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       This thesis is dedicated to my mother Camila and her fearless battle with cancer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nothing in life is to be feared, it is only to be understood. Now is the time to understand 
more, so that we may fear less. 
 
~ Marie Curie 
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SUMMARY 
 
This thesis was conducted at the Department of Oncology, Pathology Unit, under the 
supervision of Professor Mauro Papotti representing the candidate’s main research work 
during the course of PhD program (2018 – 2022). Candidate explored molecular and 
immunobiological aspects of endocrine and neuroendocrine tumors, that lead to 
carcinogenesis, tumor aggressiveness and could have an impact on patient’s survival, 
based on tissue expression analyses correlated with clinico-pathological characteristics. 
The main research goal was to identify novel markers that could potentially help to tailor 
the best therapeutic approach for each individual patient or tumor type by depicting 
detailed molecular signatures associated with patients’ prognosis and therapy-specific 
outcome. 
 
Chapter 1 is dedicated to exploration of gene expression of principal transcriptional 
regulators of neuroendocrine differentiation, including ASCL1, NEUROD1, DLL3, 
NOTCH1, INSM1, MYCL1, POU2F3 and YAP1, in pulmonary and extrapulmonary 
neuroendocrine neoplasms, by means of RT-PCR analyses.  
 
Chapter 2 describes investigation of immune-related profile of poorly differentiated, 
follicular and hürtle cell thyroid carcinomas, based on the nCounter PanCancer Immune 
Profiling panel (NanoString Technologies, Seattle, WA, USA) and immunoexpression 
status of PD-L1. Moreover, a group of papillary aggressive and non-aggressive thyroid 
carcinomas, was analyzed employing nCounter PanCancer Pathways panel (NanoString 
Technologies, Seattle, WA, USA) that includes genes related to 13 canonical pathways.  
 
Chapter 3 explores ALK expression in Merkel cell carcinoma cell lines and tumors and 
potential use of chimeric antigen receptor (CAR) T cells as an immune-targeted therapy.  
This portion of work was in part conducted at the Department of Pathology, Boston 
Children’s Hospital, under the co-mentorship of Prof. Mauro Papotti and Prof. Roberto 
Chiarle.   
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ABBREVIATIONS  
 
Neuroendocrine – NE 
Neuroendocrine differentiation – NED 
Chromogranin A – CgA 
Synapthophysin – SYN 
Neuron-specific Enolase – NSE 
Cytokeratin - CK 
World Health Organization – WHO 
International Agency for Research on Cancer – IARC 
European Neuroendocrine Tumor Society – ENETS 
Typical carcinoids – TC 
Atypical carcinoids – AC 
Neuroendocrine tumor – NET 
Large cell neuroendocrine carcinoma - LCNEC 
Small cell lung carcinoma – SCLC  
Neuroendocrine carcinoma – NEC 
Extrapulmonary neuroendocrine carcinoma – EPNEC 
Mixed adenoneuroendocrine carcinoma - MANEC 
Neuroendocrine neoplasm – NEN 
Tumor mutational burden - TMB 
Gastro-entero-pancreatic (tract) – GEP 
Well differentiated thyroid cancer – WDTC 
Papillary thyroid carcinoma – PTC 
Follicular thyroid carcinoma – FTC 
Medullary thyroid carcinoma – MTC 
Poorly differentiated thyroid carcinoma – PDTC 
Anaplastic thyroid carcinoma – ATC 
Hürthle cell carcinoma – HCC  
High-power field – HPF 
Disease free interval – DFI 
Overall survival – OS 
Disease specific survival – DSS 
Tumor microenvironment – TME 
Tumor mutational burden - TMB 
Sentinel lymph node biopsy – SLNB  
Radiotherapy – RT 
Merkel cell carcinoma – MCC 
Merkel cell polyomavirus – MCPyV 
Anaplastic lymphoma kinase – ALK 
Chimeric antigen receptor T-cell – CAR-T cell 
Human leukocyte antigen – HLA 
Major histocompatibility complex – MHC 
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CHAPTER 1: EXPLORATION OF NEUROENDOCRINE-LINEAGE TRANSCRIPTION 
FACTORS IN PULMONARY AND EXTRAPULMONARY MALIGNANCIES  
 
 
This chapter is based on following papers:  
 
 
1: Metovic J, La Salvia A, Rapa I, Napoli F, Birocco N, Pia Bizzi M, Garcia-Carbonero R, 
Ciuffreda L, Scagliotti G, Papotti M, Volante M. Molecular Subtypes of Extra-pulmonary 
Neuroendocrine Carcinomas Identified by the Expression of Neuroendocrine Lineage-Specific 
Transcription Factors. Endocr Pathol. 2022 May 24. doi: 10.1007/s12022-022-09722-4. PMID: 
35608806. 
 
2: Metovic J, Napoli F, Osella-Abate S, Bertero L, Tampieri C, Orlando G, Bianchi M, Carli 
D, Fagioli F, Volante M, Papotti M. Overexpression of a subset of neuroendocrine-lineage 
transcription factors is associated with adverse clinical outcome in pediatric neuroblastoma. 
(Accepted for publication - Virchows Archiv) 
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INTRODUCTION 
 
Neuroendocrine differentiation in tumors. 
 

Neuroendocrine (NE) cells are part of a large cell population, collectively known as the 
diffuse NE system, which is dispersed throughout the normal organism. The NE cells primarily 
exist within the organs that interface with the outside world, including gastrointestinal, 
respiratory, and genitourinary systems, as well as the skin (Merkel cells and melanocytes). Yet, 
they also can be found within endocrine glands or tissues, such as the hypothalamus, anterior 
pituitary, pineal gland, thyroid gland (calcitonin-secreting cells), thymus, breast, and the 
pancreatic islets of Langerhans (1–4). NE cells (formerly called APUD - Amine Precursor and 
Uptake Decarboxylation system) are chromaffin cells filled with secretory granules that 
produce biogenic amines, mainly catecholamines, but also hormones and other markers (5). 
 

In the healthy organism, normal NE cells play complex local regulatory roles at the 
tissue level. For example, the NE cells of the gastrointestinal tract (also known as 
enteroendocrine cells) regulate secretion, motility, cell growth and differentiation in the gut. 
For this purpose, these cells employ endocrine, autocrine, paracrine, and neurocrine signaling 
mechanisms, and are, in turn, under neural control (6). The NE cells of the respiratory tract can 
control lung branching morphogenesis, cell growth and maturation during development, and it 
is believed that they provide a protective niche for a subset of lung stem cells. Similarly, to 
enteroendocrine cells, pulmonary NE cells are under control of a complex innervation (3). 
 

Neuroendocrine differentiation (NED) represents a structural and functional feature of 
certain tumors, whereby a significant portion of malignant cells displays neuronal, endocrine, 
or mixed features. Of note, various studies have revealed that NED does influence patient 
prognosis. Bernick et al. (7) studied 38 colorectal cancer patients with NED and found that the 
prognosis of these patients was poor, as most patients have metastatic disease at the time of 
diagnosis. Moreover, some studies have indicated that colorectal cancer with NED was 
correlated with liver metastasis and advanced tumor stages (8). Similar findings were reported 
in a meta-analysis by Zeng et al. (9) that included 1,587 patients and revealed that patients with 
NED who underwent a radical operation had a lower 5-year survival rate (pooled OR 0.60, 95 
% CI 0.37–0.97) compared with those without NED.  
NE neoplasms are a group of rare diseases of the widespread NE system. These tumors 
represent a heterogeneous group of disease of varying degrees of differentiation and 
malignancy, characterized by well-defined histological and immunophenotypic features and 
clinico-biological characteristics.  
In fact, NED is orchestrated by complex pathways (Figure 1, source ref. (10). 
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Figure 1.  Schematic of the complex pathways of neuroendocrine differentiation (blue) in lung 
tumors. INSM1 (red) is inactivated by HES1 and promotes the expression of the three 
neuroendocrine molecules (CHGA, SYP, and NCAM1) via activation of the transcription 
factors, ASCL1, and BRN2. INSM1 and ASCL1 activate each other (10).  
 

From an immunophenotypic point of view they are characterized by expressing specific 
markers of NE differentiation, namely Chromogranin A (CgA), Synaptophysin (SYN), 
Neuron-specific Enolase (NSE), CD56 (N-CAM / neural adhesion molecule), but also location-
specific markers or transcription factors, for example TTF1 for the lung or CDX2 for the 
intestinal tract (11–14). CgA and SYN are well established NED markers (15,16), and together 
with CD56 are recommended markers to identify pulmonary tumors with NE differentiation 
(17) while on the other hand, NSE is considered generic NE markers of neurons and NE cells 
(18) with high sensitivity, and low specificity (19). More recently, a novel marker, namely 
INSM1 has been proposed a highly specific marker of neuroendocrine differentiation (Figure 
2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A case of neuroendocrine tumor (G2) of breast origin (a, 100x), expressing INSM1 
(b, 200x), Synaptophysin (c, 200x) and Chromogranin A (d, 200x). 
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The WHO classification of neuroendocrine neoplasms. 
 

The classification and nomenclature of NENs is complex and was often confusing in 
the past, due to the trend to focus on the organ of origin rather than the morphology and 
anatomo-pathological aspects. Recently, a common classification framework, developed by 
experts of the World Health Organization (WHO) and the International Agency for Research 
on Cancer (IARC), integrated with the European Neuroendocrine Tumor Society (ENETS) 
terminology for gastroenteropancreatic (GEP) NENs , is now applied in the latest 5th edition 
of WHO classification on lung NENs (20). The most important separation is between well 
differentiated neuroendocrine tumors of low (i.e., typical carcinoids - TC as G1) to intermediate 
(i.e., atypical carcinoids - AC as G2) grade (henceforth, NETs) and poorly differentiated NE 
carcinomas (henceforth, NECs), grouped together as high-grade neoplasms (G3) and consisting 
of small cell and/or large cell neuroendocrine carcinomas (LCNEC) (Table 1, source (21).  
 
Table 1. The WHO/IARC universal taxonomy for epithelial neuroendocrine neoplasia (21). 
 
Tumor category definition Neuroendocrine neoplasia 

(NEN) 
 

Tumor family/class definition  Well-differentiated NEN Poorly differentiated NEN 
Tumor type definition NET NEC 
Tumor subtype definition Variable depending on site Large cell NEC or small cell 

NEC 
 

Tumor grade definition G1, G2, G3 High grade (by definition) 
 

 
This differentiation is of remarkable importance from a prognostic point of view, given 

that indolent forms tend to follow a prolonged course of disease, with low risk of metastatic 
spread (even in the absence of treatment), while malignant forms are associated with rapid 
progression and an adverse prognosis. The above categorization also has repercussions in the 
therapeutic field, where low-grade tumors are managed with simple resections surgical 
treatments or treatments based on somatostatin analogues and/or interferon-γ, while high-grade 
counterparts need platinum-based and etoposide-based chemotherapy drugs. The classification 
is reflected finally on the histological aspect of the lesions (in detail, below).  
 

Furthermore, a third entity, namely mixed adeno-neuroendocrine tumors (MANEC), 
showing dual adenocarcinomatous and NE differentiation, in which each component represents 
at least 30% of the tumor, demonstrate by definition, high grade and poor prognosis (22,23). 
The latest WHO 2021 classification for lung neuroendocrine neoplasm (NENs) formally 
introduced the combined category (20). 
 

Regarding the site of origin, NENs, more frequently emerge in the gastro-entero-
pancreatic tract and lung. On the other hand, although rarely, NENs may arise in the upper 
respiratory tract, salivary glands, skin and the urogenital system. In most of these locations, 
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NECs are consistently more common than NETs (24). An additional site in which NENs may 
rarely occur is breast, where the last edition of the WHO classification has aligned the 
classification of the formerly called “carcinomas of the breast with neuroendocrine features” 
(25)  to the classification framework proposed for all NENs (22,26,27). In fact, the 
classification of so-called breast NENs (Br-NENs) is still debated and a robust validation of 
Br-NENs as real entities with distinct molecular profiles is still lacking (28). 
In order to render an accurate diagnosis, beside architectural and cellular features (especially 
small or large cells, but also organoid patterns and nuclear chromatin/nucleoli), it is also 
important to take into account the mitotic count, generally expressed for an area per mm², Ki-
67 labeling index (henceforth, Ki-67) (29) and necrosis (generally described as absent, 
punctate, extensive) (22) (Table 2, source (21). 
 
Table 2. Neuroendocrine  epithelial  neoplasms:  general  features  of  well-differentiated  
neuroendocrine  tumor  (NET)  versus  poorly  differentiated  neuroendocrine carcinoma 
(NEC) (21). 
 

