue.
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Figures and Tables
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Figure 3_1: Illustrative examples of cases with coexistent well differentiated (WDC) and

poorly differentiated (PDC) carcinoma components.
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Figure 3_2: Sanger sequencing results of TERT promoter in the two separate components
of case T18. (WD: well differentiated; PD: poorly differentiated).
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Figure 3_3: Genomic DNA data obtained using NGS in cases of poorly differentiated carcinomas (PDTC) associated with a well differentiated

component of the papillary carcinoma-type (PTC).
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Figure 3_4: Genomic DNA data obtained using NGS in cases of poorly differentiated carcinomas

(PDTC) associated with a well differentiated component of the follicular carcinoma-type (FTC). The

figure includes case T17 that was associated with an oncocytic carcinoma component.
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Sample Histological type of Molecular features
ID Sex | Age WDC PTN stage Component | Alteration(s) detected Molecular pattern
WDC KRAS (p.GIn61Arg) Monoclonal,
T M- |74 | PTC tllcell PT3PNX 550 KRAS (p.GIN61Arg) homogeneous
wDC HRAS (p.Asp57Asn)
T2 M | 48 PTC, classic pT3 pN1b PDC MED 12 (p.GIn1212Ter); FGFR1 Polyclonal
(p.Gly291Arg); FGFR2 (p.Pro253Ser)
WDC NRAS (p.GIn61Lys) Monoclonal
T3 M |58 PTC, follicular variant | pT3 pNx PDC NRAS (p.GIn61Lys); KRAS (p.Gly10Glu); heterogeneo’us
AKT1 (p.Arg25His)
WOC | TERT (beaza coT) Monocorl
. C.- > onoclonal,
T4 Mo 73 PTC, classic pT3b pNO PDC NRAS (p.GIn61Arg) homogeneous
TERT (c.-124 C>T)
PIK3CA (p.His1047Arg); BRAF
wDC (p.Val600Glu);
. TERT (c.-124 C>T) Monoclonal,
I Mo 75 PTC, classic pT4b pN1b PIK3CA (p.His1047Arg); BRAF homogeneous
PDC (p.Val600Glu);
TERT (c.-124 C>T)
WDC RET (p.Arg912Trp); PDGFRA (p.Asp842Asn);
T6 M |79 PTC, follicular variant | pT2 pN1b EGFR (p.Pro772Ser) Polyclonal
PDC /l
PIK3CA (p.Glu547Lys); MET (p.Met1268lle);
T7 F 51 PTC, follicular variant | pT3 pN1b wDC Z)RCI;A;S&)&;E)???SAZ\Z?IH:Es?/EE Polyclonal
PDC PIK3CA (p.His450Tyr); HRAS (p.Lys16Glu)
NRAS (p.GIn61Arg)
WbC TERT (c.-124 C>T) Monoclonal
T8 F 89 PTC, follicular variant | pT3a pNx NRAS (p.GIn61Arg); AKT1 (p.Glul7Lys); heterogeneo’us
PDC TERT (c.-124 C>T)

PPARG-fusion
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. . wDC NRAS (p.GIn61Arg) Monoclonal,
T9 M |80 PTC, follicular variant | pT2 pNO PDC NRAS (p.GIN61Arg) homogeneous
. WDC BRAF (p.Gly469Ala) Monoclonal,
10 M54 | PTC, classic PT3pNIa  rone BRAF (p.Gly469Ala) homogeneous
. . wDC NRAS (p.GIn61Arg) Monoclonal,
T11 F 66 PTC, follicular variant | pT3 pNO PDC NRAS (p.GIN61Arg) homogeneous
WDC NRAS (p.GIn61Arg) Monoclonal
T12 M |76 PTC, columnar pT3 pNO PDC NRAS (p.GIn61Arg); BRAF (p.Val600Met); hetero eneo’us
EGFR (p.Pro741Leu);GNA11 (p.Val182lle) g
WDC No alterations detected
T13 M |44 PTC, columnar pT3b pN1b PDC No alterations detected Not assessable
WDC No alterations detected
T14 M |71 FTC pT2 pNXx PDC No alterations detected Not assessable
WDC KRAS (p.Ala59Val) Monoclonal,
15 Fo|e4 | FIC PT3 pNx PDC KRAS (p.Ala59Val); GNAQ (p.Gly188Arg) | heterogeneous
KRAS (p.GIn61Arg)
WbC TERT (c.-124 C>T) Monoclonal
T16 M |82 FTC pT3 pNx KRAS (p.GIn61Arg); EGFR (p.Cys797Tyr), hetero eneo,us
PDC PIK3CA (p.Gly29GIu); KIT (p.Val569lle) g
TERT (c.-124 C>T)
wWDC PIK3CA (p.Arg38Cys) Monoclonal,
T F 68 oTC PT3 pNx PDC PIK3CA (p.Arg38Cys); EGFR (p.Gly283Asp) | heterogeneous
WDC NRAS (p.GIn61Arg)
T18 F 34 FTC pT3a pNO PDC TERT (c.-124 C>T) Polyclonal
NTRK3-fusion
wWDC No alterations detected
T19 F 73 FTC pT3 pNO PDC No alterations detected Not assessable
WDC No alterations detected
T20 M |70 oTC pT3 pNla PDC No alterations detected Not assessable
WDC No alterations detected
T21 F 82 FTC pT3b pN1b PDC No alterations detected Not assessable
T22 M | 77 FTC pT3 pNx WDC TERT (c.-124 C>T)
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PDC TERT (c.-124 C>T) Monoclonal,
homogeneous
WDC No alterations detected
T23 M |27 FTC pT3 pNXx PDC No alterations detected Not assessable

Legend. M: male; F: female; PTC: papillary thyroid carcinoma; FTC: follicular thyroid carcinoma; OTC: oncocytic thyroid carcinoma; WDC:
well differentiated carcinoma; PDC: poorly differentiated carcinoma

Table 3_1: Main clinical, pathological, and molecular features of the series analyzed.
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5.2 Study 4

High prevalence of potential molecular therapeutic targets in poorly differentiated

thyroid carcinoma.

Aim

The aim of this study was to characterize a series of PDTC, homogeneously coded
according to the most recent WHO classification of thyroid tumors, by means of a

multimodal molecular approach with the objective of identifying the prevalence and
potential clinical usefulness of molecular targets for therapy.

Methods
DNA and RNA extraction, immunohistochemistry, mismatch repair status, Next

Generation Sequencing, OCA v3 assay, Sanger sequencing, fluorescence in situ

hybridization.

Patient and tissue samples

Fifty-nine samples of PDTC were selected from the files of the Pathology Units at “San
Luigi” and “Citta della Salute e della Scienza” Hospitals and tested for the presence of
mismatch repair defects and for DNA and RNA alterations through a wide targeted NGS
approach. Due to the high number of failures in RNA analysis (see below), 25 additional
PDTC samples from Mauriziano (Turin) and Reggio Emilia Hospitals were added to RNA
analysis. All samples were represented by formalin fixed and paraffin embedded surgical
material, retrieved from years 1993 to 2022. For all enrolled cases, histological slides were
re-assessed by a pathologist (MV) to confirm the diagnosis following diagnostic criteria
for PDTC proposed in the Turin Consensus (Volante et al, 2007) and embraced by the
current WHO classification (Baloch et al, 2022). Major clinical and pathological data were

collected and included sex, age, presence of predominant oncocytic features (>75% of the
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tumor), pTN stage according to AJCC system 8th edition, presence of
recurrences/metastases, site of metastases, and patient status. The study was approved by
the local Ethical Committee (#610, date December 20th, 2017), and conducted in
accordance with the principles set out in the Declaration of Helsinki. Considering the
retrospective nature of this research protocol and that it had no impact on patients’ care,

no specific written informed consent was required.

Results

Mismatch repair status

All samples were adequate for analysis, with representative positivity for the tested
markers in positive control cells within the tissue sections. Seven out of 59 cases (11.9%)
resulted with an altered MMR protein pattern (Figure 4_1). In particular, four cases have
MSH2-MSH6 loss, one sample MLH1-PMS2 loss, one sample MSH6 loss and one sample
PMS2 loss. MSI molecular analysis on samples that showed an altered pattern of protein
expression resulted with a microsatellite stable result in all cases with the panel of markers

employed.