 Cytology Histology  IHC profile 
NET • Clean smear 

• Cell monomorphism 
• Medium size, round 

shape 
• Abundant eosinophilic 

cytoplasm 
• Salt and pepper 

chromatin 
• No or very few mitotic 

figures 

• Organoid structure (solid, 
trabecular, glandular, mixed) 

• No necrosis or only spotty 
• Delicate, highly vascularized 

stroma 
• Salt and pepper chromatin 
• Abundant cytoplasm 
• Cell monomorphism 
• Low nuclear/cytoplasm ratio 
• Round-oval shape 
• Rare or few mitoses 

• CK + 
• CgA + 
• Syn + 
• INSM1 + 
• SSTR2/5 + 
• Hormones  
• Ki67 low 
• P53 wild-type 

staining 
• Rb retained 

NEC • Dirty smear—diffuse 
necrotic debris 

• Cell polymorphism 
• Absent or subtle rim of 

cytoplasm (SC type) 
• Evident/abundant 

cytoplasm (LC type) 
• Salt and pepper 

chromatin 
• Severe nuclear fragility 
• Frequent mitoses often 

atypical 

• Solid/organoid structure 
• Abundant necrosis 
• Abundant fibrous stroma 
• Severe cell polymorphism 
• Round-irregular shape 
• High nuclear/cytoplasm ratio 
• Scant cytoplasm (SC type) 
• Abundant cytoplasm (LC type) 
• Severe nuclear molding 
• Salt and pepper chromatin 
• Frequent mitoses, often atypical 

 

• CK + / − (dot-like) 
• CgA + / − 
• Syn + 
• INSM1+ 
• SSTR2/5 − / + 
• Hormones – 
• Ki67 high/very high 

(typically > 55%) 
• p53 global loss or 

diffuse positive 
• Rb global loss 

 
IHC,  immunohistochemistry;  NET,  neuroendocrine  tumor;  NEC,  neuroendocrine  carcinoma;  SC,  
small  cell;  LC,  large  cell;  CK,  cytokeratins;  CgA, chromogranin A; Syn: synaptophysin; INSM1, 
insulinoma-associated protein 1; SSTR, somatostatin receptor; *: various, depending on anatomical 
site; p53, Tp53 gene product; Rb, retinoblastoma gene product 
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Although NETs and NECs subtypes are part of the same family, they nevertheless have a 
different prognosis, response to therapies, different risk factors and hereditary predisposition 
(22). 
 
Neuroendocrine neoplasms of the lung 
 
Lung NENs comprise approximately 25% of all invasive lung cancers (30) and encompass four 
histologic subtypes whose terminology and defining criteria have been endorsed over the last 
three classifications by the WHO (20,31,32). Accordingly, lung NENs include TCs, ACs, 
LCNECs and small cell lung carcinoma (SCLC). There are major epidemiological, 
histological, clinical, genetic, and prognostic differences between the NETs (TC and AC) and 
high-grade NECs (both SCLC and LCNEC). 
Around 90% of NENs are high-grade poorly differentiated tumours, including SCLC 
(approximately 75%) and LCNEC (approximately 15%), with carcinoids accounting for only 
a small proportion (2-10% TC and 0.2-1% AC) (20) (Figure 3, source (33). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Relative prevalence of lung neuroendocrine neoplasms. TC: typical carcinoid; AC: atypical 
carcinoid; LCNEC: large cell neuroendocrine carcinoma; SCLC: small cell carcinoma; LD: limited 
disease. SCLC and LCNEC account for the large majority of lung neuroendocrine neoplasms and TC 
are intermediately prevalent tumors, while AC make up truly uncommon lesions in population-wide 
tumor series (33). 
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However, it should be underlined that around 25% of LCNEC or SCLC have 
histological components of adenocarcinoma or squamous carcinoma, identifying the 
subcategory of combined carcinomas (20,34). The distinction between NECs and NETs is 
currently based on morphologic characteristics, presence or absence of  necrosis, and mitotic 
count (>10 per 2 mm2 for NECs), and in particular for NECs, cytological characteristics of 
small or large cells, while immunohistochemical (IHC) markers are applied to reveal NE 
differentiation (35). 
The assessment Ki67 has an important role to distinguish carcinoids from NEC, especially 
when studying scarce bioptic samples. Although there is no officially accepted cut-off proposed 
rates of Ki-67 ranged from 2.3–4.15% in TC (mean 2.60%), 9–17.8% in AC (mean 11.04%), 
47.5–70.0% in LCNEC (mean 47.57%), and 64.5–77.5% in SCLC (mean 64.36%), in 
substantial agreement with the expected proliferation activity of these tumors (36). The upper 
limits of 5% and 30% for Ki-67 have been conceived to differentiate TC from AC and AC from 
NECs, respectively, with a better performance over mitotic count and/or necrosis in small-sized 
diagnostic material (37,38).  
 

Several genomic studies have investigated the molecular profile of lung NENs for 
treatment purposes, however their underlying intrinsic mechanism is yet to be fully understood. 
The data regarding NETs indicate a low tumor mutational burden (TMB) and the presence of 
chromatin remodeling/histone modification gene mutations such as MEN1 (10–25%), 
ARID1A/B (5–10%), EIF1AX (5–17%) and, more infrequently, members of the 
SWItch/Sucrose Non-Fermentable (SWI/ SNF) complex, such as SMARCA4 (3–7%) (39–41). 
Rates of classical cancer driver involvement, such as RB1 or TP53 gene alterations, are 
negligible (42). These data are reported to be diametrically opposed to high grade NECs that 
consistently harbor TP53 mutations, RB1 alterations, and high TMB (42–45) (Table 3, source 
(33). 

 
Moreover, in a series of 108 pulmonary NENs (52 LCNEC, 44 SCLC, 12 carcinoids) genomic 
alterations were found in 11% of the cases, including mutations of PIK3CA (4.6%), EGFR 
(2.8%), KRAS (1.9%), rearrangement of ALK (0.9%) and RET (0.9%), but no alterations of 
ROS1, BRAF, NRAS and HER2. Gene alterations occurred in 15.4% of LCNEC, 6.8% of SCLC 
and 8.3% of carcinoids (46). JAK3, NRAS, RB1 and VHL1 gene alterations were exclusively 
identified in SCLC, whereas FGFR2 mutation was detected in LCNEC, only (47) (Table 3, 
source (33).  
 

Clinically, carcinoids (typical and atypical) occur more frequently in young patients, 
with no history of cigarette smoking and poorly responding to therapy with cisplatin/etoposide 
but therapy with inhibitors of the mTOR pathway, like Everolimus, gave promising results 
(48). On the other hand, NECs have different characteristics, appearing more frequently in 
elderly patients, smokers and have unfavorable prognosis. Typically, SCLC show an initial and 
complete response to therapy with cisplatin in combination with etoposide, as compared to 
carcinoids (49). 
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Table 3. Main molecular alterations in neuroendocrine tumors and carcinomas (33). 

 
 
TC: typical carcinoid; AC: atypical carcinoid; LCNEC: large cell neuroendocrine carcinoma; 
SCLC: small cell carcinoma; G:C stands for guanine:cytosine; T:A stands for thymine:adenine 
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Typical and atypical pulmonary carcinoids (NETs) 
 

Pulmonary NETs are rare and heterogeneous disease. The reported incidence of NETs 
is increasing, likely because of better diagnostic capabilities (50). Lung NETs demonstrate a 
variety of pathologic and clinical features and require varying treatment strategies.  
Carcinoids, whether TC or AC, may show diverse architectural patterns and/or cellular 
variants, e.g., insular, lobular, trabecular, follicular, and solid) and/or cellular variants 
(polygonal, spindle, oncocytic, mucinous, melanin-laden, etc.) within the same tumors. Both 
TC and AC are characterized histologically by a uniform population of tumor cells growing in 
an organoid pattern and having moderate eosinophilic, finely granular cytoplasm with finely 
granular nuclear chromatin (20,51). 
 
ACs are defined as carcinoid tumors showing mitoses between 2 and 10 per 2 mm2 area of 
viable tumor (10 high power fields in certain microscopes) or the presence of necrosis. The 
presence of features such as pleomorphism, vascular invasion and increased cellularity is not 
as helpful in separating TC from AC. In TC, necrosis is absent and mitotic figures are rare (<2 
per 2 mm2). Necrosis in AC usually is manifest by punctate foci within tumor nests (20,51,52). 
 
Although NETs are slow growing tumours, advanced disease is associated with poor survival. 
The primary tumour site has been shown to be a powerful predictor of survival duration, with 
the median survival of patients having metastatic lung nets being found to be 16 months. 
Although NETs are slow growing tumors, advanced disease leads to poor survival, and in 
patients with well-differentiated NETs with distant metastasis, 73% will die within 5 years 
 (53,54). 
 

Curiously, some carcinoids show genetic alterations very similar to LCNECs but with 
a different prevalence within the subtypes. The fact that the same genetic alterations found in 
LCNECs were also found in carcinoids (which are low/intermediate-grade) but with less 
prevalence suggests that there is progression of malignancy and the development of high-grade 
NE tumors from pre-existing carcinoids (40). 
In fact, genomic studies show that atypical carcinoids show genetic and molecular 
characteristics somewhere between typical (low grade) and NECs (high grade) carcinoids. 
By studying the link between the molecular alterations of LCNECs and atypical carcinoids it 
was possible to group these tumors into 3 clusters, respectively (C1-C3) based on the genetic 
alterations: the C3 group with predominantly atypical carcinoids and a small component of 
LCNEC, where the inactivation of MEN1 stands out; the C1 group with mainly LCNEC and a 
small proportion of carcinoids where there is mainly an inactivation of RB (type II, see ref. 
(55) and TP53 with no mutation in MEN1; and a mixed C2 group with intermediate 
characteristics between C1 and C3, with more frequent mutation in TP53, followed by mutation 
in MEN1 and RB in order of frequency (56). 
 

All this leads us to an understanding that a progression of malignancy from low grade 
carcinoids to LCNEC is very likely. In particular, the C2 cluster shares intermediate alterations 
between the two tumor types, it can be further divided into two subtypes: C2a, very similar to 
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C1 with a Ki67 of approximately 60% and the presence of LCNEC with mutations in TP53 
and alterations in RB; C2b, more similar to cluster C3 with a Ki67 of about 12% and 
predominantly MEN1 mutations. The C2a subgroup was recently labeled as "supracarcinoid" 
and identifies carcinoids that have histopathological characteristics as such but with molecular 
characteristics similar to LCNECs, which could strengthen the hypothesis that a carcinoid can 
evolve into an LCNEC with an accumulation of mutations. This is particularly true for that 
fraction of carcinoids with mutation in TP53 and no alterations in MEN1 (56). All this is also 
reflected at the prognostic level. For instance, cluster C1 shows a mean Ki67 of 66% with a 
median survival of 19 months, cluster C2 shows a mean Ki67 of 37% with a median survival 
of 47 months, However, patients pertinent to C3 cluster with a mean Ki67 of 21% did not reach 
the median survival during follow-up. 

 
Moreover, performing integrative and comparative genomic analyses, Alcala and 

colleagues (57) revealed a separate very small subset of carcinoids (six instances), named 
“supra-carcinoids”, which suggested a molecular and behavioral link between atypical 
carcinoids and LCNEC. As a matter of fact, this subgroup displayed AC-like features (two to 
four mitoses per 2 mm2; no necrosis), but molecular and survival characteristics were 
analogous to fatal LCNEC rather than SCLC, along with higher expression levels of immune 
checkpoint genes (i.e., PD-L1, CTLA4) and higher expression of MHC class I and II genes 
(57). A relationship between these supra-carcinoids/LCNEC and the newly proposed 
categories of carcinoids with escalation of proliferation rates (58) and carcinoid-like LCNEC 
(43) is unlikely due to higher mutational load and different mutation profile of supra-carcinoids 
(57). These findings, however, support blurred boundary among tumors straddling AC and 
NECs (59,60).  
The molecular intertwining between carcinoids and, at least, a few LCNECs is also reinforced 
by a recent next-generation sequencing study (43), where the authors revealed, in a minority of 
cases (10% of LCNEC), a carcinoid-like LCNEC profile enriched by MEN1 mutations and 
with low TMB.  
 
 
Large cell neuroendocrine carcinoma (LCNEC) 
 

LCNEC tends to occur more commonly in males and in people aged > 65 years, and > 
90% patients are heavy smokers (20). LCNECs exhibit NE morphology such as organoid 
growth, trabecular pattern, and peripheral rosette-like and palisading structures. Cancer cells 
are usually large with moderate to abundant cytoplasm. Nucleoli are frequent, often prominent, 
and their presence, in addition to cell size, facilitates the distinction from SCLC. This type of 
tumor is very often combined with adenocarcinoma or squamous carcinoma, and also some 
SCLCs have a component of LCNEC (55).  

The genetic profile of some LCNECs is very similar to that of SCLC by highlighting 
the same transcriptional subgroups, in particular genes for cell cycle control and mitosis and 
DNA repairers, while it has been seen that the adenocarcinoma and squamous carcinoma 
mostly express genes for cellular differentiation, adhesion and for the immune response. 
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(42,61). Like SCLC, LCNEC exhibits an extremely high mutation rate (over 7.4 protein-
changing mutations per million base pairs) compared to other types, possibly related to tobacco 
carcinogens. Inactivating mutations of TP53 and RB are frequent, as are recurrent mutations of 
the CREBBP/EP300 and MLL genes encoding histone modifiers, which are observed in 18% 
of SCLCs and are characteristic of a SCLC-like subset. In fact, the molecular spectrum of 
LCNEC is more heterogeneous, with two well-distinguished large groups of samples: type-I 
LCNEC, with frequent alterations in TP53, STK11 and KEAP1, and type-II LCNEC, with 
alterations in both TP53 and RB1(43,55). 
 

In detail, type I (NSCLC-like LCNEC) besides the absence of RB1/TP53 joint 
alterations, generally shows KRAS and/or STK11 mutations, typical of adenocarcinomas, or 
KEAP1, typical of squamous cell carcinoma. Type II (SCLC-like LCNEC) is characterized by 
RB1/ TP53 inactivation and MYCL1 amplification along with the squamous carcinoma-related 
KEAP1-NFE2L2 alterations (43,55,62,63). These molecular differences certainly influence 
histomorphology and proliferation rates of each tumor subset, with smaller cells and higher 
proliferative rates in the SCLC-like LCNEC subgroup as compared to the NSCLC-like one. 
The latter is dominated by larger cells and a more variable cell proliferation, despite some 
overlap exists between them. Moreover, NSCLC-like LCNEC exhibited low-level reactivity 
for napsin-A, whereas none of the SCLC-like tumors expressed this marker (64). On the other 
hand, a low-level expression of squamous differentiation marker, p40, likely related to KEAP1–
NFE2L2 alterations, was restricted to SCLC-like LCNEC (43), suggesting a link to NSCC 
ancestors (60). It has been suggested that patients with SCLC-like LCNEC had a shorter overall 
survival than those with NSCLC-like LCNEC, regardless of their higher response rate to 
chemotherapy (65). Furthermore, treatment with conventional SCLC chemotherapy 
(etoposide-platinum) was associated with superior response and longer survival in SCLC-like 
LCNEC as compared to pemetrexed-platinum and gemcitabine/taxane-platinum regimens, 
while treatment with gemcitabine/taxane-platinum suffered from shorter survival as compared 
to etoposide-platinum or pemetrexed-platinum in patients with NSCLC-like LCNEC (65).  

The expression of the RB protein is lost in all cases in which the gene is mutated but 
also in 47% of cases in the wild type RB gene. Therefore, the evaluation of the real expression 
of the protein is more reliable to evaluate the inactivation rather than the analysis of the 
mutation itself. This is an important consideration given that protein expression is strongly de-
regulated or lost in 72% of LCNECs (66). It is also necessary to take into account the close 
relationship between the RB protein and the P16 protein, an inhibitor of CDK4 / 6 kinases that 
normally phosphorylate RB by activating it. The expression of P16 and the inactivation of RB 
are closely related and mutually exclusive in LCNEC, between 46% and 78% of cases. Of note, 
patients with LCNEC tumors that harbor a wild-type and/or express RB1 have superior overall 
survival when treated with NSCLC-chemotherapy (platinum + gemcitabine or taxanes) 
compared with SCLC-chemotherapy (platinum-etoposide) (66). 
 

Tumors with SCLC-like molecular characteristics were seen to be more proliferating, 
with substantial histological overlap, underlining that these molecular subtypes cannot be 
accurately predicted by routine morphological examination in individual cases. On the other 
hand, evaluating the RB1 alteration, a key characteristic that defines the "SCLC-like" group, it 
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was seen that it can be precisely identified by the IHC, which was also detected in few cases 
with loss of pRB proteins in the absence of genetic mutations, which could be mediated by 
mechanisms such as hypermethylation of the promoter, or epigenetics. Therefore, in a case 
with LCNEC morphology, the expression of intact pRb IHC status could serve as a marker of 
the NSCLC-like subtype, even in the absence of molecular tests. Conversely, loss of pRb 
expression, although favoring the SCLC-like subset, would require molecular confirmation of 
the mutation in TP53, given the rare possibility of pRb loss in the absence of a TP53 mutation. 
Overall, pending further validation, the data suggest that the IHC could be used to predict the 
molecular subtype of LCNEC in at least a subset of cases at the time of histopathological 
evaluation (43) (Figure 3, source (55). 
 
Furthermore, SCLC-like LCNEC patients have a shorter overall survival than those NSCLC-
like, despite higher chemotherapy response rates. Thus, genomic subtyping might be useful for 
the purpose of prognosis and therapeutic decisions in LCNEC patients, since the molecular 
features of pulmonary carcinoid tumors and LCNEC subtypes seem to have key management 
implications (65–67).  
 
 
Small cell lung carcinoma  
 

SCLC accounts for approximately 15% of all lung cancer and is the leading cause of 
cancer death among men and the second leading cause of cancer death among women 
worldwide (68,69). Also, SCLC is the most common NEN of the lung. It is characterized by 
rapid growth and early distant metastasis, already at time of diagnosis of the primary tumor. 
The prognosis of patients with SCLC is dismal with a 5-year survival rate of less than 5% and 
an average overall survival period of only 2–4 months for patients not receiving any active 
treatment (70). 

SCLC is defined by light microscopy as a tumor with cells that have a small size, a 
round-to-fusiform shape, scant cytoplasm, finely granular nuclear chromatin and absent or 
inconspicuous nucleoli. Nuclear molding is frequent. Crush artifact can cause smearing or 
streaming of nuclear chromatin. Necrosis is frequent and often extensive. Mitotic rates are high, 
with an average of 80 mitoses per 2-mm2 area. In small biopsies, mitoses may be difficult to 
identify, and necrosis may be absent because of limited sampling. The tumor usually grows in 
diffuse sheets, but rosettes, peripheral palisading, organoid nesting, streams, ribbons and rarely, 
tubules or ductules that fall short of glandular differentiation may be present (51). 

SCLCs harbor several mutations that are enriched in those that encode kinases, G-
protein coupled receptors and chromatin-modifying proteins, genes encoding histone modifiers 
(CREBBP, EP300 and MLL), as well as several members of the SOX family (61,71). 
A whole genome sequencing study in nine cases of SCLC transformation was able to 
reconstruct the clonal evolutionary history and to detect genetic predictors for SCLC 
transformation (72). In fact, the authors identified that epidermal growth factor receptor 
tyrosine kinase inhibitors (EGFR TKI)- resistant lung adenocarcinomas and SCLCs share a 
common clonal origin and undergo branched evolutionary trajectories. The clonal divergence 
of SCLC ancestors from the lung adenocarcinoma cells occurred before the first EGFR TKI 
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treatments, and the complete inactivation of both RB1 and TP53 were observed from the early 
lung adenocarcinoma stages in sequenced tumors, hence, the evaluation of RB1 and TP53 
status in EGFR TKI-treated adenocarcinomas is informative in predicting small-cell 
transformation (72). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic overview of somatic alterations and expression profiles in high-grade 
neuroendocrine lung tumors. Significantly mutated genes are shown in black and differentially 
expressed genes are highlighted in red and blue, describing higher and lower expression, respectively. 
Upregulated expression profiles and signaling pathways are indicated by color gradients (55). 
 
 

Moreover, through the link between susceptibility to infection by a picornavirus (SVV) 
and SCLC cells, it was possible to understand the relative expression and existence of two 
different transcription factors: ASCL1 (or HASH1) and NEUROD1 (73), later to be understood 
responsible for NE differentiation in SCLC (74) (Figure 4, source (55). 
ASCL1 activates NE differentiation, and regulates stemness, cell cycle progression, and 
mitosis. ASCL1 expression is limited to dormant progenitor pulmonary NE cells in mature 
lung but its reactivation in NE carcinomas maintains tumor development and survival. Its 
targets are MYCL1, RET, SOX2, BCL2 and nuclear factor I B (NFIB) oncogenes, as well as 
NOTCH ligand DLL3. Of note, NKX2-1 (also called TTF1) gene expression is also positively 
regulated by ASCL1 (75) as well as BRN2 (brain-2; also known as POU3F2) (76). In contrast, 
NEUROD1 promotes neurogenic differentiation of cells during development and malignant 
behavior in SCLC cell lines. It targets MYC (77) and oncogenic MycT58A promotes the 
development of slow growing NE tumors (78). Of note, both ASCL1-high and NEUROD1-
high SCLCs express insulinoma associated protein 1 (INSM1), which is a driver of NE 
differentiation in many organs and tissues (79). 
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Beside ASCL1expression in high-grade pulmonary neoplasms (80–83), evidence also 
suggests that it is present in  a significant fraction (70%) of extrapulmonary NECs (84),  and it 
is reported to be an effective therapy target for pulmonary NECs, by delivering ASH1-RNAi 
(oligonucleotides or adenovirus) (85). In addition, it could represent a target centered on BCL2 
gene activity, which is highly expressed by SCLC (81). Interestingly, lung cancer cells that are 
transfected with ASCL1 gene were recently shown to be associated with the expression of 
various molecules including INSM1 and ISL1 transcription factors as well as SYT4, KTCD16 
and SEZ6 that are related to neurosecretory functions (86). 
 
For instance, in a study by La Rosa et al (84) an extensive series of 335 NENs of various origins 
and differentiation has been prompted for IHC and RT-PCR ASCL1 analysis. This marker was 
identified in 82% and 70% of pulmonary and extrapulmonary NECs, respectively.  Moreover, 
it demonstrated relatively high diagnostic sensitivity and specificity in distinguishing lung 
NECs from NETs. Furthermore, this marker has been recommended as an indicator of poor 
differentiation that may help to distinguish NECs from NETs in difficult cases, regardless of 
their site of origin. These data were confirmed in various studies (87,88) where, beside the role 
of ASCL1 in staining NE differentiated high-grade carcinomas, it was recommended as a 
useful tool in differential diagnosis with other non-NE lesions, such as squamous cell 
carcinomas or adenocarcinomas.  
 

In particular, ASCL1 was observed to be expressed to a variable extent by SCLC with 
high NEUROD1 expression, therefore a low ratio of ASCL1 to NEUROD1 was a strong 
correlation of expression permissiveness. This initial dichotomy between "classic" SCLC, with 
a high ASCL1/NEUROD1 ratio and "variant" SCLC, demonstrating the opposite, made more 
clear that these two subtypes express different levels of these two transcription factors, one 
mostly ASCL1 and the other NEUROD1.  
Recent studies have provided biological insights into the role of ASCL1 and NEUROD1 and 
have identified other factors relevant to the subtype definition (82,89). In addition, several 
target genes regulated by these transcription factors have been identified such as MYCL1, 
BCL2, SOX2, DDL3 for ASCL1, MYC for NEUROD1, and INSMI and HE6 common to both. 
 

A small fraction of SCLC expresses low levels of ASCL1, NEUROD1 and INSMI 
expressing higher levels of markers such as YAP1 and POU2F3, thus identifying two other 
subtypes. Different terminologies have been used to identify these different subtypes, the most 
recent therefore divides SCLC into four groups, based on the transcription factor expressed: 
SCLC-A, SCLC-N, SCLC-Y, SCLC-P (82). However, research in this regard is constantly 
evolving. 
A classification has also been hypothesized by defining a score between NE and non-NE 
subtypes that distinguishes SCLC A and N from subtypes Y and P (Figure 5, source (82). 
Furthermore, the degree of expression of ASCL1 is variable within SCLC-N and is still unclear 
what differences there are between tumors expressing multiple transcription regulators at 
different levels and tumors expressing one individually (82). 
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Figure 5.  (a) Hierarchical clustering of relative gene expression of four key transcription regulators 
defining subtypes in human small cell lung cancer. Clustering was performed using the R statistical 
computing environment, and the colour bar scale represents relative expression on a log scale. (b) 
Estimates of relative frequencies of the four subtypes based on representation in primary human tumour 
data sets with 95% CIs (n = 81). (c) Examples of differential expression of genes of interest (MYC, 
BCL2 and DLL3 are shown) among each subtype in primary human tumours (n = 81) (82). 
 

Understanding the different genetic pathways helps us to develop different targeted 
therapeutic strategies. Proteins such as DDL3 or BCL2, targets of ASCL1, therefore falling 
within the subtype of SCLC-A, are already being studied for target therapies. The activity of 
histone demethylase LSD1 involved in epigenetic modification is believed to play an important 
role in the SCLC subtype-A; its inhibition leads to an activation of NOTCH1 with final result 
of suppression of ASCL1 in SCLC. These inhibitors have already been tested in patients of this 
subtype. Another interesting study evaluates the role of the previously mentioned picornavirus 
SVV which has a marked tropism towards SCLC-N suggesting a strategy to increase 
immunotherapy, introducing the virus directly into tumor cells, thus stimulating its aggression 
by the YES. Other studies with IGF1R inhibitors have seen how the SCLC-P subtype is 
vulnerable to the absence of IGF1R, suggesting a re-evaluation of IGFR1 as target therapies 
for this subtype (82). 
Despite the initial promising results with an antibody drug conjugate targeting DLL3, in the 
face of larger prospective studies that failed to replicate the efficacy of Rova-T in relapsed 
SCLC, this specific therapy now appears illusory. On the other hand, strategic pairing of DNA 
repair inhibitors, such as PARP inhibitors, with standard chemotherapy agents could lead to 
improvements in efficacy based on the results of early phase II study findings (70). 
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In comparison to the rest of lung cancers, data of PD-L1 expression and its clinical 
implications in lung NENs are limited but clinically worth exploring especially in the setting 
of life-threatening NECs. In fact, Tsuruoka et al. have mostly noted PD-L1 expression in high-
grade lesions (10.4% of LCNEC and 5.8% of SCLC) showing median H-score of 45 (range 
10-160), rather than carcinoid tumors where no reactivity was observed (90). In the same study, 
PD-L1 expression has been significantly correlated with age, only. In a different study, 
however, where 131 TCs and 37 ACs were investigated, PD-L1 expression was detected in 7% 
TCs tumors but no ACs (91), while in another paper none of the tested SCLCs and 
extrapulmonary small cell carcinomas stained positive for PD-L1 (92). These apparently 
contrasting findings document that differences in patients’ selection or methodology 
procedures, including the choice of reagents or other assessment variables, might account for 
heterogeneity in the distribution of PD-L1 expression across the spectrum of lung NENs  (33). 

A better understanding of the biology of SCLC and the recent identification of above described 
molecular subtypes defined by differential expression of four key transcription regulators (82) 
may represent a significant step forward in defining a winning treatment strategy for SCLC. 
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Extra-pulmonary neuroendocrine neoplasms. 
 
Even in extrapulmonary sites, NENs are divided into two groups based on morphology, number 
of mitoses, proliferation index: well-differentiated NETs (low or intermediate grade; G1 / G2) 
and poorly differentiated NEC (high grade; G3, large or small cell) (93). Only the latter will be 
described below.  
This categorization is clinically relevant with respect to the impact on treatment and prognosis 
although it is not absolute, as a subset of low-grade appearance tumors may behave similarly 
to high-grade lesions. 
 