Molecular profiling

Fifty-one over 59 PDTC samples (86%) were suitable for DNA NGS analysis. The eight
cases with inadequate DNA for NGS analysis had an age of blocks ranging from 2002 to
2016. Mean age in years of blocks in adequate and inadequate samples was 14 vs 11
(p=0.36).

Genomic alterations found in the series are summarized in Figure 4 _2.

Three cases were wild type for all genes included in the NGS panel. The number of overall
mutations per case ranged from 1 to 25. The most prevalent mutations were in NRAS
(13/51, 25%) and TP53 (13/51, 25%), all mutually exclusive each other. TERTp mutations
were detected in 11/51 of overall cases (21.6%; 10/11 C228T [c.-124 C>T] and 1/11
C250T [c.-146 C>T]). All TERTp mutations detected through NGS analysis were
confirmed by means of Sanger sequencing. No additional mutations in TERTp were
detected by Sanger sequencing analysis in NGS negative cases, with an overall

concordance between the two methods of 100%.
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Mutations in MMR genes were detected in 10 cases (19.6%). Mutational profile in MMR
genes was concordant in three samples with protein loss at immunohistochemistry,
including two cases with MSH2 mutation (one with and one without associated MSH6
mutations) and one case with MLH1 mutation. One additional case harbored MLH1
mutation but loss of PMS2 protein, only. In the remaining three cases with altered
expression of MMR proteins, no mutations in MMR genes were detected. Six additional
cases harbored mutations in MMR genes (two MLH1, two MSH2, one MSH6 and one
PMS2) with no loss of MMR proteins expression.

Other genes with a prevalence of alterations more than 10% were PTEN (15.7%), NF1
(13.7%), ATM (13.7%), NOTCH3 (11.8%) and BAP1 (11.8%).

NRAS mutated and TP53 mutated cases showed different molecular characteristics. Mean
number of alterations was higher in TP53-mutated cases (5.8 mutations/case) than in
NRAS-mutated cases (2.8 mutations/case). PIK3CA and TERTp were the most prevalent
co-mutated genes (three cases, each, mutually exclusive) in NRAS-mutated cases. TP53-
mutated samples lacked TERTp co-mutations but were associated with mutations in PTEN
and significantly in genes related to MMR system and/or loss of MMR proteins (up to
53.8% of cases, p=0.005 as compared with the other molecular subgroups). Overall, most
co-mutated alterations in TP53 mutated as compared to NRAS mutated cases were mutually
exclusive (Figure 4_3). A third heterogeneous group (25 cases) lacked NRAS or TP53
mutations, had a low mean number of alterations (2.7 mutations/case) but was enriched for
TERTp mutations (up to 32%). One case with HRAS mutation was aggregated within this
group because of the co-presence of different other mutations and a low allelic frequency
(14%). Copy number variations were not detected.

Twenty-eight out of 59 cases were adequate for RNA NGS analysis (47%). Due to this
high rate of failure, additional 25 cases were selected. Overall, 84 samples were tested,
with 43 cases passing quality controls for analysis (52%). Mean age of blocks in adequate
and inadequate samples was 11 vs 12 (p=0.38).

Chromosomal rearrangements involving genes known to be translocated in thyroid cancer
were found in two samples, including one case with RET rearrangement involving the
common RET partner CCDC6 and one case with the PAX8-PPARG fusion. Two other
cases harbored a TBL1XR1-PIK3CA fusion (Figure 4_4). In the remaining 39 samples no
gene fusions were detected. The presence of the TBL1XR1-PIK3CA fusion was associated
with an altered pattern by FISH in both the two positive cases, whereas fusion negative

samples showed the expected non-altered pattern (Figure 4_5).
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Clinical and pathological correlations

The most prevalent molecular findings in our series were compared with major clinical
and pathological characteristics available (Table 4_1). Cases showing MMR protein loss
and TERTp mutated cases were not associated with significant clinical or pathological
characteristics in our series. The three distinct molecular subgroups did not show any
significant association with clinical or pathological parameters, except for a higher
prevalence of oncocytic PDTC in the TP53 mutated group. Moreover, although not
reaching statistical significance, TP53 and TERTp mutated cases had a higher prevalence
of adverse events as compared with NRAS mutated cases. Survival data were available in
47 cases. The two cases with the TBL1XR1-PIK3CA fusion showed pathological features
consistent with PDTC with no peculiar findings (Figure 4_6). Median survival times were
calculated in the tree major subgroups. Median disease-free survival was 17, 15 and 64
months in NRAS-mutated, TP53-mutated and TERTp-enriched cases, respectively, with a
trend to statistical significance with Log Rank test (p=0.079). Median disease-specific
survival was 145, 111 and 274 months in RAS-mutated, TP53-mutated and TERTp-

enriched cases, respectively, without a statistically significant difference.

Discussion

In the present study, we aimed at the molecular characterization of a series of PDTC
diagnosed using strict classification criteria with a specific focus on the detection of
alterations that might represent potential therapeutic targets.

One part of the study was designed to assess the presence and prevalence of alterations in
the MMR system. Data on MMR alterations in thyroid carcinomas are relatively scarce. In
a recent study on 241 thyroid carcinomas with different histologies, 7.5% of cases showed
loss of MMR proteins, including two cases of PDTC (with a prevalence of MMR
deficiency in 4.7% of PDTC in the Authors’ series) (Qiao et al, 2022). Interestingly, the
presence of MMR-deficiency or germline mutations in MMR genes in thyroid cancer have
been significantly correlated with the occurrence of double primary cancers (Liu et al,
2021; Fujita et Al, 2021). In our series, nearly 12% of cases presented a MMR-deficient
immunophenotype, thus showing a prevalence higher than what expected in the overall

thyroid cancer population. Moreover, other six cases have mutations in MMR genes, with
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an overall prevalence of 22% of cases with an alteration affecting proteins and/or genes of
the pathway. This prevalence supports the hypothesis that defects in the MMR-system are
sustaining molecular mechanisms of progression other than representing driver alterations
(Juhlin, 2020). In terms of type of protein alterations, loss of MSH6 protein, alone or in
combination with loss of MSH2, represented the most prevalent pattern, in line with the
recent literature (Qiao et al, 2022). Microsatellite instability analysis using a clinically
approved panel for colon and endometrial cancer failed to detect profiles of instability in
all protein-altered cases. This result strongly suggest that patterns of microsatellite
instability are tumor-type specific and targeted panels based on real time PCR developed
for other cancer types may be not efficient to determine MMR defects in thyroid cancer
(Long et al, 2020).

As for the gene-to-protein correlation, half of the cases with MMR deficiency at the protein
level had mutations in MMR genes. Six other cases with MMR gene mutations had no
altered protein profile, supporting that these mutations were in either heterozygosity or
impaired protein functionality but not expression. Moreover, three cases with MMR-
altered protein expression had no mutations in MMR genes. This observation supports the
hypothesis that epigenetic regulation (i.e. promoter methylation) may be an alternative
active mechanism of inactivation, as it is described for MLH1 in colorectal and endometrial
cancer. However, this mechanism is not clearly described in the literature for MSH6, so
far. Cases with MMR defects were not associated with any clinical or pathological feature.
DNA analysis through NGS testing using a wide targeted panel revealed three major
molecular types, namely a NRAS-mutated, a TP53-mutated and a TERTp-enriched group.
NRAS mutations were mutually exclusive with TP53 mutations. Key molecular features of
the three subgroups were:

a) NRAS-mutated cancers had a low mean number of mutations and were frequently co-
mutated with PIK3CA,;

b) TP53-mutated cancers had the highest mean number of mutations, were frequently co-
mutated with PTEN but lacked co-mutations in TERTp; moreover, all but one MMR-
deficient tumor, as defined by immunohistochemistry, belonged to this group;