Extra-pulmonary neuroendocrine carcinomas (EPNEC) 
 

According to tumour cell morphology, two subtypes of NEC are recognised (94). The 
small cell type is defined by the presence of small-sized tumour cells, an elongated, 
hyperchromatic nucleus, devoid of visible nucleoli. The large cell type, first described in the 
lung, but later identified in most other body sites, is defined by the presence of large-sized 
tumour cells, containing a large, ovoid, vesicular nucleus with well visible nucleoli (44,55). 
Irrespective of their subtype, patients with NEC usually present with disseminated disease and 
have an adverse prognosis (95). The accurate diagnosis of small versus large cell EPNEC is 
challenging. The cytological, architectural and immunophenotypic characteristics have to be 
evaluated. In fact, small cell EPNECs have uniform morphological characteristics, similar to 
SCLC; on the contrary, those with large cells or mixed small-large cells differentiate with 
characteristics related to the site of origin. However, the distinction between SCC and LCNEC 
may seem superfluous, not only for the same clinical course, but also because very often many 
cases contain a mixed population of small and large cells. However, similar to what occurs in 
the lung, small cell EPNECs generally present with solid growth, finely granular nuclei and 
evident nucleoli. On the other hand, as mentioned above, large cell EPCNECs have a more 
structured architecture (solid, trabecular or organoid) with large nuclei and hyperchromatic 
nucleoli (96). However, the distinction between the two forms is not simple because there are 
no specific markers to discriminate small or large cell tumors, despite their specific 
characteristics. This is because both exhibit an epithelial immunoprofile with a broad spectrum 
of cytokeratins expression, although occasionally, particularly in SCCs, they have a para-
nuclear “dot like” distribution. On the other hand, high molecular weight cytokeratins are 
generally absent in most NE tumors regardless of the anatomical site. There are also mixed 
NECs with a conventional non-NE component, very similar to their pulmonary counterparts 
(96).  
 

While lung NEC are typically associated with a strong history of smoking, recent 
studies have suggested that the association with smoking for EPNEC is weaker (97). Also, 
compared to lung NEC, the incidence of brain metastases appear to be lower in EPNEC (98). 
These tumors are virtually distributed throughout the body, but the most frequent sites are in 
the gastro-entero-pancreatic tract (GEP) including the esophagus, stomach, pancreas, colon and 
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rectum; in the prostate, bladder, cervix, skin (Merkel cell carcinoma), breast. An incidence of 
only 1.5 cases per 100 000 inhabitants per year is reported in Europe (99). 
The gastrointestinal tract accounts for an estimated 35% to 55% of all EPNECs. The median 
overall survival for patients with localized disease is 38 months (100). However, 85% of the 
patients present with metastases, and their overall survival is only 5 months. In 5509 EPNECs 
of gastrointestinal origin in the Surveillance, Epidemiology, and End Results (SEER) database, 
esophageal NECs most commonly had a small cell morphologic makeup (74%), unlike gastric 
NECs (35%) or colorectal NECs (23%) (94). 
 
There is insufficient data to assert that genetic molecular analysis allows an effective distinction 
between small and large cell EPNECs. As regards the NE markers, CgA and SYN are usually 
expressed, while NSE and CD56 are less specific. Interestingly, up to 80% of EPNEC express 
the thyroid- and lung-specific marker TTF-1, thus limiting its usefulness in the definition of 
the primary location in the cases of NEC of unknown primary origin (96,101,102) (Figure 6, 
source (96). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  A and B, A biopsy specimen of a 
small cell NEC of the stomach (H&E; 
original magnification ×200 and ×400 for 
A and B, respectively). C-F, A case of 
LCNEC of the rectum, deeply invasive (C), 
composed of large atypical cells with 
irregular nuclei having prominent nucleoli 
(D), typical dot-like patterned 
chromogranin A expression (E), and very 
high Ki-67 proliferation index (F) (C and 
D, H&E; E and F, immunoperoxidase; 
original magnification: C, ×100; D and F, 
×400; E, ×200). G-I, A mixed adeno-NEC 
of the stomach showing two distinct tumor 
cell populations (G) with chromogranin A 
positivity restricted to the NE (large-cell) 
component (H) and a single lymph node 
micrometastasis from the 
adenocarcinomatous component (I) (G 
and I, H&E; H, immunoperoxidase; 
original magnification: G, ×200; H, ×100; 
I, ×400). J, A biopsy specimen of a case of 
small cell carcinoma of the bladder with 
extensive crushing artifacts (H&E; 
original magnification ×200). K, A case of 
LCNEC of the renal pelvis (H&E; original 
magnification ×200) (96). 
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The differential diagnosis of EPNECs must first consider the poorly differentiated 

forms of the corresponding non-NECs or other hematological and mesenchymal malignancies. 
Especially regarding the component of non-neuroendocrine carcinomas often associated with 
EPNECs, it is necessary to rely on morphological parameters and an appropriate evaluation of 
immunohistochemistry. Most often the non-neuroendocrine component is completely 
separated from the neuroendocrine one but more often it is mixed with them, even if not 
immediately apparent (96). 

First of all, it is necessary to identify the neuroendocrine component and then evaluate 
the relative proportions of the exocrine and endocrine components. This is important both for 
the clinical impact and for the response to therapies. 
In the GEP area it is extremely important to identify the MANECs in 30% of the components, 
to define the tumors of mixed type. In the stomach, mixed tumors follow an intermediate 
behavior between pure LCNEC, the most aggressive, and conventional adenocarcinoma. In the 
colon and rectum, the extension of the neuroendocrine component does not predict clinical 
behavior and the prognosis between MANEC, and NEC is comparable. In the hepatobiliary 
system, on the other hand, few components of MANEC were found (96,103). 
In the urogenital tract, both combined exocrine / neuroendocrine carcinomas and EPNECs are 
common. In the prostate, EPNECs appear either as pure SCC (57%) or combined with 
adenocarcinoma, with a high Gleason Score (> 8). Some SCCs can be confused with more 
usual and frequent poorly differentiated adenocarcinomas also due to their greater rarity. 
However, most undiagnosed cases are MANECs since very often the small cell component is 
considered as a more poorly differentiated area of adenocarcinoma (104). 

In the bladder, both the mixed neuroendocrine forms with urothelial carcinoma and the 
pure forms of EPNEC show a poor prognosis compared to the pure non-neuroendocrine 
urothelial component. The bladder is the most frequent extra pulmonary site of SCC. The origin 
of the neuroendocrine component in these tumors is not clear, but studies suggest a metaplastic 
transformation from the urothelial carcinoma epithelium, and this would explain why in 50% 
of urothelial small cell NECs there are components of urothelial carcinoma (105) (Table 4, 
source (96). In the female genital tract, the most frequent site of EPNECs is the uterine cervix 
with a NE component mixed with squamous carcinoma. As for the bladder, the NE component 
has a negative prognostic index (106). 
 
Table 4. Comparison of general characteristic of pulmonary and extrapulmonary (divided into 
GEP and urogenital tract locations) NECs (96). 
 
 
 
 
 
 
 
 
 



 
 

 33 

 
In the skin, the rare example of EPNEC is Merkel cell carcinoma. The etiology of this tumor 
is partly attributable to the integration of the polyoma virus within Merkel cells. It is a high-
grade and poorly differentiated tumor, being size of the tumor the fundamental prognostic 
factor. The spectrum of MCCs includes small cell, intermediate cell and large cell carcinomas, 
so there is no rigid diagnosis dichotomy between small and large cells (107). 
 

Differential diagnosis with well-differentiated low-grade NENs (carcinoids) in some 
samples can be complex. In fact, cases of well-differentiated NE tumors (NETs) made of small 
cells do exist as either the result of artifactual cellular size changes (frequent in small biopsies 
or cytological specimens) or, more rarely, as a special small cell variant of such tumors. There 
may also be cases of NETs with a borderline number of mitosis and / or extensive necrosis, 
which can lead to the suspicion of EPNECs (96,108). 
 

Currently, the correct approach consists of counting mitotic figures, supported by the 
evaluation of Ki67, which represents immunohistochemical gold-standard marker of correct 
differential diagnosis between well differentiated and high-grade neoplasms. In a small 
percentage of cases some NETs, show a Ki67 above 20%. In this case evaluation of the CgA 
immunohistochemical status may be of help, as it is generally focal and / or paranuclear in 
EPNEC, while it is uniform and cytoplasmic in NETs. 
 

Recently, a revised classification of GEP NENs was proposed (93). The latest edition 
clearly stated the differences between NETs from NECs and introduced new entity, namely, 
G3 NET to encompass highly proliferating NENs with well differentiated morphology, 
restricting the definition of NEC to NENs with poorly differentiated morphology, only. In fact, 
G3 NETs represent about one third of all high grade GEP NENs, are most common in the 
pancreas, stomach, and rectum, have a significantly lower Ki67 index, and a longer survival 
than NECs of the same sites (67,109–112). 
 

From the clinical point of view, the distinction between small and large cell EPNECs 
is important, above all, for the definition of new lines of personalized therapies. For now, the 
therapeutic approach for these tumors is the same as that used for lung NECs. Effective 
treatment options for patients with EPNEC are challenging for several reasons. This includes 
a lack of targetable molecular drivers, lack of availability of patient-relevant preclinical models 
to study biology and test novel therapeutics, and the absence of validated biomarkers to guide 
clinical management. 
 

Currently, the treatment of small cell EPNEC does not differ from that for SCLC with 
a similar response rate and prognosis. Generally, the entire spectrum of these tumors, both 
small and large cell tumors, is subjected to the same treatment. However, although the 
chemotherapy protocols are similar, the response to therapy is different and the stability of the 
disease after completing the chemotherapy could take a different course (96). 
The standard protocol recommended for EPNEC with metastatic disease is with Platinum 
(cisplatin or carboplatin) in combination with Etoposide, therefore the same as the SCLC, 
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however with a low duration of response. Sequential or concomitant chemo-radio therapy is 
recommended in patients with loco-regional disease. However, recent studies comparing the 
effectiveness of treatment in EPNECs as well as SCLC, latter demonstrating worse response; 
this could be explained by the different nature of the two tumors: pulmonary SCCs are 
completely undifferentiated, chemo-sensitive tumors, while EPNECs include a greater 
heterogeneity of subtypes.  
 

It is also possible to establish predictive factors of response to therapy. The most 
important is the Ki67 proliferation index. In a study where GEP NEC is analyzed, a cut-off of 
Ki67 > 55% is a predictor of response to cisplatin in combination with etoposide therapy, but 
patients with a Ki67 < 55% have a longer survival than other patients (14 months vs 10 months) 
(113). A lack of response to antifolates such as Pemetrexed is seen in both pulmonary NECs 
and EPNECs as these tumors express high levels of thymidylate synthase, the most important 
target of these molecules. This is important to understand, in order to better evaluate the 
genetical make-up of these tumors to precisely define targeted therapeutic strategies and / or 
predict the response to certain therapies (96). 
 
Neuroblastoma. 
 

Neuroblastoma is the most common extracranial solid tumor in children, originating 
from sympathetic nervous tissue typically affecting the adrenal gland and paraspinal ganglia 
(114,115). The most important clinical and biologic prognostic factors currently used to 
determine treatment are the age of the patient at diagnosis, stage of disease, MYC-N 
amplification status, DNA ploidy and Shimada histology (116). Approximately 80% of all 
neuroblastomas occur within the abdomen, while other grow in the mediastinum, at cervical 
level and other rare sites (117–119). Neuroblastoma differs from other NE solid tumors due to 
its biological heterogeneity and range of clinical behavior spanning from spontaneous 
regression to cases of highly aggressive metastatic disease unresponsive to standard and 
investigational anti-cancer treatment.  
 

As may be expected with a disease of developing tissues, neuroblastomas generally 
occur in very young children; the median age at diagnosis is 17 months (120). The clinical 
presentation is highly variable, ranging from a mass that causes no symptoms to a primary 
tumor that causes critical illness due to local invasion, widely disseminated disease, or both. 
The incidence of neuroblastoma is 10.2 cases per million children under 15 years of age; it is 
the most common cancer diagnosed during the first year of life (121). The age at diagnosis is 
considered a surrogate for underlying biologic characteristics. In fact, younger patients are 
more likely to have tumors with biologic features that are associated with a benign clinical 
course. Although age is a continuous variable in terms of prognosis, it has been established, 
for clinical purposes, to use a cut-off point of 12 or 18 months of age (120). The stage of the 
disease, as formulated in the International Neuroblastoma Staging System (122), can also be 
considered a surrogate marker of the tumor burden and underlying tumor biology. 
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International Neuroblastoma Staging System and risk groups. 
 

In detail, small, localized tumors that are completely resected are considered Stage 1 
lesions. Stage 2 tumors are small, may or may not have had lymph node involvement, but could 
not be completely resected. Stage 3 lesions are large tumors that crossed the anatomical midline 
of the patient and could not be completely resected. Lastly, Stage 4 and 4S metastatic tumors 
are differentiated by the fact that 4S patients are found in patients less than  1 year of age with 
metastatic disease located in liver, skin and less than 10% of the bone marrow (122,123) (Table 
5). 
 
Table 5. The International Neuroblastoma Staging System. 
 

Stage/Prognostic 
Group 

Description 

Stage 1 Localized tumor with complete gross excision, with or without microscopic residual 
disease; representative ipsilateral lymph nodes negative for tumor microscopically (i.e., 
nodes attached to and removed with the primary tumor may be positive).  

Stage 2A Localized tumor with incomplete gross excision; representative ipsilateral nonadherent 
lymph nodes negative for tumor microscopically.  

Stage 2B Localized tumor with or without complete gross excision, with ipsilateral nonadherent 
lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be negative 
microscopically. 

Stage 3 Unresectable unilateral tumor infiltrating across the midline, with or without regional 
lymph node involvement; or localized unilateral tumor with contralateral regional lymph 
node involvement; or midline tumor with bilateral extension by infiltration (unresectable) 
or by lymph node involvement. The midline is defined as the vertebral column. Tumors 
originating on one side and crossing the midline must infiltrate to or beyond the opposite 
side of the vertebral column. 

Stage 4 Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver, 
skin, and/or other organs, except as defined for stage 4S.  

Stage 4S Localized primary tumor, as defined for stage 1, 2A, or 2B, with dissemination limited to 
skin, liver, and/or bone marrow (limited to infants younger than 12 months). Marrow 
involvement should be minimal (i.e., <10% of total nucleated cells identified as malignant 
by bone biopsy or by bone marrow aspirate). More extensive bone marrow involvement 
would be considered stage 4 disease. The results of the MIBG scan, if performed, should 
be negative for disease in the bone marrow.  

 
During the last two decades, there have been major advances in understanding the 

genetics of neuroblastoma. Although the unfavorable prognostic factor, MYCN amplification, 

(124) is used by all cooperative groups for risk-group stratification and therapeutic decisions, 
while other prognostically significant genetic features (125–128) have not been consistently 
incorporated into risk classification schemes. Using overall and event-free survival rates 
combined with histological and biological criteria, patients with neuroblastoma can be assigned 
a pre-treatment risk classification (129). In fact, by combining the results of Omics data and 
available clinical/biological parameters, the International Neuroblastoma Risk Group (INRG) 
guidelines established a stratification system of neuroblastoma patients taking into 
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consideration diverse prognostic factors (i.e., clinical stage, patient’s age at diagnosis, tumour 
histology (Shimada system) (130), grade of tumour differentiation, MYCN oncogene 
amplification, 11q deletion and DNA ploidy). Based on these criteria, neuroblastoma patients 
are currently subdivided into low-, intermediate-, and high-risk groups. Nowadays, about half 
of all diagnosed cases are classified as high-risk for disease relapse, while overall survival rates 
still show only modest improvement, less than 40% at 5 years (131).  
 
Role of MYCN oncogene. 
 

In detail, MYCN oncogene plays a major role in neuroblastoma tumorigenesis and 
defines an aggressive subset of tumors. Amplification of MYCN (defined as more than 10 
copies) is found in about 20% of cases overall and confers a particularly poor prognosis.  
Expression of the MYCN oncogene in a transgenic mouse model causes it development of 
neuroblastoma with characteristics similar to human neuroblastoma, demonstrating the key 
role of MYCN in the onset and development of this tumor (132,133). In the same animal model, 
the reduction of MYCN expression by the use of antisense oligonucleotides causes a reduction 
in proliferation and induces neuronal differentiation of neuroblastoma cells (134). Experiments 
conducted in human neuroblastoma cells have shown that, the reduction of MYCN levels causes 
a reduction in the time it takes to proceed through the various phases of the cell cycle, reduction 
of proliferation and adhesion to extracellular matrix (135). 
Furthermore, MYCN appears to play a role in the regulation of the expression of miRNAs (136). 
Schulte and collaborators, employing a microarray analysis, performed on 384 different 
miRNAs, identified 7 miRNAs induced by MYCN in vitro and overexpressed in primary 
neuroblastoma with MYCN amplified. Three of the seven miRNAs belong to the miR-106a and 
miR-17 clusters and are in turn regulated by c-MYC. The polycistron miR-17-92 acts as an 
oncogene in hematopoietic progenitor cells. The same authors have identified another miRNA 
induced by MYCN: miR-221. These considerations have contributed to the hypothesis that 
MYCN represses the expression of many target genes through the induction of different 
miRNAs (136).  
 
Treatment of neuroblastoma. 
 

Neuroblastoma treatment recommendations range from observation only to intensive, 
multi-modal therapy and have been based on the event free and overall survival of patients 
enrolled on large, cooperative group clinical trials. Although the histological and biological 
characteristics used within classification schemes continue to evolve based on new scientific 
data, they are used to divide patients according to the risk groups. In general, those with low-
risk disease have excellent event free and overall survival rates with regular check-ups only or 
minimal therapeutic interventions.  
 

In 2012, Nuchtern et al noted that in patients <6 months of age with small, localized 
adrenal lesions, observation alone was a safe treatment option. Specifically, of the 84 patients 
whose lesions were initially observed, 81% spontaneously regressed, and the overall 3-year 
disease free survival was 97.7% (137). The outcome of patients with intermediate risk disease, 
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using primarily surgery and chemotherapy, have improved to the point where many groups are 
focused on using biological markers to help further decrease of therapy in specific 
subpopulations of children (138). Patients with high-risk disease, comprising approximately 
half of all new neuroblastoma cases each year, require treatment with multi-modal therapy 
using induction chemotherapy, surgery, radiotherapy, high-dose chemotherapy with 
autologous stem cell rescue, biologic and immunotherapeutic maintenance therapy in order to 
improve their survival odds (139). In the update by Yu et al to their 2010 report of the Phase 
III study randomizing patients to cis-retinoic acid alone vs cis-retinoic acid, Interleukin-2 (IL-
2), granulocyte-macrophage colony-stimulating factor (GM-CSF) and a chimeric monoclonal 
antibody targeting GD2 (ch14.18), the use of immunotherapy is associated with an 
improvement in the 4-year event-free survival (140) of 48% vs. 59% and OS of 59% vs. 74%, 
respectively.  
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Project 1: Molecular subtypes of extra-pulmonary neuroendocrine carcinomas identified by 
the expression of neuroendocrine lineage-specific transcription factors 
 
ABSTRACT 
 
Extra-pulmonary neuroendocrine carcinomas (EPNEC) represent a group of rare and 
heterogenous neoplasms with adverse clinical outcome, whose molecular profile is largely 
unexplored. Our aim was to investigate if the major transcriptional drivers recently 
characterized in high-grade neuroendocrine carcinomas of the lung are expressed in EPNEC 
and characterize distinct molecular and clinical subgroups. Gene expression of principal 
transcriptional regulators of neuroendocrine differentiation, including ASCL1, NEUROD1, 
DLL3, NOTCH1, INSM1, MYCL1, POU2F3 and YAP1, was investigated in a series of 54 
EPNEC (including 10 cases with mixed components analyzed separately) and in a control 
group of 48 large cell neuroendocrine carcinomas of the lung whose gene expression profiles 
are partially depicted for these targets. Unsupervised hierarchical cluster analysis classified the 
whole series into four major clusters. Pulmonary large cell neuroendocrine carcinomas were 
classified into two major clusters, the first with high ASCL1/DLL3/INSM1 expression and the 
second (that included four EPNEC) with low ASCL1/DLL3 but high INSM1 expression. The 
remaining EPNEC were sub-classified, irrespective of tumor location or cell type, into two 
other clusters similar but independent from pulmonary large cell carcinomas, the first with high 
INSM1 and alternative ASCL1/DLL3 or NEUROD1 expression, whereas the second 
characterized mainly by MYCL1 and YAP1 overexpression. In the ten cases with mixed 
histology, ASCL1, DLL3, INSM1 and NEUROD1 genes were significantly upregulated in the 
neuroendocrine component. Higher gene expression levels of NOTCH1 and INSM1 were 
associated with lower pT stage and negative nodal status. Moreover, low INSM1 expression 
was associated with shorter overall survival in the entire case series (p=0.0017) and with a 
trend towards significance in EPNEC examined as a separate group (p=0.06). In summary, our 
results show that EPNEC possess distinct neuroendocrine-lineage specific transcriptional 
profiles; moreover, low INSM1 expression represents a novel potential prognostic marker in 
high-grade neuroendocrine carcinomas including those in extra-pulmonary location. 
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SPECIFIC BACKGROUND 
 
In recent years, small cell lung carcinoma has been characterized both at the genomic and 
transcriptional level, leading to the definition of molecular subgroups associated with different 
expression of neuroendocrine markers and to a potentially different pathogenesis. Major 
transcriptional drivers were initially indicated in ASCL1 and NEUROD1 with an apparent, at 
least partially, mutually exclusive activity in the regulation of neuroendocrine differentiation 
(77). More recently, alternative transcriptional patterns have been identified in small cell lung 
cancer (SCLC) and four major clusters were defined by the preferential expression of ASCL1, 
NEUROD1, POU2F3 or YAP1 genes (82). Specific transcriptional profiles were also very 
recently associated with functional activity in SCLC cells. In fact, ASCL1 has been shown to 
orchestrate an IGFBP5-dependent mechanism that suppresses IGF-1 signaling (141), thus 
proving that molecular subtypes have distinct biological (and possibly clinical) characteristics.  
Data on pulmonary large cell neuroendocrine carcinomas (P-LCNEC) are more limited. 
Genomic studies clearly showed that they are in part similar to SCLC but also to non-small cell 
lung cancers and to a lower extent to carcinoids (43). However, despite sharing some genomic 
alterations with adenocarcinomas and squamous cell carcinomas, P-LCNEC have no 
transcriptional relationship with these histotypes and can be classified – likewise SCLC - into 
two molecular subgroups. They are characterized alternatively by high ASCL1/DLL3 and low 
NOTCH1 expression or by low ASCL1/DLL3 and high NOTCH1 expression, this latter group 
also showing a reduced neuroendocrine marker expression (55). However, the expression of 
other transcriptional regulators in P-LCNEC was not explored in detail, so far.  
 
All the above data open a list of key questions in terms of both pathogenesis, biological and 
clinical properties of tumors belonging to the different molecular categories. For example, if 
distinct transcriptional profiles are acting, it might be questioned if in the lung small cell and 
large cell neuroendocrine carcinomas originate from a single or different stem cell, or are the 
consequence of alternative mechanisms including those driven by specific therapies (i.e. 
secondary neuroendocrine carcinomas arising from previously treated adenocarcinomas).  
Since neuroendocrine carcinomas occur in a variety of extra-pulmonary locations, the 
molecular data obtained from the lung might correspond to tumors from extra-pulmonary sites 
or might be organ specific, with a significant impact in terms of clinical implications. As a 
matter of fact, although neuroendocrine carcinomas in extra-pulmonary locations are much 
rarer than their pulmonary counterparts, being 1/10 of all neuroendocrine carcinomas (94), they 
are usually considered similar and consequently treated as SCLC (142).  
 
Although at the protein level some of the above-mentioned transcriptional regulators (i.e. 
ASCL1 and INSM1 protein products) have been tested as immunohistochemical markers of 
neuroendocrine differentiation in neuroendocrine carcinomas outside the lung (84,143–145), a 
detailed molecular characterization of neuroendocrine lineage-specific transcriptional markers 
has never been investigated in these lesions, so far.   
Moreover, extra-pulmonary neuroendocrine carcinomas (EPNEC) may occur either as pure 
forms of small or large cell neuroendocrine carcinomas, or, rather frequently, as combined 
carcinomas having a more or less extensive neuroendocrine component admixed with a 
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conventional exocrine component of the adenocarcinoma, squamous or urothelial type. The 
biological behavior and, consequently, the most appropriate clinical management of combined 
carcinomas is even more heterogeneous and unpredictable than pure small or large cell 
neuroendocrine carcinomas. Apart from few genomic studies showing almost stable genotypes 
of the two components (146,147) the molecular mechanisms acting in the bi-directional clonal 
evolution of these tumors are largely unexplored.   
 
AIM 
 
Based on the aforementioned data, the aims of the present study were to evaluate the expression 
of key regulators of neuroendocrine differentiation (including ASCL1, NEUROD1, DLL3, 
NOTCH1, INSM1, MYCL1, POU2F3 and YAP1) in a series of EPNEC (both pure and mixed) 
from various organs as well as in a control group of P-LCNEC, and to correlate their molecular 
signatures with pathological and clinical parameters. 
 
 
MATERIALS AND METHODS 
 
Case series. 
 
Fifty-four cases of EPNEC were retrieved from the pathology files of the San Luigi (Orbassano, 
Turin, Italy) and at the “Città della Salute e della Scienza” (Turin, Italy) University Hospitals. 
A control series of 48 P-LCNEC was also collected from the same Institutions. Eligibility 
criteria were: a) confirmed histological diagnosis after blind revision following the appropriate 
WHO classifications (20,93,148,149); b) availability of residual paraffin material for molecular 
analysis. In cases of unknown primary tumor, the 2019 WHO classification of the 
gastrointestinal tract was adopted. Whenever available, immunohistochemical markers 
performed at the time of diagnosis were re-evaluated. In cases with incomplete baseline 
immunohistochemical assessment, epithelial (pan-cytokeratin cocktails) and neuroendocrine 
markers (chromogranin A and synaptophysin) were performed according to standard protocols 
in use for diagnostics. All pathological and clinical information available were also collected. 
All P-LCNEC were surgically resected specimens. By contrast, in EPNEC, 21 cases were large 
biopsies or metastasectomies, therefore pT and pN stages were missing. Survival data were 
available for 39 EPNEC and 44 P-LCNEC. In 20 cases of EPNEC, Ki-67 was not evaluable 
due to lack of positivity in internal control cells. Before review, a pathology staff member not 
involved in the study anonymized all cases and cases were investigated through coded data. 
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RNA extraction from formalin-fixed paraffin-embedded tissues and gene expression 
analyses. 
 
Ten µm thick sections were cut in RNase-free conditions from paraffin-embedded tissues 
following microdissection using a scalpel at a magnification of 100x from hematoxylin-eosin-
stained slides. In 10 cases with mixed neuroendocrine and non-neuroendocrine components, 
the two populations were separately dissected and analyzed. Total RNA isolation was 
performed by commercially available RNA extraction kits designed for paraffin material 
according to the manufacturer’s instructions (miRNeasy FFPE kit; Qiagen, Hilden, Germany).  
RT reactions were performed using 10ng total RNA in a volume of 15 μl with the following 
conditions: 16°C for 30 min, 42°C for 30 min, 85°C for 5 min, and 4°C for 5 mi. Expression 
levels of all genes studied and internal reference were examined using a fluorescence-based 
real-time detection method (ABI PRISM 7900 Sequence Detection System—Taqman; Applied 
Biosystems, Foster City, CA,). The following TaqMan gene expression assays (Applied 
Biosystems) were used according to the manufacturer’s instructions: ASCL1 
(HS00269932_m1), DLL3 (HS01085096_m1), INSM1 (Hs00357871_s1), MYCL1 
(Hs00420495_m1), NEUROD1 (HS01922995_s1), NOTCH1 (Hs01062014_m1), POU2F3 
(Hs00205009_m1), YAP1 (Hs00902712_g1). ACTB (Hs01060665_g1) assay served as 
references for gene analyses. 
Each measurement was performed in duplicate. The ΔΔCt values were calculated subtracting 
ΔCt values of sample and ΔCt value of Stratagene (a pool of RNA derived from normal 
different tissues; Stratagene, CA), and converted to ratio by the following formula: 2−ΔΔCt. 