c) TERTp-enriched (double negative NRAS & TP53) cases had a mean number of
mutations comparable with NRAS-mutated group and lacked recurrent specific mutations.
This overall scenario is in line with some previous literature data. In particular, our data
strongly support that PDTC as defined by Turin consensus criteria are separate even

molecularly from high-grade differentiated thyroid cancer, mainly because of the high
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prevalence of NRAS mutations and the extremely low prevalence of BRAF mutations
(Landa et al, 2016; Wong et al, 2021). Moreover, the mutually exclusive presence of NRAS
and TP53 mutations was already present in the recent study by Xu et al (Xu et al, 2022)
although with a different prevalence of mutations. Finally, we observed an overall
prevalence of TERTp mutations (all validated by Sanger sequencing) lower than in
previous studies, and with a lower coincidence with NRAS mutations (Xu et al, 2022).
The three molecular subgroups were not associated with peculiar clinical or pathological
characteristics except for the presence of predominant oncocytic features that was more
prevalent in the TP53-mutated group as opposed to NRAS-mutated tumors. In terms of
outcome and disease-free and disease-specific survivals, the three groups did not differ
significantly. TP53-mutated and TERTp-enriched groups showed a higher proportion of
cases with adverse outcome (alive with disease status or death because of cancer) but
survival analyses failed to reach statistical significance. We could not confirm the adverse
impact on survival of TP53 and TERTp mutations observed by Xu et al (Xu et al, 2022).
However, this is most probably related to the fact that PDTC cases only, and not high-
grade differentiated carcinomas, were included in our study.

In terms of detection of gene fusions by RNA targeted sequencing, the prevalence of
fusions already known to be present in thyroid cancer was low (2 cases, 4.6%) but
comparable with previous data. More interestingly, two cases harbored the TBL1XR1-
PIK3CA fusion, a molecular alteration never described in thyroid cancer, so far. TBL1XR1
(Transducin beta-like 1X related protein 1, also known as TBLR1) encodes for a protein
that acts as an integral subunit of the NCoR (nuclear receptor corepressor) and SMRT
(silencing mediator of retinoic acid and thyroid hormone receptors) repressor complexes
(Li et al, 2015). TBL1XR1 mRNA is highly expressed in many human tissues, including
thyroid, prostate and breast tissues, and may function as an oncogene by activating many
signal transduction pathways, such as Wnt-B-catenin, NF-xB, and Notch (Gu et al, 2020).
Rearrangement of TBL1XR1 (3g26.32) have been identified in various cancers involving
different genes, including RARA (17g21) (Chen et al, 2014), HMGAl (6p21)
(Panagopoulos et al, 2016), TP63 (3928) (Peterson et al.,2020), RET (10g11.2) (Santoro
et al,2020) and PIK3CA (3g26.32) (Stransky et al, 2014; Taghizadeh et al, 2020). In the
case of TBL1XR1-PIK3CA fusion, the first exon of TBL1XR1 is fused with the second exon
of PIK3CA by inversion and leads to the complete transcription of the wild-type sequence
of PIK3CA in the fusion transcript. TBL1XR1 is thought to regulate the expression of

nuclear hormone receptor co-repressor (Zhang et al, 2006), and tissue types in which the
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TBL1XR1-PIK3CA fusions were found (invasive breast carcinoma and prostate cancer)
are hormonally regulated (Stransky et al, 2014, Piscuoglio et al, 2017, Yun et al, 2020).
Furthermore, TBL1XR1-PIK3CA fusions were detected in chordoma and pancreatic
cancer (Taghizadeh et al, 2020; Kirchner et al, 2019). The recurrence of this alteration in
our series supports the potential role of the TBL1XR1-PIK3CA fusion as a novel additional
driver event in PDTC. The interest for this recurrent molecular event is also associated
with the potential role as druggable target for therapy, as suggested in other cancer models
(Taghizadeh et al, 2020).

Apart from the impact of our results in the knowledge of the pathogenesis of PDTC, the
translational relevance of our data into the clinics is evincible by two main aspects. The
first is the high prevalence of MMR defects in PDTC that paves the way for clinical studies
testing the potential benefit of immunotherapy specifically in these tumors, as recently
suggested for anaplastic thyroid cancer (Rocha et al, 2021). Secondly, a relevant number
of cases harbored mutations in potentially druggable genes, mainly coding for tyrosine
kinases (i.e. PDGFRA and PDGFRB, MET, EGFR, ERBB3, FGFR1 and FGFR?2).
Although such mutations were individually rare (from 2 to 7% of cases), 31% of patients
had at least one of such targetable alterations, thus supporting a role of tyrosine kinase
inhibitors in the future clinical scenario of PDTC patients, especially when poorly
responsive or progressive along radio-iodine treatment. Preclinical data on the effective
activation of tyrosine kinase pathways in thyroid cancer cells further support this
hypothesis (Liang et al, 2021; Sa et al, 2022).

In conclusion, PDTC in our series were genomically clustered into NRAS-mutated tumors
(with low mutational burden and co-mutations affecting genes involved in the same
pathway), TP53-mutated cancers (with high mutational burden, absence of TERTp
mutations, strong association with MMR defects and predominant oncocytic features) and
a third heterogeneous group enriched for TERTp mutations. Overall, currently or
potentially targetable gene fusions have a prevalence of 9%, including the TBL1XR1-
PIK3CA fusion that has never been described in the thyroid, so far, thus increasing the
number of driver alterations and possible therapeutic targets for this aggressive disease.
Finally, 38% of overall cases harbor mutations in genes coding for tyrosine kinases
potentially targetable and/or have defects in the MMR that claim a high prevalence of cases
candidates for target therapies including immunotherapy.
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Figure 4_1: Representative images of MSH2, MSH6 and PMS2 altered expression, with

negative nuclear staining in tumor cells and positive nuclear staining in non-neoplastic

elements (endothelial cells and lymphocytes).
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Figure 4_2: Heat map of genomic DNA alterations detected in 51 PDTCs.
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Figure 4_4: IGV image of genes involved in fusion TBL1XR1-PIK3CA (the first exon of
TBL1XR1 is fused to the second exon of PIK3CA by inversion) and overlap point between
TBL1XR1 and PIK3CA sequences (3 grey nucleotides, AGG).
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TBL1XR1-PIK3CA dual FISH

PDTC P3 PDTC O3 PDTC S3

f'

Normal pattern Atypical pattern

Figure 4_5: Dual FISH analysis showing abnormal pattern in two cases with TBL1XR1-
PIK3CA fusion and normal pattern in a wild type case (see General Methods Chapter and
corresponding Figure 1 for reference).
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Figure 4_6: Pathological features of the two cases harboring the TBL1XR1-PIK3CA fusion

(all hematoxylin and eosin stainings). PDTC O3 case displayed an insular growth pattern
(left panel) and foci of comedonecrosis (right panel). PDTC S3 case had a solid growth
(left panel) and extensive areas of necrosis (right panel).
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DOD) (2 cases missing)

Parameter MMRp MMRd p NRAS TP53 TERTp p TERTp | TERTp p
value | mutated | mutated | enriched | value wt mutated | value

Sex (M/F) 18/26 4/3 0.45 5/8 6/7 11/14 0.92 18/22 4/7 0.61

Age (median, range) 62 67 0.56 68 67 61 0.33 65 61 0.40

Predominant oncocytic 21/23 6/1 0.10 3/10 11/2 13/12 0.007 19/21 8/3 0.13

features (yes/no)

pT stage (pT1-2/pT3-4) (3 8/33 1/6 0.99 2/11 2/10 5/18 0.87 8/30 1/9 0.42

cases missing)

pN stage (pNO-NX/pN+)(3 25/16 3/4 0.43 8/5 6/6 14/9 0.79 21/17 713 0.40

cases missing)

Recurrences/metastases 28/8 5/1 0.12 9/3 9/2 15/4 0.92 25/8 8/1 0.39

(Yes/no) (9 cases missing)

Site of metastases 18/13/21 3/2/4 0.97 3/4/5 6/4/7 12/7/13 0.92 | 18/12/18 | 3/3/7 0.52