  
Statistical analyses.  
 
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. Correlation among gene expression was assessed by means 
of Spearman’s correlation test. Mann-Whitney test was used to test the association between 
gene expression and clinical pathological variables, as appropriate. Overall survival endpoint 
was defined as the time between diagnosis and patients’ death. Univariate analysis was 
performed with Kaplan-Meier curve estimation and the significance was verified by the log-
rank test. Median values were used as cut offs for low and high gene expression. Multivariate 
analysis was performed using a Cox proportional hazard model. All analyses were performed 
using GraphPad software (Graphpad Software Inc., La Jolla, CA) and SPSS software (IBM 
corporation, Armonk, USA). A p value lower than 0.05 was considered statistically significant 
in all analyses. 
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RESULTS 
 
EPNEC locations.  
 
The major clinical and pathological features of the cases analyzed are summarized in Table 1. 
In the gastro-entero-pancreatic group, 11 cases were from the colon, four cases, each, from 
stomach and esophagus, three cases from the duodenum, two cases from the anal canal and one 
case, each, from the pancreas and ileum. In the genito-urinary group, all cases were from the 
bladder except for two cases from the renal pelvis and one case, each, from the cervix and 
ovary. The primary origin of the remaining 6 cases was unknown. Of the ten cases with mixed 
neuroendocrine and non-neuroendocrine histology, 6 were from the bladder (with a urothelial 
carcinoma component) and four were from the gastrointestinal tract (two from the duodenum, 
one from the left colon and one from the stomach) (with an adenocarcinoma component).  
 
Table 1. Major clinical and pathological features of the cases investigated.  

Parameter EPNEC [#54] P-LCNEC [#48] 
Sex (M/F) 36/18 40/8 
Age, median (range) 73 (37-88) 67 (48-82) 
Location 
   GEP system 
   GU tract 
   unknown 

 
26 
22 
6 

 
/ 
/ 
/ 

NEC Histology 
   Small cell type (%) 
   Large cell type (%) 
   Mixed non-NE component (%) 

 
26 (48%) 
28 (52%) 
10 (18%) 

 
/ 
48 
/ 

Stage  T3-4 (%) 25 (75%)* 15 (31%) 
Positive nodal status (%) 16 (57%)** 13 (27%) 
Ki-67, mean % 68 57 
Ki-67 >55% (%) 22 (65%)*** 30 (62%) 
Died of disease (%) 27 (69%)**** 20 (45%)^ 
Mean overall survival, months 21 40 

GEP: gastro-entero-pancreatic; GU: genito-urinary; EPNEC: extra-pulmonary neuroendocrine 
carcinoma; P-LCNEC: pulmonary large cell neuroendocrine carcinoma;  NE: neuroendocrine; 
DOD: died of disease; *: 21 missing; **: 26 missing; ***: 20 missing; ****: 15 missing; ^: 4 missing 
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Gene expression patterns. 
 
A strong reciprocal positive correlation was observed in the whole series between INSM1, 
ASCL1 and DLL3 expression. INSM1 was also positively associated with NOTCH1. MYCL1 
was strongly negatively correlated with NOTCH1 and INSM1, whereas POU2F3 and YAP1 
were inversely correlated with ASCL1 and DLL3 and ASCL1 alone, respectively (Table 2). 
 
Table 2. Reciprocal correlation among the genes tested. 
 

 ASCL1 DLL3 NEUROD1 INSM1 POU2F3 MYCL1 YAP1 
NOTCH1 R: -0.17 

p: 0.07 
R: 0.25 
p: 0.006 

R: -0.23 
p: 0.01 

R: 0.45 
p: <0.0001 

R: 0.06 
p: 0.49 

R: -0.48 
p: <0.0001 

R: 0.27 
p: 0.003 

ASCL1 - R: 0.67 
p: <0.0001 

R: 0.15 
p: 0.11 

R: 0.40 
p: <0.0001 

R: -0.25 
p: 0.007 

R: 0.18 
p: 0.06 

R: -0.49 
p: <0.0001 

DLL3 - - R: 0.05 
p: 0.59 

R: 0.60 
p: <0.0001 

R: -0.30 
p: 0.0014 

R: -0.11 
p: 0.24 

R: -0.21 
p: 0.02 

NEUROD1 - - - R: 0.16 
p: 0.10 

R: -0.12 
p: 0.19 

R: 0.09 
p: 0.35 

R: -0.18 
p: 0.06 

INSM1 - - - - R: -0.17 
p: 0.06 

R: -0.32 
p: 0.0006 

R: -0.22 
p: 0.02 

POU2F3 - - - - - R: 0.22 
p: 0.02 

R: 0.17 
p: 0.06 

MYCL1 - - - - - - R: -0.08 
p: 0.40 

R: Spearman’s correlation value.  
 
By using unsupervised cluster analysis, patterns of gene expression were able to stratify 
independently the cases into major subgroups (Figure 1). P-LCNEC were all, but one case 
classified into two major clusters. The first was composed exclusively by this tumor type and 
was characterized by overexpression of ASCL1, DLL3 and INSM1. A second cluster was more 
heterogeneous, included four cases of EPNEC and was characterized by low expression of 
ASCL1 and DLL3 but overexpression of INSM1 associated with variable overexpression of 
POU2F3, NOTCH1 and YAP1. EPNEC were similarly sub-divided into two clusters. A first 
cluster composed exclusively of EPNECs, mirrored in part the first cluster of P-LCNEC and 
was characterized by INSM1 overexpression and alternative overexpression of ASCL1 and 
DLL3 or NEUROD1. The second cluster was more heterogeneous, included one case of P-
LCNEC and was characterized mainly by MYCL1 and YAP1 overexpression. In both clusters 
including EPNEC, there was no significant impact for classification neither of the tumor 
location nor of the cell type (large vs small).  
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Figure 1. Unsupervised cluster analysis of the entire cohort based on gene expression patterns. 
GEP: gatro-entero-pancreatic system; GU: genito-urinary tract. 
 
Clinical and pathological correlations.  
 
The eight genes separately analyzed were heterogeneously distributed in the different locations 
(Table 3). Significantly different site-specific expression levels were observed for all but 
NEUROD1 and POU2F3. In particular, P-LCNEC displayed higher gene expression levels of 
NOTCH1, DLL3, YAP1 and INSM1 and lower gene expression of MYCL1, as compared to the 
other locations. ASCL1 and MYCL1 gene expression was the highest in neuroendocrine 
carcinomas from the genitourinary tract. In EPNEC, cell type was not associated with 
significantly different gene expression levels, except for higher gene expression levels of 
ASCL1 and lower gene expression levels of YAP1 in small cell type. Higher gene expression 
levels of both NOTCH1 and INSM1 were strongly associated with lower pT stage and negative 
nodal status. A less strong statistical association was observed for higher and lower gene 
expression levels of ASCL1 and DLL3, respectively, with high pT stage, and lower expression 
of YAP1 with positive nodal status.  
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Table 3. Correlation of gene expression with major clinical and pathological variables.  
 

  NOTCH1 ASCL1 DLL3 NEUROD1 INSM1 POU2F3 MYCL1 YAP1 
Location  lung 6.744 31.28 118.9 10.99 128721 10.66 33.09 0.4887 
 GEP 0.4079 23.30 3.00 144.2 6618 0.3908 204.5 0.2871 
 GU 0.3963 144.5 5.742 57.03 6281 12.54 554.1 0.2368 
 unknown 0.1500 121.3 10.35 38.78 13629 0.3375 151.8 0.1020 
 P value <0.0001 0.02 <0.0001 0.11 <0.0001 0.697 < 

0.0001 
0.006 

Cell 
type 

Small 0.3286 128.4 7.082 116.0 7464 10.84 654.9 0.1818 

 large 0.3941 45.33 3.696 88.68 7335 0.3356 153.4 0.2950 
 P value 0.11 0.016 0.14 0.57 0.67 0.76 0.35 0.007 
pT stage pT1-2 5.014 40.84 103.6 59.68 82231 8.828 384.1 0.3323 
 pT3-4 2.221 51.50 26.62 43.68 63909 4.116 248.7 0.4005 
 P value 0.002 0.03 0.017 0.96 0.007 0.50 0.17 0.76 
pN stage pN0 6.123 33.49 99.35 12.51 101191 12.87 84.15 0.4328 
 pN+ 1.950 43.75 32.19 110.1 50266 18.32 78.38 0.2890 
 P value 0.0012 0.45 0.2 0.14 0.013 0.986 0.071 0.041 

GEP: gastro-entero-pancreatic; GU: genito-urinary 
 
Gene expression levels in neuroendocrine vs non-neuroendocrine components of cases 
with mixed histology. 
 
In ten cases with mixed histology, the expression of target genes was analyzed independently 
in neuroendocrine and non-neuroendocrine components (Figure 2). ASCL1, DLL3, INSM1 and 
NEUROD1 genes displayed an upregulation in most cases in the neuroendocrine component as 
compared to the non-neuroendocrine micro-dissected population. For all but ASCL1, this result 
was independent from the location, whereas for ASCL1 this observation was restricted to cases 
of the genito-urinary tract, only. By contrast, NOTCH1, POU2F3, MYCL1 and YAP1 genes did 
not show significant modifications (except for single cases) of their gene expression in the 
neuroendocrine vs non-neuroendocrine components. Indeed, the two latter genes showed even 
a trend to down regulation in the neuroendocrine as compared to the non-neuroendocrine 
population.  
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Figure 2. Gene expression 
patterns in neuroendocrine and 
non-neuroendocrine 
microdissected tumor cell 
populations of ten cases. Top 
left: a case of bladder 
carcinoma (transurethral 
resection specimen) with mixed 
histology composed of high-
grade urothelial carcinoma 
and small cell neuroendocrine 
carcinoma (highlighted by 
chromogranin A – CgA 
staining). Top right: a case of 
mixed adenocarcinoma (upper 
panel) admixed (inset) with 
small cell carcinoma (lower 
panel) of the stomach. NE: 
neuroendocrine. GU: genito-
urinary tract. GI: 
gastrointestinal tract. 
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Survival analyses. 
 
By means of univariate overall survival analysis in the whole population, site of tumor (all 
other locations vs lung primary), pT3-4 stage, and positive nodal status were associated with 
significantly shorter survivals (Table 4) (Figure 3). As to concern the genes tested, all but 
INSM1 did not show any significant association with survival, neither in the entire cohort nor 
in P-LCNEC or EPNEC series analyzed separately. By contrast, INSM1 low expression was 
associated with shorter overall survival in the whole population and with a trend towards 
significance in EPNEC examined as a separate group (not shown in Table 4; median survival: 
12.10 vs 44.10 months, Hazard Ratio 2.22, confidence intervals 0.94-5.25, p=0.06) (Figure 4), 
but not in the group of P-LCNEC. At multivariable analysis in the whole population, pN stage, 
only, retained statistical significance (coefficient 0.77, p=0.0169). 
 
Table 4. Univariate survival analysis. 

Parameter Median survival 
(months) 

HR [CI] p 

Location (lung vs others) 64.9 vs 14.5  0.3783 [0.18-0.78] 0.0082 
Cell type (small vs large)** 14.5-16.6 1.233 [0.51 - 2.99] 0.6441 
pT stage (pT3-4 vs pT1-2) 12.2 vs 91.3 2.88 [1.39-6.0] 0.0046 
pN stage (pN+ vs pN0) 14.6 vs 91.3 3.58 [1.55-8.26] 0.0027^ 
NOTCH1 low vs high* 44.1 vs 75.0 1.084 [0.53-2.20] 0.82 
ASCL1 low vs high* 31.9 vs 44.1 1.4 [0.76-2.58] 0.28 
DLL3 low vs high* 35.3 vs 32.3 1.05 [0.38- 1.29] 0.87 
NEUROD1 low vs high* 31.9 vs 44.1 0.95 [0.52- 1.75] 0.88 
INSM1 low vs high* 14.5 vs 91.3 2.808 [1.47- 5.35] 0.0017 
YAP1 low vs high* 18.3 vs 61.2 1.25 [0.67- 2.32] 0.48 
POU2F3 low vs high* 31.9 vs 44.1 1.0 [0.55-1.84] 0.99 
MYCL1 low vs high* 61.2 vs 31.9 0.69 [0.38- 1.29] 0.25 

HR: hazard ration; CI: confidence Intervals; *: according to the median level; **: extra-pulmonary 
neuroendocrine carcinomas, only.  
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Figure 3. Overall survival curves in the entire cohort according to site, T stage and nodal status.  
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Figure 4. Overall survival curves in the entire cohort and in EPNEC, only, according to INSM1 
expression (low and high as determined by median values).  
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DISCUSSION 
 

In the present study, we analyzed the expression of a panel of transcriptional regulators 
of neuroendocrine differentiation in EPNEC as compared to a series of P-LCNEC.  
The project stemmed from the growing evidence of the impact of lineage-specific transcription 
factor expression in stratifying SCLC into different molecular subgroups. Our data clearly 
demonstrated that EPNEC can be classified into molecular transcriptional subclasses partially 
overlapping those described in SCLC. In parallel, we also tested the same transcription factors 
(such as INSM1, YAP1, POU2F3, MYCL and NEUROD1 genes) in P-LCNEC that have so far 
incompletely investigated in this respect.  

Irrespective of the classification system specific for each location, EPNEC are 
diagnosed by the presence of an appropriate morphology and the expression of at least one 
neuroendocrine marker. From a pure morphological standpoint, EPNEC of the large or small 
cell type resemble their pulmonary counterpart and in the clinical practice they are managed 
and treated as such. However, some recent genomic data claimed that, at least in the gastro-
entero-pancreatic system, they are molecularly closer to the respective adenocarcinoma 
counterpart than to well differentiated neuroendocrine tumors of the same locations (147). By 
contrast, in the lung either genomic (40) or transcriptional (39) data link small and large cell 
carcinomas more closely to carcinoids, for some Authors even within a hypothetical 
evolutionary context (150).   

In this scenario, we might have expected gene expression patterns of transcriptional 
regulators different from those of the lung, and organ specific. Indeed, this was evident only in 
part. In fact, cluster analysis strongly segregated P-LCNEC from EPNEC, but at the same time 
these latter were further divided into two clusters that at least partially mirrored the lung cases. 
One cluster in particular was characterized by a high INSM1 expression, and further sub-
classified by the alternative expression of ASCL1/DLL3 or NEUROD1 as described in SCLC 
(77,82). A second group of P-LCNEC was clustered with a small number of EPNEC, and 
similarly to SCLC, it was characterized by preferential expression of POU2F3 and/or YAP1 in 
the presence of INSM1 over-expression but with low expression of ASCL1, DLL3 and 
NEUROD1. A fourth cluster (including EPNEC, only, except for one case) was particularly 
enriched for YAP1 expressing cases with low expression of all other markers except for 
MYCL1. Interestingly, despite cluster analysis and the correlation of individual genes with 
location sharply took pulmonary apart from extra-pulmonary cases, site of origin as well as cell 
type (small vs large) were not influencing the sub-classification of EPNEC nor were associated 
with significant gene expression levels, with only few exceptions.   

Cases with mixed neuroendocrine and non-neuroendocrine histology were randomly 
distributed in the three clusters containing EPNEC cases. Moreover, the modulation of the 
different genes in neuroendocrine carcinoma components was heterogeneous. In fact, up-
regulation was evident in neuroendocrine cell population for ASCL1, DLL3, NEUROD1 and 
INSM1 in most cases. All genes were up-modulated in mixed cases irrespective of the tumor 
location, except for ASCL1 that was not modulated in mixed cases of the gastro-intestinal tract, 
in agreement with its lower expression in cases from the gastro-entero-pancreatic system, as 
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demonstrated in our series and in the literature (84). By contrast, transcriptional regulators of 
SCLC associated to a lower expression of neuroendocrine markers (in particular YAP1, 
NOTCH1 and POU2F3) were not modulated (if not negatively regulated in some instances) in 
neuroendocrine components of mixed cases.   
As to concern clinical and pathological correlations, none of the genes investigated was 
reported to clearly impact on clinical aggressiveness or to be associated to specific 
characteristics of SCLC or, whenever tested, of P-LCNEC. ASCL1 has been found to be 
associated with lack of EGFR mutations and a poor immune cell infiltration with no 
programmed cell death ligand 1 protein expression in adenocarcinomas with neuroendocrine 
differentiation (151), but not to clearly define subsets of SCLC with a distinctive clinical 
outcome. Also in our series, most genes were not associated with stage of disease or survival, 
with some exceptions.   

DLL3, although never associated in the literature with clinical or pathological 
characteristics in either SCLC or P-LCNEC, was expressed to a higher extent in cases with 
lower tumor stage. More interestingly, the expression of DLL3 also in EPNEC paves the way 
to the potential use of specific therapies targeting this molecule (152), as also recently 
suggested for P-LCNEC (153). Moreover, DLL3 was identified in a subset of small cell 
carcinomas of the bladder as a negative prognostic biomarker, and the in vivo efficacy of a 
DLL3-targeting conjugated antibody was demonstrated in a PDX model (154). 
Decreased expression of NOTCH1 in our series was also characteristic of cases with higher pT 
stage and positive nodal status. This result is possibly explained by the inhibitory effect of the 
NOTCH pathway on cell growth demonstrated some years ago in SCLC cells (155).  
INSM1 has been mostly investigated as a diagnostic immunohistochemical marker for 
neuroendocrine neoplasms in different organs and settings, but its comparative expression with 
other transcriptional regulators of the neuroendocrine phenotype has not been assessed if not 
for SCLC. Our data clearly confirm that INSM1 is highly expressed in neuroendocrine 
carcinomas of different sites although its low expression defined a subset of cases of extra-
pulmonary origin. Moreover, with all the possible limitations due to the relatively small sample 
size and heterogeneity of the case series, INSM1 low expression characterized a subset of cases 
with more aggressive clinical features and worse outcome. Data on the prognostic role or 
association with clinical features of INSM1 expression in EPNEC are missing. The presently 
observed adverse prognostic effect of low INSM1 expression is partly in contrast with some 
data available in SCLC of a negative prognostic association of INSM1 expression, as 
determined by immunohistochemistry in tumor samples (156), and by its capability to promote 
cell growth in vitro (157). By contrast, a negative prognostic impact of INSM1 low expression 
in SCLC in terms of overall survival and lower rates of response to chemotherapy was reported 
by McColl and coworkers (158). Moreover, our results were supported by both survival 
analysis and the association with pT and pN stages. Whether INSM1 expression reflects 
specific genomic profiles or a less differentiated phenotype associated with worse outcome has 
to be elucidated in future studies.  Moreover, due to lack of robust information, we could not 
speculate if the prognostic impact of INSM1 was attributable to an influence in chemotherapy 
response.  
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CONCLUSION  
 

In summary, our results show that EPNEC possess distinct neuroendocrine-lineage 
specific transcriptional profiles that in part mirror those described for pulmonary small and 
large cell carcinomas and are independent from the site of origin of the tumor. Moreover, 
decreased expression of INSM1 was associated with characteristics of aggressive disease and 
shorter overall survival, and INSM1 potential prognostic role in EPNEC merits validation in 
larger and independent series.   
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Project 2: Overexpression of a subset of neuroendocrine-lineage transcription factors is 
associated with adverse clinical outcome in pediatric neuroblastoma. 
 
ABSTRACT 
 
Pediatric neuroblastoma, responsible for approximately 8-10% of pediatric tumors, originates 
from developing sympathetic nervous system. Our aim was to investigate if the major 
neuroendocrine-associated transcriptional drivers, including ASCL1, NEUROD1, DLL3, 
NOTCH1, INSM1, MYCL1, POU2F3 and YAP1 are correlated with specific clinico-
pathological characteristics. We selected a retrospective series of 46 primary pediatric 
neuroblastoma, composed of 30 treatment-naïve and 16 post-chemotherapy cases. In addition, 
in 4 treatment-naïve cases, a post-treatment specimen was available. Gene expression levels 
were explored by means of RT-PCR. An increased expression of NOTCH1 (p=0.005), 
NEUROD1 (p=0.0059), and YAP1 (p=0.0008) was found in stage IV tumors, while highest 
levels of MYCL1 and ASCL1 were seen in stages IVS and III, respectively (p=0.0182 and 
p=0.0134). A higher level of NOTCH1 (p=0.0079) and YAP1 (p=0.0026) was found in cases 
with differentiating morphology, while high mitosis-karyorrhexis index cases demonstrated 
significantly lower levels of POU2F3 (p=0.0277). By means of univariate analysis, stage IV 
(p=0.043) and high expression of NOTCH1 (p=0.008), NEUROD1 (p=0.026), INSM1 
(p=0.010) and YAP1 (p=0.005) were associated with adverse prognosis in terms of DFI. 
Preliminary data on gene expression levels in pre- and post- treatment samples of 4 patients, 
demonstrated a decrease of ASCL1, INSM1, DLL3 and an increase of YAP1 and NOTCH1 in 
all 4 cases, whereas POU2F3, MYCL1, NEUROD1 demonstrated a more heterogenous gene 
expression levels. In conclusion, assessing gene expression levels of neural/neuroendocrine-
lineage transcription factors might help to identify neuroblastoma patients with the risk of 
relapse. 
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SPECIFIC BACKGROUND 
 

Neuroblastic tumors represent the most common extra-cranial solid malignancy in the 
pediatric age. Neuroblastoma is a tumor arising from developing sympathetic nervous system 
and is responsible for approximately 8-10% of pediatric tumors. Despite advances in molecular 
profiling and therapeutic options, survival of high-risk neuroblastoma patients remains poor. 
 

Neuroblastoma development mechanisms are incompletely understood, but linked to 
oncogene mutations and/or amplifications, including MYCN, one of the most important driver 
genes in neuroblastoma (159–162). Moreover, basic helix-loop-helix (bHLH) class of 
transcription factors plays a pivotal role in tissue-specific differentiation and their 
dysregulation is associated to solid tumor development. Neuronal and neuroendocrine (NE) 
cell growth and differentiation, as well as their related tumors, are regulated by genes of the 
Notch, NEUROD and Achaete Scute families (77,86,163). In particular, in high grade NE small 
cell carcinomas, mostly of the lung, a complex genetic regulation has been recently reported 
with several pathways differentially activated in subgroups of such tumors. Among relevant 
regulators of NE growth and differentiation are Notch family genes, ASCL1, NEUROD1, 
HES1, INSM1, POU2F3, YAP1, MYCL1 (81,82,164,165). In large cell NE carcinomas of the 
lung, two different molecular profiles were also identified, partly overlapping with those of 
small cell lung cancer or sharing gene alterations seen in non-small lung carcinomas (43,55–
57). Some of these genetic differences were linked to different outcome and response to 
specific therapies in both types of pulmonary high grade NE carcinomas (164,166). In addition, 
some of these transcription factors are also express in extra-pulmonary NE carcinomas of 
various locations and are used as markers of NE differentiation (84,167,168). 

Some genes belonging to the above-mentioned families have been individually 
investigated in neuroblastoma and found to be overexpressed and involved in response to 
specific therapies. In particular MYCN gene is pivotal in neuroblastoma development and 
progression (159–162).  Central (intracranial) and peripheral neuroectodermal tumors and cell 
lines are known to express NEUROD1 and ASCL1 genes (169). Transcriptional regulators of 
these two genes were recently identified in neuroblastoma, including the neuronal 
differentiation markers of Purkinje cells PCP4/PEP19 (170), and ERK (171). NEUROD1 
seems to act mainly through ALK to favor neuroblastoma cell proliferation, directly binding to 
the promoter region of this gene (172). ASCL1 is downregulated during neuroblastoma cell 
differentiation along with upregulation of several genes including IGF2 (173); moreover, the 
negative correlation of ASCL1 expression with neuronal differentiation is independent from 
MYCN gene expression, suggesting that targeting ASCL1 might increase the efficacy of retinoic 
acid-based differentiating therapies in neuroblastoma (174). More recently, other regulatory 
genes were investigated, including INSM1 that is activated by MYCN gene, expressed in a large 
fraction of neuroblastomas and associated to a shorter survival (175–178). 
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AIM 
 
Neuroblastic tumors encompass a spectrum of lesions with different pathological features, 
response to therapies and outcome. We studied the role of major drivers of neuroendocrine-
associated transcriptional clustering in a retrospective series of surgically resected pediatric 
neuroblastomas, with the aim of exploring the correlation with specific pathological and 
clinical characteristics including response to treatment and survival.  
 
 
MATERIALS AND METHODS 
 
Case series.  
We selected a retrospective series of 46 cases of pediatric neuroblastoma, all primitive, 
operated from 2007 to 2019 at “Città della Salute e della Scienza”, Turin, and treated at the 
Pediatric Oncology Division of the “Regina Margherita” Children's Hospital, with sufficient 
residual histological material for molecular and immunohistochemical analyses. The case 
series was composed 30 treatment-naïve and 16 post-chemotherapy cases. The chemotherapy 
consisted of combination treatment, including carboplatin and etoposide. In addition, in 4 
treatment-naïve cases a post-treatment specimen was also available, that was used for 
additional analyses, making it a total of 50 specimens included in the study.  
Clinicopathological data such as age at diagnosis, sex, tumor location, stage, International 
Neuroblastoma Pathology classification (INPC) category (179), mitosis-karyorrhexis index 
(MKI) according to Shimada classification (130), presence of necrosis, calcifications and 
follow-up data were collected from clinical charts and inserted in a dedicated database.  
Before the study started, all cases were de-identified and coded by a pathology staff member 
not involved in the study, and all data were accessed anonymously. The study was approved 
by the Institutional Board review of Città della Salute e della Scienza, Turin, Italy (n° 
966/2011). The study was conducted in accordance with The Code of Ethics of the World 
Medical Association (Declaration of Helsinki).  
 
RNA extraction from formalin-fixed paraffin-embedded tissues and gene expression 
analyses.  
 
Ten µm thick sections were cut were cut from formalin fixed paraffin embedded blocks of the 
tumor in RNase-free conditions, following microdissection using a scalpel at a magnification 
of 100x from hematoxylin-eosin (H&E) stained slides. The suitability of the material was 
evaluated by hematoxylin and eosin staining, and care was taken to select tumor areas. Total 
RNA isolation was performed by commercially available RNA extraction kits designed for 
paraffin material according to the manufacturer’s instructions (miRNeasy FFPE kit; Qiagen, 
Hilden, Germany).  
RT reactions were performed using 10ng total RNA in a volume of 15 μl with the following 
conditions: 16°C for 30 min, 42°C for 30 min, 85°C for 5 min, and 4°C for 5 min. Expression 



 56 

levels of all genes studied and internal reference were examined using a fluorescence-based 
real-time detection method (ABI PRISM 7900 Sequence Detection System—Taqman; Applied 
Biosystems, Foster City, CA,). The following TaqMan gene expression assays (Applied 
Biosystems) were used according to the manufacturer’s instructions: ASCL1 
(HS00269932_m1), DLL3 (HS01085096_m1), INSM1 (Hs00357871_s1), MYCL1 
(Hs00420495_m1), NEUROD1 (HS01922995_s1), NOTCH1 (Hs01062014_m1), POU2F3 
(Hs00205009_m1), YAP1 (Hs00902712_g1), ACTB (Hs01060665_g1) assay served as 
housekeeping reference gene for the analyses.  
Each measurement was performed in duplicate. The ΔΔCt values were calculated subtracting 
ΔCt values of sample and ΔCt value of Stratagene (a pool of RNA derived from normal 
different tissues; Stratagene, CA), and converted to ratio by the following formula: 2−ΔΔCt. 
 