(lung/bone/others)

Status (NED-DOC/AWD- 14/28 1/6 0.41 716 2/11 6/17 0.08 12/27 2/8 0.50

Legend. M: male, F: female; NED: no evidence of disease; DOC: died other causes; AWD: alive with disease; DOD: died other causes; MMRp:

mismatch repair proficient; MMR: mismatch repair deficient; wt: wild type

Table 4_1: Clinical pathological correlations according to molecular subgroups
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Neuroendocrine neoplasms (NENSs) represent a rare group of tumors that are
characterized by a neuroendocrine morphology and expression of neuroendocrine
markers (Rindi et al, 2018; Rindi et al, 2022).
NEN may arise in different organs, including the lungs (Rindi et al, 2018). In particular,
pulmonary NENSs have an incidence of approximately 15% to 20% of all lung cancers
(Derks et al, 2021), and can be subdivided, following the current WHO 2021
classification, into four main categories: typical carcinoids (TC) and atypical carcinoids
(AC) are considered well differentiated neuroendocrine tumors (WD-NET), whereas
large cell neuroendocrine carcinoma (LCNEC) and small cell neuroendocrine carcinoma
(SCLC) are considered poorly differentiated neuroendocrine carcinomas (PD-NECs)
(Hermans et al, 2020).
This classification is based on three histological criteria, which are:

1. the morphological differentiation status, based on architectural and cytological

features;

2. the mitotic count, by counting the number of mitoses over a 2 mm? surface;

3. the presence or absence of tumor necrosis
AC and TC together constitutes 20-25% of all neuroendocrine tumors, and 1-2% of lung
tumors (Prinzi et al, 2021; Baudin et al, 2021; Chiappetta et al, 2020) and occur in
younger patients than high-grade neuroendocrine carcinomas (Hermans et al, 2020).
Lung NENSs prognosis depends on histological subtypes of the tumor: TC have the best
prognosis, with 10-year survival over 85% (Terzi et al, 2004); LCNEC have a median
survival between 28% and 62% in 5 years; SCLC have the worst survival time around 7-
11 months (Cattoni et al, 2018; Lee et al, 2015; Filosso et al, 2015); AC have a 5-year
overall survival between 55% and 77% which is in between the good prognosis of TC
and the poor prognosis of LCNEC and SCLC (Filosso et al, 2015; Cattoni et al, 2018).
Ki-67 index is a known prognostic parameter in lung NENSs but cannot be used to separate
NET from NEC (Vyas et al, 2021) despite it may be used to distingue lung carcinoids
from high-grade neuroendocrine carcinomas in small biopsies (Ramirez et al, 2017;
Rekhtman et al, 2022). However, TC and AC in the vast majority of cases have Ki-67
values not overcoming 10%.
Currently, gastro-entero-pancreatic (GEP) WD-NET are graded as G1, G2 or G3
depending on the mitotic rate and Ki-67 labeling index (Rindi et al, 2018). G1 and G2
are considered well differentiated, while G3 is a new category, characterized by high

proliferative capacities despite well differentiated morphology of tumor cells (Rindi et
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al, 2022). This category has been termed as “NET G3” and has been included, first in
2017 WHO classification of pancreatic neuroendocrine neoplasms (NENSs) (Guilmette et
al, 2019).

Indeed, there are recent studies that suggest the existence of well-differentiated NENs
with carcinoid morphology and high proliferative index also in the lung that are
characterized by a more aggressive clinical behavior as compared to TC and AC (Rubino
et al, 2020; Quinn et al, 2017; Kasajima et al, 2019; Oka et al, 2020; Marchio et al, 2017;
Cros et al, 2021; Kasajima et al, 2020). These recent data claim the introduction in the
lung also of a “NET G3” tumor entity (Vyas et al, 2021).

At the molecular level, the most frequently mutated gene in lung carcinoids is MEN1
(10% of cases) (Simbolo et al, 2017; Fernandez-Cuesta et al, 2014; Derks et al, 2018),
together with ARID1A and EIFAX genes (Alcala et al, 2019). On the other hand,
mutations in TP53 and RB1 are frequently found in SCLC and in LCNEC and are rare in
carcinoids (Simbolo et al, 2017). By contrast molecular alterations in genes that are
treatable with a targeted inhibitor (i.e. EGFR, ALK, ROS1, and BRAF) are rare in
neuroendocrine tumors, except for case reports (Grosse et al, 2019; Capodanno et al,
2012; Armengon et al, 2015). However, data on the genomic profile of lung carcinoids

with high proliferation index are scarce.
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6.1 Study 5:

High prevalence of potentially druggable molecular alterations in high-grade lung

neuroendocrine tumors with carcinoid morphology

Aim
The aim of this work was to investigate the genomic background of lung carcinoid with

high proliferation index, with special reference to alterations in genes of potential

therapeutic relevance.

Methods

DNA and RNA extraction; next generation sequencing (OCAv3); immunohistochemistry;

fluorescence in situ hybridization; quantitative Real Time PCR; MiRNome profiling.

Patients and tissue samples

A cohort of twenty-eight lung carcinoids with high proliferation index (LC-HP) defined
by the presence of a carcinoid/well differentiated neuroendocrine tumor morphology and
Ki-67 index >20% were selected from the pathology files of the San Luigi and Citta della
Salute e della Scienza Hospitals of Turin. The series included twenty surgical and eight
biopsy samples.

For gene expression analysis, an additional cohort of 20 LCNEC and 23 TC was added to
build control groups. For Global miRNome profiling analysis six samples each of LC-HP,

TC and LCNEC were selected, based on the quality and quantity of RNA extracts.

Results

Patients and sample characteristics

118



Mean age of patients was 67 years, with a range from 23 to 80 years, and most of the cases
were male. Original diagnoses were AC in 16, TC in two and LCNEC in one. Nine cases
diagnosed on biopsy material had a diagnosis of carcinoid, not otherwise specified. Most
cases were surgical samples, whereas 11 were bronchial biopsies, transbronchial fine
needle aspiration biopsies or liver biopsies.

A summary of the case series is represented in Table 5 1.

Gene expression patterns

By means of unsupervised cluster analysis, patterns of gene expression were able to stratify
the cases into 3 major group (Figure 5_1), being one outlier case excluded.

The first small cluster was composed of 3 LCNEC and one LC-HP. The other two groups
had a similar number of cases, with two separate patterns of distribution. One cluster,
enriched for ASCL1 and DLL3 overexpressing cases, had four TC, 14 LCNEC and 14 LC-
HP. Moreover, LC-HP cases in this cluster were mostly segregated into a sub-cluster
enriched for cases with NEUROD overexpression. The other cluster was composed of 19
TC, two LCNEC and 5 LC-HP, and was characterized by low ASCL1, DLL3 and
NEURODL1 expression. The distribution of LC-HP cases among clusters was statistically

significant (Chi square test p<0.0001).

Global miRNome profiling

A total number of six surgical sample per group was selected to perform miRNome
profiling. Unsupervised cluster analysis of surgical samples clearly segregated samples int
three major groups: one group composed of six TC and one LC-HP, one group composed
of one TC and 5 LCNEC and a third group composed of 2 LCNEC and 5 LC-HP (Figure
5 2). The distribution of LC-HP cases among clusters was statistically significant (Chi
square test p=0.0006).

We then analyzed the expression of individual miRNAs differentially expressed among
groups. MiRNAS with a p value <0.005 and a fold regulation > +/-2 were considered.
LC_HP had 54 up and 20 down regulated miRNA as compared to TC, whereas LC-HP
had 19 up and 11 down regulated miRNA as compared to LCNEC (Figure 5_3). Three
miRNAs were in common between the two groups of comparison and were excluded. The

list of differentially expressed miRNAs is represented in Table 5_2.

Identification of pathways regulated by miRNAs differentially expressed
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In silico analysis of target genes of miRNAs differentially expressed between LC-HP and
TC or between LC-HP and LCNEC identified a bunch of genes that act in several cellular
processes, thus showing a wide complexity of pathway interactions that were different
comparing TC vs LC-HP or LCNEC vs LC-HP. In the first comparison, regulation of
metabolic processes (GO:0019222) was mostly represented. By contrast in LCNEC vs LC-
HP comparison the differential miRNA profile mostly impacted in multicellular
organismal process (GO:0032501) and developmental process (GO:0032502).

The corresponding protein interaction network of main pathways impaired by miRNA

deregulation  among groups obtained by STRING is showed in Figure 5_4.

Next generation sequencing analysis

Twenty-seven cases were suitable for NGS analysis, whereas 1 case was excluded after
nucleic acid extraction due to low quality control. A total of 25 cases (92.5%) showed
molecular alteration, whereas two cases lacked any molecular alteration in the genes
covered by the NGS panel.

Genomic alterations found in the series are illustrated in Figure 5_5 and listed in Table
5 3.

The number of overall mutations per case ranged from 1 to 18.

The most prevalent mutations were in ATM, MSH2, and PIK3CA (5/25, 18.5%). Mutations
in ATR, ERBB2, KRAS, MLH1, FGFR1, NF1, NOTCH3, POLE, STK11 and TP53 were
found in a high number of cases (4/27, 14.8%).

Other genes with a prevalence of alterations more than 10% were: MSH6, MYCL,
SMARCA4, TERT all 11.1%.

Eleven out of 27 cases (40%) harbored mutations (single or co-occurrent) in genes that are
potential therapeutic targets. Mutation in genes involved in DNA repair mechanism were
found in 8 cases (29.6%), including 5 (18.5%) affecting the mismatch repair. Among
tyrosine-kinases, ERBB2/HER2

showed the highest mutation rate, being found in two cases.

Three gene fusion were detected in three samples (11%): ETV6/NTRK2, KIF5B/RET and
EML4/ALK.

The presence of these gene fusions was confirmed by ALK immunohistochemistry and
RET and NTRK FISH (Figure 5_6).

Moreover, additional potential druggable molecular alterations, all not exclusive, were
found in RET, FGFR1, NTRK1 (in one sample, each) and KRAS G12C (in two samples).
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Discussion

The existence of LC-HP is supported by both morphological and clinical data. In fact,
morphology recognizes cases with a discordant pattern in terms of well differentiated
morphology but high proliferation index (Hermans et al, 2020) that behave intermediate
between carcinoids (TC and AC) and high grade neuroendocrine carcinomas (Rubino et
al, 2020). The discrepancy between morphology and proliferation/mitotic index is
responsible for a possible dishomogeneity of classification in these tumors. In fact, in our
series one sample was originally diagnosed as LCNEC despite a well differentiated tumor
morphology.

The few molecular data available on LC-HP, so far, reinforce the concept that these tumors
occupy an intermediate position between carcinoids and neuroendocrine carcinomas. Gene
expression profiling studies support the existence of a grey zone between atypical
carcinoids and large cell neuroendocrine carcinomas. In one study, atypical carcinoids and
large cell neuroendocrine carcinomas have been clustered into three groups. Two groups
were enriched for atypical carcinoids or large cell neuroendocrine carcinomas,
respectively, and the genomic findings and outcome of the patients were as would be
expected for the respective histotype. A third group was composed of mixed histologies,
intermediate molecular features and a survival similar to atypical carcinoid-type cluster
(Simbolo et al, 2019). In another study, four samples classified as borderline
neuroendocrine tumor because of the presence of well differentiated neuroendocrine
morphology and increased Ki-67 or mitotic rates were clustered mostly with carcinoids
but one case with LCNEC (Sazonova et al, 2020). Our data focusing on gene expression
patterns of transcriptional regulators of neuroendocrine differentiation showed an overall
picture that supports the concept that LC-HP are more similar to LCNEC but falling into
a separate category. In particular, LC-HP were characterized by high levels of expression
of ASCL1 and DLL3, that are described to be highly expressed in LCNEC (Yoshimura et
al, 2022; Hermans et al, 2019).

As to concern miRNA profiling data, LC-HP were segregated more closely to LCNEC but
- as for gene expression data - most cases fell in a separate cluster. Although our data
cannot be compared with the literature, this observation reinforce the same hypothesis

generated by gene expression profiling. The predicted consequence of MIRNA
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deregulation in the two groups of comparison (TC vs LC-HP and LCNEC vs LC-HP)
identified different pathways specifically impaired. Although pathway classification is
generalistic and descriptive in purpose, since the predicted pathways are not shared in the
two groups of comparison, we can conclude that LC-HP have a distinct position between
TC and LCNEC.

A few small studies in the literature were specifically aimed at the molecular
characterization of LC-HP. In a series of cases at advanced stage of disease, no alterations
in RB1 or TP53 were detected, whereas mutations on chromatin-modifier genes (MENL,
ARID1A, ARID1B, and KDM5C) were present in more than 50% of cases (Rekhtman et al,
2019). In another study (Cros et al, 2021) LC-HP displayed molecular alterations in tumor
suppressor genes belonging to pathways commonly altered in both carcinoids and
neuroendocrine carcinomas of the lung, including chromatin remodeling, DNA repair and
cell cycle. Moreover, based on data in cases with spatial and/or temporal heterogeneity,
this study proposes an evolutionary model from clones of lower aggressivity through the
accumulation of “neuroendocrine carcinoma-like” genetic alterations, such as TP53/RB1
alterations. Our data are slightly in contrast with what above. In fact, although mutations
affecting both chromatin remodeling genes and TP53/RB1 were detected, a significant
proportion of cases harbored mutations in genes characterizing non-small cell lung
carcinoma, such as those in PIK3CA, ERBB2, KRAS or STK11. In particular, we detected
PIK3CA and KRAS mutations in about 18 and 15% of cases, respectively, percentages that
are pretty much higher than what described in lung carcinoids (Volante et al, 2021;
Armengol et al, 2015; Simbolo et al, 2017). We also found four cases with ERBB2
mutation, a gene that is usually altered in LCNEC (Baine et al, 2020) but not in carcinoids.
Finally, gene fusions were detected in more than 10% of cases. Although described in lung
carcinoids as cases reports, ALK and RET fusions are of particular interest since they are
potential clinically relevant targets for therapy in these tumors (Gococo-Benore et al, 2022;
Kander et al, 2021; Lei et al, 2022)

In conclusion, despite these tumors needs to be investigated more deeply, we have found
a high prevalence of potential druggable molecular alterations, most of them not included
in the classical molecular genotype of carcinoids, supporting the need to identify these
tumors as a separate group among lung neuroendocrine neoplasms and opening the way to

novel potential therapies.

122



Figures and Tables

Ui A

| —
= =R M —— e, == e

-
HEE BN VEEEENEENNEEEC TN EEEEEENEEEEEEEENEN EEEn EEEEEN Bl Ascl
FENFEEEEEEEEEEEEEEEE N E EEEEEEEEEEEE EEEETEEEEEEYEYEES PeEE  E DL
H'EEE BEE B 'E "EEEN

| o (| EEEEEEEEEEEEE NEURDDY
EEEEE =N EEEEEEEETEEEEN NN EEEETE NN EE TETEES e NS
| [ I=. == = =II===III AR N T CHGA

[ L] u B W MYCL
[ | AEEEEEENEEEE Em H N ll [ NOTCH1
| AEEE EEEEEEE B FeEE HE [ VAP
IIIIII N EENEEE B II.I.IIIII....IIII I

IIIIIIIIIIIIIIIIIIII POU2F3

I Iad [
Oa:ﬁggﬂﬂmﬁ =

(5]
[¥E] 0w - juiry

l_l_l_l_—ll_l_l_l_l_l_l_l_I_I_—I-NI_(')LJ(')GNI_I_I_—lJL('_‘]MOD—IN—I—I"-J—IOD
[ el TSRl N R e il e R e L3 LN B b3 = L
[ N TR SN FU R N R S = ) e = e AN = ] _‘E ;g [ &

ZTF

FELW Mol

Figure 5_1: Unsupervised cluster analysis of the entire cohort, with subgroup division indicated. LC-HP are listed as numbers; LCNEC are
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TC vs LC-HP LCNEC vs LC-HP

Figure 5_3: miRNAs differentially expressed between: carcinoid/LC-HP and
LCNEC/LC-HP
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up

hsa-miR-659-3p
hsa-miR-520d-3p
hsa-miR-646
hsa-miR-155-5p
hsa-miR-650
hsa-miR-619-3p
hsa-miR-766-3p
hsa-miR-202-3p
hsa-miR-623
hsa-miR-629-5p
hsa-miR-632
hsa-miR-216a-5p
hsa-miR-216b-5p
hsa-miR-302d-5p
hsa-miR-33b-5p
hsa-miR-146b-3p
hsa-miR-1299
hsa-miR-1207-3p
hsa-miR-1291
hsa-miR-920
hsa-miR-943

down

hsa-miR-375
hsa-miR-130a-3p
hsa-miR-183-5p
hsa-miR-324-5p
hsa-miR-24-3p
hsa-miR-185-5p
hsa-miR-125a-5p
hsa-miR-23b-3p
hsa-miR-361-5p
hsa-miR-23a-3p
hsa-miR-103a-3p
hsa-miR-182-5p
hsa-miR-129-5p
hsa-miR-140-3p
hsa-miR-7-5p
hsa-miR-151a-3p
hsa-miR-99b-5p
hsa-miR-1301-3p
hsa-miR-1180-3p
hsa-miR-374¢-5p

hsa-miR-18b-3p
hsa-miR-218-2-3phsa-miR-1257
hsa-miR-1276
hsa-miR-323b-5p
hsa-miR-19b-1-5p
hsa-miR-10a-3p
hsa-miR-4316
hsa-miR-2278
hsa-miR-4315
hsa-miR-642b-3p
hsa-miR-3666
hsa-miR-3667-3p
hsa-miR-593-5p
hsa-miR-3186-3p
hsa-miR-2276-3p
hsa-miR-3654
hsa-miR-3147
hsa-miR-16-1-3p
hsa-miR-3132
hsa-miR-3688-3p
hsa-miR-3127-5p
hsa-miR-214-5p
hsa-miR-4257
hsa-miR-2116-3p
hsa-miR-4303
hsa-miR-3617-5p
hsa-miR-4290
hsa-miR-4299
hsa-miR-101-5p
hsa-miR-3121-3p
hsa-miR-1914-3p
. hsa-miR-3134
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Figure 5_4: A) List of miRNAs up and down regulated between TC and LC-HP. B) List of miRNAs up and down regulated between LCNEC and

LC-HP. The cake graphics represent pathways that are regulated by those miRNAs. Protein interactions that are related to these pathways are shown
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127



TYPE OF SAMPLE

LN

-
0
=
. N
.
g
s N
:
- i nn
0
.
-8 0
‘.
- i
< i I N
I OOl
- N
“HE_ 1§ N
- NN 0
0 e
8 W _§n n
-5 0 m 0
.« B g
- SEEE" 0 N
‘- 1 NN
EErEE N
A N i
]

128

Figure 5_5: Gene mutation representative heatmap.



Figure 5_6: 1) and 2) dual FISH analysis showing abnormal pattern in cases with fusions:
ETV6/NTRK2 and KIF5B/RET respectively (see General methods for reference); and 3)
immunohistochemistry showing ALK overexpression in the case harboring the EML4/ALK

fusion.
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ID SAMPLE SEX AGE ORIGINAL DIAGNOSIS K167 (%0) MIT(?”TZIEIL'\ZI)DEX TYPE OF SAMPLE
A F 78 TYPICAL CARCINOID 30 1 SURGICAL, LUNG
B M 79 ATYPICAL CARCINOID 40 5 SURGICAL, LUNG
C M 79 CARCINOID NAS 22 I BRONCHIAL BIOPSY
D F 60 CARCINOID NAS 30 I TBNA
E M 80 ATYPICAL CARCINOID 50 I BRONCHIAL BIOPSY
F M 75 CARCINOID NAS 20 I BRONCHIAL BIOPSY
G F 53 CARCINOID NAS 20 I BRONCHIAL BIOPSY
H M 75 CARCINOID NAS 22 1 BRONCHIAL BIOPSY
| M 60 ATYPICAL CARINOID 28 5 SURGICAL, LUNG
L M 75 CARCINOID NAS 30 I TBNA
M M 76 CARCINOID NAS 20 1 LIVER BIOPSY
N M 53 CARCINOID NAS 35 I LIVER BIOPSY
0] F 53 CARCINOID NAS 50 I BRONCHIAL BIOPSY
P M 74 ATYPICAL CARCINOID 20 /l TBNA
Q M 45 ATYPICAL CARCINOID 43 5 SURGICAL, LYMPHNODE
R F 75 ATYPICAL CARCINOID 27 3 SURGICAL, LUNG
S M 72 ATYPICAL CARCINOID 40 5 SURGICAL, LUNG
T M 69 ATYPICAL CARCINOID 20 3 SURGICAL, LUNG
U M 23 LCNEC 35 12 SURGICAL, LUNG
V F 65 ATYPICAL CARCINOID 30 4 SURGICAL, LUNG

Al M 77 ATYPICAL CARCINOID 36 10 SURGICAL, LUNG
Bl M 79 ATYPICAL CARCINOID 20 8 SURGICAL, LUNG
C1 NA NA ATYPICAL CARCINOID 25 9 SURGICAL, LUNG
D1 M 44 ATYPICAL CARCINOID 20 3 SURGICAL, LUNG
El F 72 TYPICAL CARCINOID 20 1 SURGICAL, LUNG
F1 NA NA ATYPICAL CARCINOID 20 2 SURGICAL, LUNG
Gl M 71 ATYPICAL CARCINOID 35 10 SURGICAL, LUNG
H1 F 78 ATYPICAL CARCINOID 45 6 SURGICAL, LUNG

Table 5_1: Main data of cases of LC-HP collected for the study. TBNA: transbronchial needle aspiration.
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Up-regulated
miRNA

hsa-miR-659-3p
hsa-miR-520d-3p
hsa-miR-646
hsa-miR-155-5p
hsa-miR-650
hsa-miR-619-3p
hsa-miR-766-3p
hsa-miR-202-3p
hsa-miR-623
hsa-miR-629-5p
hsa-miR-632
hsa-miR-216a-5p
hsa-miR-216b-5p
hsa-miR-302d-5p
hsa-miR-33b-5p
hsa-miR-146b-3p
hsa-miR-1299
hsa-miR-1207-3p
hsa-miR-1291
hsa-miR-920
hsa-miR-943
hsa-miR-18b-3p
hsa-miR-218-2-3p
hsa-miR-1257
hsa-miR-1276

TCvs LC-HP

Fold regulation

3.7
5.79
2.8
4.16
4.76
4.56
2.45
4.35
3.16
4.8
4.23
5.83
6.17
2.69
3.78
4.66
3.78
5.49
3.73
5.65
2.38
4.2
3.3
3.36
4.63

p value

0.000112
0.004818
0.012586
0.013657
0.058153
0.003696
0.016212
0.035013
0.059954
0.003036
0.037849
0.035984
0.041165
0.013668
0.014792
0.04246
0.032199
0.00256
0.031526
0.034263
0.06878
0.000936
0.046368
0.006189
0.044866

Target genes

ONECUT2
CPEB2
MECP2

PURB
TNRC6B
SH3PXD2A
NUFIP2
KCNALl
AAK1
JHDM1D
BNC2
ZNF618
CREB5
POU2F2
NFATS
CBL
DCX
BAHD1
BCAT1
KPNAG
ETS1
DLGAP2

GATAD2B
HIPK2
CCND1

Up-regulated
miRNA

hsa-miR-411-5p
hsa-miR-518a-3p
hsa-miR-487b-3p
hsa-miR-127-3p
hsa-miR-369-3p
hsa-miR-137
hsa-miR-127-5p
hsa-miR-328-3p
hsa-miR-381-3p
hsa-miR-136-3p
hsa-miR-299-5p
hsa-miR-376a-5p
hsa-miR-432-3p
hsa-miR-1299
hsa-miR-493-5p
hsa-miR-548v
hsa-miR-154-5p
hsa-miR-3174
hsa-miR-3135a

LCNEC vs LC-HP

Fold regulation

3.67
2.84
6.06
4.32
3.66
3.27
4.1
3.74
3.5
5.54
6.96
2.99
2.9
3.76
3.86
3.46
4.41
3.48
2.53

p value

0.000729
0.002877
0.004128
0.003752
0.000892
0.00344
0.000231
0.000939
0.001874
0.000017
0.003494
0.000914
0.00187
0.002387
0.000952
0.001178
0.001854
0.001467
0.002251

Target genes

MECP2
CuGBP2
HIPK2
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hsa-miR-323b-5p
hsa-miR-19b-1-5p
hsa-miR-10a-3p
hsa-miR-4316
hsa-miR-2278
hsa-miR-4315
hsa-miR-642b-3p
hsa-miR-3666
hsa-miR-3667-3p
hsa-miR-593-5p
hsa-miR-3186-3p
hsa-miR-2276-3p
hsa-miR-3654
hsa-miR-3147
hsa-miR-16-1-3p
hsa-miR-3132
hsa-miR-3688-3p
hsa-miR-3127-5p
hsa-miR-214-5p
hsa-miR-4257
hsa-miR-2116-3p
hsa-miR-4303
hsa-miR-3617-5p
hsa-miR-4290
hsa-miR-4299
hsa-miR-101-5p
hsa-miR-3121-3p
hsa-miR-1914-3p
hsa-miR-3134

3.61
4.73
6.22
4.34
4.98
4.56
4.05
5.17
5.82
2.22
2.88
4.37
4.06
4.09
3.26
4.74
6.05
4.23
4.28
4.72
4.01
3.29
6.33
3.83
2.34
4.47
4.37
3.74
6.05

0.020791
0.020122
0.00053
0.032911
0.000406
0.051813
0.044861
0.03514
0.011775
0.144825
0.012551
0.017139
0.060378
0.001615
0.032506
0.023913
0.013536
0.042221
0.04101
0.035693
0.032798
0.057111
0.034053
0.00127
0.078983
0.039095
0.023918
0.043431
0.03422

CREBZF
TEAD1
ARL4C
CPEB4

RPS6KA3

SERBP1

ACVR2B
RNF165
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Down-regulated
mMiRNA

hsa-miR-375
hsa-miR-130a-3p
hsa-miR-183-5p
hsa-miR-324-5p
hsa-miR-24-3p
hsa-miR-185-5p
hsa-miR-125a-5p
hsa-miR-23b-3p
hsa-miR-361-5p
hsa-miR-23a-3p
hsa-miR-103a-3p
hsa-miR-182-5p
hsa-miR-129-5p
hsa-miR-140-3p
hsa-miR-7-5p
hsa-miR-151a-3p
hsa-miR-99b-5p
hsa-miR-1301-3p
hsa-miR-1180-3p
hsa-miR-374c-5p

Fold regulation

-8.04
-2.15
-4.67
-4.15
-6.2
-4.78
-4.03
-7.21
-4.65
-3.99
-4.19
-3.65
-14.54
-2.8
-10.61
-2.37
-4.96
-2.66
-4.54
-4.02

p value

0.003785
0.002091
0.002168
0.003083
0.003218
0.003645
0.000149
0.001819
0.173135
0.001819
0.001975
0.001256
0.003074
0.000288
0.000537
0.004077
0.000445
0.003948
0.001712
0.000548

Target genes

TNRC6B
CUGBP2
BACH2
TET3
NFIB
TRPS1
SP1
BMPR1B
ESRRG
FLJ20309
PURB
MECP2
ATXN1
BMPR2
SNX27
BRWD1
NUFIP2
SOX11
BNC2
EXOC5
TEAD1
ATRN
EBF3
ZNF395
SPOPL
ANKRD52
YWHAG
CPEB2
PTAR1
SIRPA

Down-regulated
miRNA

hsa-miR-93-5p

hsa-miR-28-5p
hsa-miR-222-3p
hsa-miR-146b-5p
hsa-miR-23a-3p
hsa-miR-181b-5p
hsa-miR-20a-5p
hsa-miR-193a-5p
hsa-miR-151a-3p
hsa-miR-221-3p

hsa-miR-17-5p

Fold regulation

-5.13
-4.12
-6.3
-10.83
-4.02
-5.93
-12.4
-2.86
-2.57
-7.34
-8.65

p value

0.042819
0.023429
0.046045
0.064327
0.019324
0.050025
0.052374
0.001298
0.059039
0.017586
0.018193

Target genes

NUFIP2
ANKRDS52
PCDHAG
PCDHA11
PCDHA1
PCDHA7
PCDHAS
PCDHA4
PCDHAZ2
DNAL1
PCDHA12
THRB
PCDHA3
PCDHAS
PCDHAC1
TANC2
ATXN1
TNRC6B
PCDHA10
AAK1
PCDHA13
TRPS1
WDR37
CUL3
PCDHAC?2
PLCXD3
NFAT5
ABL2
ZNF618
BCL2L11
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MTF1
NFIX
VGLL3
KLHL28
SSH2
ACVR2B
PITPNA
MAF

Table 5_2: List of all miRNAs up and down regulated and targeted genes between TC and LC-HP and between LCNEC and LC-HP.

BCL11B
UBE2J1
TMCC1
PPP3R1
CAPRIN2
JAZF1
ITGB8
SLC4A4
DLGAP2
DYRK1A
SLAIN2
PURB
SHANK?2
FRS2
MIDN
ZFPM2
ZADH?2
EIF5A2
CSNK1G1
FNDC3A
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CASE ID DNA ALTERATIONS RNA FUSIONS CNV
GENE AMINO ACID CHANGE ALLELIC FREQUENCY (%)
. CDK4
ERBB3 p.His292Tyr 14.17 12q14.1(58142245-58145450)
FGF3 p.Ser108Leu 13.75
GNAS p.Arg201Cys 9.46
MAX p.Arg35Cys 16.19
PIK3CA p.Arg349Gin 5.69
CDKN2A p.Arg80Ter 53.40
CHEK?2 p.Gly403Arg 34.76
© JAKL 0.Arg681GIn 18.06 ETV6(5)-NTRK2(16) CCND2
MSH6 p.Arg911Ter 18.18 12p13.32(4383096-4409149)
MSH6 p.Gly1002Asp 11.56
NF2 p.Arg262Ter 17.66
MSH2 p.Ser699Leu 10.03
ATR p.Gly1181Asp 15.40
IGF1R p.Cys455Tyr 17.17
PDGFRA p.Pro553Leu 21.45
AKT2 p.Thrl48lle 12.00
ERBB2 p.Leu800Pro 12.24
IGF1R p.Val1200lle 14.12
GNAl1l p.Argl181Gin 19.14
NOTCH1 p.Arg1824Trp 9.87
PIK3CA p.Pro539His 12.97
ARID1A p.Argl722Ter 21.00
M KRAS p.Gly12Cys 9.34 WT WT
TSC1 p.Pro169Ser 11.89
MSH2 p.Pro591Ser 23.16
SMARCA4 p.Gly775Ser 14.20
NOTCH1 p.Asp2108Asn 12.43
NF1 p.Ser2064Phe 12.69
MSH6 p.Ala481Gly 9.92
FGFR1 p.? 6.35
PIK3CA p.Trp328Ter 15.99
MAPK1 p.Glu322Lys 12.60
FANCD2 p.Arg1321Gin 20.1
N FGFR2 p.Gly305Arg 17.92 wT wT
AKT2 p.Glug5Lys 14.41
CDK12 p.Arg779His 13.54
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MSH6 p.Ala794Asp 8.63
PTCH1 p.Gly1054Arg 10.02
POLE p.Aspl123Tyr 11.91
MDM4 p.Ala40Gly 14.07
PIK3CA p.Argl08His 7.62
MLH1 p.Gly67Arg 7.25
MSH2 p.Gly587Ser 7.33
ATM p.Ser974Phe 15.74
RAD51 p.Alal76Val 7.35
El PDGFRA p.Ser851Leu 12.82 wT wrT
FGFR1 p.Val279Met 14.01
RAD50 p.Arg224His 42.66
ATR p.? 10.36
BRCA2 p.? 9.40
ATM p.Gly2536Glu 8.16
ATM p.Leu752Pro 60.45
NF1 p.Lys1457Arg 9.52
ESR1 p.Gly276Cys 10.93
E ERCC2 p.Argl12Cys 14.95 wT wT
STK11 p.Pro275Thr 19.92
POLE p.Tyr2269Ter 10.43
FBXW?7 p.Arg309His 30.46
ERBB2 p.Val773Met 5.00
NOTCH3 p.Argl036Ter 6.21
NF1 p.Arg720Trp 18.60
SRC p.Arg391His 5.44
T TSC2 p.Serl74Leu 5.74 WT
CCND3 p.Argl14Cys 6.15
ARID1A p.Arg1980His 7.92 WT
RAD51C p.Arg366GIn 5.00
FGFR1 p.Asp351Asn 5.98
ERBB2 p.Arg940GIn 6.31
CREBBP p.Arg1664Cys 7.07
SMARCA4 p.Argl653Ter 7.66
D1 NF2 p.Arg376Trp 6.48 wr wr
POLE p.Gly1501Arg 7.24
POLE p.Asp1783Asn 9.17
POLE p.Thr528Met 13.11
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MYC

P53 p-Arg158Pro 61.98 824.21(128748724-128753198)
L MLH1 p.Arg659Ter 6.01 WT
NF1 p.Glu1928LysfsTerl4 42.58 MYCL
FANCA p.Thr561Met 5.83 1p34.2(40362966-40367017)
CDKN1B p.AspL7Tyr 55.66
PALB2 p.GIN759Ter 5.00
MSH2 p.Arg383Ter 5
FANCA p.Arg591Ter 6.12
Q TP53 p.Ser367Asn 8.11 FAIL WT
MAP2K2 p.Leul05Phe 10.38
ATM p.Glul978Lys 10.94
RBL p.? 77.22
. MDM4
MED12 p.Asp34_Leu36delinsVal 93.28 1432.1(204494576-204518712)
B1 ATR Gly874Ar 7.3 WT
ATM FEASE’IZMBH?S 87.46 119133 69255';?21 69466035
TERT p.? 1154 q13.3( ) )
KRAS p.Gly12Cys 53.24
NTRK1 p.Gly595Trp 23.37
G ROS1 p.Pro2021Ser 25.63 WT WT
STK11 p? 59
TP53 p? 36
MLH1 p.GIN409Ter 5.95
ERBB2 p.Gly909Asp 75
s ATR p.GIN1638Ter 6.27 WT WT
FGFR1 p.Asn577Lys 46.59
NTRK2 p.Ala677Thr 8.33
CDKN2A p.Arg80Ter 28.61
Al gTRKAﬁ p.LyEi(;L)glzu\f/gersg Z?gg WT TERT 5p15.33(1253820-1295326)8.15385
NOTCH3 p.Arg244Ter 5.85
CCND1
1113.3(69455972-69466035)x32.1053
FGF19
B NOTCH3 p-Val644Asp 5061 wT 1113.3(69513954-69518740)x35.3263
CDK4
1214.1(58142245-58145450)x6.08421
F SMAD4 p.Arg531Leu 16.75 KIF5B(15)-RET(12) WT
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TSC2 p.Pro632Leu 16.18
CDK2 p.Argl99Cys 15.25
CDKN2B p.Thr95Met 8.49
[ RAD51C p.Alal75Thr 50.1 WT wWT
POLE p.Arg976His 47.92
RAD50 p.Tyr625Ter 49.62
A SLX4 p.Ala952Met 48.95 wT wT
D ATM p.Val2288AlafsTer22 81.61 WT SMAD4
' : 18q21.2(48591842-48604861)x5.24444
MLH1 p.Leu622Phe 52.81
U NOTCH3 0.Cys891Trp 4516 WT wT
CBL p.Tyr368Cys 41.52
c1 PIK3R1 p.Leu638Ter 11.93 wT wT
Gl SLX4 p.Lys68Thr 35.92 FAIL MYCL
' : 1p34.2(40362966-40367017)
PIK3CA p.Glu110del 39.74
H1 PTCHL p.Phe434lle 4457 WT wT
NOT EML4(6)-ALK(20) WT
MYCL
R NOT wWT 1p34.2(40362966-40367017)
v SF3B1 p.Arg625Cys 27.68 FAIL WT
H NOT WT WT
F1 NOT WT WT
Table 5_3: List of all molecular alterations identified in 27 samples of LC-HP.
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7.0 CONCLUSIONS

142



This work presents five selected research projects followed by the Candidate during her 4-
years PhD program as the Principal Investigator. As already stated in the overview, and
discussed in the specific chapters that are the main core of this Thesis, three different
models of rare endocrine tumors were studied, all faced with the similar intent of
investigating mechanism of progression and of identifying novel targets for therapy.
Papers described in this Thesis can be separated in three main subgroups:

a) the study of molecular mechanism of tumor progression, analyzing cases showing tumor
components of benign morphology or less aggressive malignancy;

b) the identification of novel molecular therapeutic targets in tumors that are orphan of an
individualized therapeutic approach;

c) the study of specific tumor subgroups, as for the study on the characterization of ACC
with MMR-deficiency.

In the first setting, we analyzed two different tumor models. On the one side we studied
PDTC cases that were morphologically related with a coexistent well differentiated —
biologically less aggressive — carcinoma component, whereas the second model consisted
of ACC cases with a benign component concurrent within the same lesion. Although
different in biological terms, both tumor types represent models of tumor progression that
are feasible to analyze comparatively at the molecular level possible steps of tumor
development. Both studies gave comparable results. In fact, in both models, a predominant
monoclonal origin was suggested, since the majority of cases was characterized by
coexistence of molecular alteration in benign/well differentiated and more aggressive
tumor populations, these latter in some cases acquiring additional molecular alterations
driving tumor progression (i.e. TERTp mutations). However, a significant number of cases
in both studies unexpectedly presented completely distinct genotypes, even in the presence
of a morphological pattern strongly suggestive for a unique tumor. Therefore, it should be
assumed that, at least in part, heterogeneous tumors that display in the same lesion tumor
components with different aggressiveness may be unrelated and may stem from separate
clonal evolutionary pathways.

Concerning the identification of novel therapeutic targets, we focused on a large series of
PDTCs and on lung carcinoids with high proliferative index. Both these tumors are rare,
poorly characterized and are lacking therapeutic strategies preventing a patient’s specific
approach in the clinical management. Both studies, among other findings, claimed one
main point: that druggable alterations are less rare than expected, irrespective of their type

(gene fusions, mutations in TKI genes or MMR-deficiency) and that screening for
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targetable alterations should be considered widely also in these rare tumors to raise new
data with a strong potential clinical relevance. Moreover, novel drivers were identified in
both tumor models, such as ETV6/NTRK2 in lung carcinoids and TBL1RX1-PIK3CA fusion
in PDTC.

Finally, we aimed at characterizing one specific subtype of ACC that presents MMR
deficiency, as determined by loss of protein expression of MMR proteins. These MMR-
deficient ACC cases were associated with peculiar pathological features of aggressiveness
and with a distinct genotype, dominated by a relatively high burden of mutations, and a
particular enrichment for mutations in TP53 and in genes belonging to the chromatin
remodeling pathway. Apart from a pathogenetic interest, these data claim that molecular
characterization should integrate pathological classification in ACC to define specific
subgroups with a “blind” morphology but with a distinct biological and possibly clinical
behavior. These data again support the need of an individualized approach in rare cancer
characterization, to achieve optimal clinical management and the definition of the best
therapeutic strategies.
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