Statistical analysis.  
 
Statistical analyses were carried out using Stata 15.0 software (StataCorp, College Station, TX, 
U.S.A.). The differences in the distribution of the variables evaluated based on clinical-
pathological parameters were analyzed using parametric and non-parametric tests (Student's t 
test, Pearson's chi-square test and Bonferroni's correction, Wilcoxon's rank test). 
Time to relapse (Disease Free Interval - DFI) was assessed from the date of diagnosis to the 
date of relapse or the date of the last checkup. All dead patients were considered as events. 
Survival analysis was determined by the Kaplan-Meier curves and Mantel log-rank test was 
used to compare statistical differences. Cox regression analyses were carried out on DFI to 
calculate HRs and 95 % CIs for the different study groups. All statistical tests were two sided. 
P-values < 0.05 were considered significant. 
 
RESULTS  
 
Clinico-pathological characteristics of the study group.  
 
The clinical and pathological features of 46 neuroblastoma cases are summarized in Table 1. 
In brief, the case series was composed of 20 females (43.5%) and 26 male patients (56.5%), 27 
of them aged <18 months (58.7%) and 19 patients ≥18 months (41.3%). Stages I-II, III, IV and 
IVS were diagnosed in 15 (32.6%), 5 (10.9%), 18 (39.1%) and 8 (17.4%) cases, respectively. 
The poorly differentiated subtype (according to INPC) was present in the majority of cases 
(26/46, 56.5%), while undifferentiated and differentiated forms were seen in 17/46 (37%) and 
3/46 (6.5%) cases, respectively. Low, intermediate, and high MKI were present in 21 (45.7%), 
20 (43.5%) and 5 (10.8%) cases, respectively. Both calcifications and necrosis were noted in 
28/46 cases (60.9%). Relapse occurred in 19/46 (41.3%) patients and 8/46 died of disease 
(17.4%).  
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Table 1. Clinico-pathological characteristics of a 46 neuroblastoma case series. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Mediastinal, pelvic, and cervical localization; °MKI: mitosis-karyorrhexis index. 
 
  

  Total 
#46 

Sex 
F 20 (43.5%) 

M 26 (56.5%) 

Age 
<18 months 27 (58.7%) 

≥ 18 months 19 (41.3%) 

Treatment 
Treatment-naive 30 (65.2%) 

Post-treatment 16 (34.8%) 

Site 
Adrenal gland 38 (82.6%) 

Other* 8 (17.4%) 

Stage 

I/II 15 (32.6%) 

III 5 (10.9%) 

IV 18 (39.1%) 

IVS 8 (17.4%) 

INPC classification 

Undifferentiated 17 (37%) 

Poorly differentiated 26 (56.5%) 

Differentiated 3 (6.5%) 

Shimada 
classification 

Low MKI° 21 (45.7%) 

Intermediate MKI 20 (43.5%) 

High MKI 5 (10.8%) 

Calcifications 
No 18 (39.1%) 

Yes 28 (60.9%) 

Necrosis 
No 18 (39.1%) 

Yes 28 (60.9%) 

Relapse 
No 27 (58.7%) 

Yes 19 (41.3%) 

Died of disease 
No 38 (82.6%) 

Yes 8 (17.4%) 
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Gene expression profiles and correlations with clinical-pathological features. 
 
A strong reciprocal positive correlation was observed across the series between NOTCH1 and 
ASCL1 (p=0.0014), NEUROD1 (p=0.0004), INSM1 (p=0.0008) and YAP1 (p<0.0001). 
Moreover, ASCL1 was found significantly correlated with DLL3 (p=0.0117), NEUROD1 
(p=0.0062) and INSM1 (p<0.0001). Furthermore, NEUROD1 was significantly correlated with 
MYCL1 (p=0.0452), YAP1 (p=0.0002), while INSM1 resulted significantly correlated with 
YAP1 (p=0.0257) (Table 2).   
 
Table 2. Reciprocal correlation among the genes tested across the case-series.  
 

 
 
 
Clinical and pathological correlations with gene expression levels are demonstrated in Table 
3. As shown, NOTCH1, NEUROD1, MYCL1 and YAP1 were found significantly correlated 
with tumor stage. In detail, NOTCH1 (p=0.005), NEUROD1 (p=0.0059), and YAP1 (p=0.0008) 
were more expressed in stage IV tumors, while highest levels of MYCL1 and ASCL1 were seen 
in stages IVS and III, respectively (p=0.0182 and p=0.0134). Moreover, a higher level of both 
NOTCH1 (p=0.0079) and YAP1 (p=0.0026) were found in cases with differentiating 
morphology according to INPC classification. Finally, cases with high MKI according to 
Shimada demonstrated significantly lower levels of POU2F3 (p= 0.0277). 
 
 
 
 
 

 ASCL1 DLL3 NEUROD1 INSM1 POU2F3 MYCL1 YAP1 
NOTCH1 R: 0.4561 

p: 0.0014 
R: 0.054 
p: 0.7193 

R: 0.4982 
p: 0.0004 

R: 0.4763 
p: 0.0008 

R: 0.2095 
p: 0.1623 

R: -0.0231 
p: 0.8787 

R: 0.8475 
p: <0.0001 

ASCL1 - R: 0.3685 
p: 0.0117 

R: 0.3976 
p: 0.0062 

R: 0.5996 
p: <0.0001 

R: -0.0633 
p: 0.6758 

R: -0.1566 
p: 0.2987 

R: 0.2877 
p: 0.0525 

DLL3 - - R: 0.4173 
p: 0.0039 

R: 0.2937 
p: 0.0476 

R: 0.1029 
p: 0.4961 

R: -0.2786 
p: 0.0608 

R: 0.0117 
p: 0.9387 

NEUROD1 - - - R: 0.2839 
p: 0.0559 

R: 0.2126 
p: 0.1561 

R: -0.2968 
p: 0.0452 

R: 0.5290 
p: 0.0002 

INSM1 - - - - R: 0.0422 
p: 0.7804 

R: 0.0979 
p: 0.5176 

R: 0.3286 
p: 0.0257 

POU2F3 - - - - - R: -0.1093 
p: 0.4695 

R: 0.1574 
p: 0.2960 

MYCL1 - - - - - - R: -0.0958 
p: 0.5266 
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Table 3. Correlation of gene expression levels with major clinical and pathological variables.  

*MK: mitosis-karyorrhexis index; ^ INPC: International Neuroblastoma Pathology classification 
 
Gene expression levels and survival analyses.  
 
Considering 30 treatment-naïve specimens only, we observed significantly higher gene 
expression levels of ASCL1 (p=0.0007), INSM1 (p=0.0016) and DLL3 (p=0.0064) in cases that 
relapsed during the follow-up (Table 4). On the other hand, the same analyses on post-
treatment group did not give significant result for any tested gene (Supplementary Table 1).  
In Figure 1 we present the gene expression profile of the entire cohort, according to the median 
gene expression levels of INSM1, NOTCH1, NEUROD1, YAP1, DLL3, ASCL1 and POU2F3 
and recurrent disease status. As depicted, the cases with a median higher gene expression level 
of NOTCH1 (P <0.001), INSM1 (P=0.001), NEUROD1 (P=0.037) and YAP1 (P=0.003) 
demonstrated more frequently recurrence of the disease.   
 
 
 
 
 

  NOTCH1 ASCL1 DLL3 NEUROD1 INSM1 POU2F3 MYCL1 YAP1 

Age <18 months 1.11 103.2 1.25 0.001 998.7 0.03 103.2 1.70 

≥18 months 2.39 74.4 2.13 0.01 2771.2 0.03 74.4 2.93 

P value 0.1901 0.6426 0.6586 0.1682 0.5214 0.6113 0.2874 0.1547 

Stage I/II 0.96 25.6 0.15 0.0002 789.5 0.01 129.3 1.43 

III 1.11 604.3 15.9 0.01 843.9 0.39 37.5 1.60 

IV 3.56 203.8 3.80 0.065 4845.8 0.03 56.1 6.48 

IVS 1.41 87.5 3.01 0.002 731.4 0.10 253.5 3.12 

P value 0.005 0.0134 0.4071 0.0059 0.1145 0.3413 0.0182 0.0008 

INPC^ Undifferentiate
d 

2.89 389.9 4.09 0.03 3609.8 0.03 46.1 3.09 

Poorly 
differentiated 

1.08 55.4 0.39 0.001 753.3 0.03 105.9 1.44 

Differentiated 3.52 134.4 8.91 0.149 907.4 0.02 9.63 14.7 

P value 0.0079 0.0521 0.3671 0.1130 0.2048 0.7854 0.0607 0.0026 

Shimada 
classification 

Low MKI* 1.30 119.6 2.12 0.0006 998.8 0.02 129.3 1.79 

Intermedium 
MKI 

2.51 84.7 0.79 0.03 1174.3 0.10 76.3 2.98 

High MKI 1.48 91.9 5.60 0.002 986.4 0.001 29.0 2.33 

P value 0.3757 0.6618 0.7353 0.2160 0.6670 0.0277 0.1662 0.4839 
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Table 4. Gene expression levels according to the follow up status in 30 treatment-naïve cases.  

 
Figure 1. Gene expression patterns of the entire cohort according to the recurrent disease status.  

Fisher exact test: NOTCH1: p<0.001, NEUROD1: p= 0.037, INSM1: p=0.001, YAP1: p=0.003. 
 
In detail, as shown in Figure 2, higher levels of INSM1 were significantly correlated with 
shorter disease-free interval (DFI) in the whole group (Figure 2A, p=0.0012), as well as when 
separately analyzed in the treatment-naïve (Figure 2B, p=0.0147) and the post-chemotherapy 
groups of patients (Figure 2C, p=0.0365). Moreover, the patients with higher levels of 
NOTCH1 had a shorter DFI, both in the whole cohort (Figure 2D, p=0.0001) and in the 30 
treatment naïve patients (Figure 2E, p=0.0085), (but not in the 16 post-chemotherapy patients 
(Figure 2F, p=0.158).  In addition, considering the whole case series, patients with high 
expression of YAP1 and NEUROD1 had shorter DFI, compared to those with low expression 
(Supplementary Figure 1. A (p=0.0007) and B (p=0.0128), respectively). However, no 
significance was observed when stratified according to the chemotherapy status (data not 
shown). 
 

mean±SD value Total Disease free (25) Relapse (5) P value 

YAP1 2.70±3.11 2.67±3.34 2.88±1.21 0.891 

MYCL 186.2±229.6 231.7±240.6 48.7±81.8 0.145 

ASCL1 379.2±662.61 208.8±378.7 1231.2±110.7 0.0007 

POU2F3 0.27±0.58 0.29±0.62 0.19±0.37 0.744 

DLL3 20.4±49.1 9.90±23.3 72.0±100.4 0.0064 

INSM1 2862.1±5349.5 1565.4±2369.1 9345.1±10523.1 0.0016 

NEUROD1 0.16±0.46 0.10±0.28 0.49±0.95 0.08 

NOTCH1 1.62±1.44 1.53±1.51 2.06±1.01 0.456 
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Furthermore, as shown in Table 5, univariate analysis of whole series indicated that, 
considering clinic-pathological features, stage IV (HR 8.57; CI 1.1-68.6 p=0.043) and high 
expression of NOTCH1 ( HR 15.6; CI 2.05-118.7, p=0.008), NEUROD1 (HR 3.17;1.14-8.78, 
p=0.026), INSM1 (HR 5.24, CI 1.49-18.5, p=0.010) and YAP1 (HR 8.57, CI 1.93-37.9, 
p=0.005) where associated with adverse prognosis in terms of DFI. Moreover, poorly 
differentiated forms (HR 0.24; 0.06-0.98, p=0.048) of disease were significantly associated to 
better DFI survival compared to undifferentiating lesions. 
Furthermore, preliminary analyses of gene expression levels in the pre- and post- treatment 
samples of 4 patient with available materials, demonstrated a decrease of ASCL1, INSM1, 
DLL3 (Figure 3A-C) and an increase of YAP1 and NOTCH1 (Figure 3D/3E) in all 4 cases, 
whereas POU2F3, MYCL1, NEUROD1 (Figure 3F-H) demonstrated a more heterogenous 
gene expression profile.  
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Figure 2. Kaplan-Meier estimates of DFI according to the INSM1 gene expression level in the whole 
series (A: p=0.0012) and in treatment naïve (B: p=0.0147) and post-chemotherapy cases (C: 
p=0.0365). Kaplan-Meier estimates of DFI according to the NOTCH1 gene expression level in the 
whole series (D: p=0.0001) and in treatment naïve (E: p=0.0085) and post-chemotherapy cases (F: 
p=0.1580).  
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Table 5. DFI Univariate survival analysis whole series (#46). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abbreviations: *MKI: mitosis-karyorrhexis index; HR: hazard ration; CI: confidence intervals; 
^INPC: International Neuroblastoma Pathology classification. 
  

Parameter  HR [CI] P value 

Age  (<18 vs ≥18 months)  3.97 [0.0-inf] 1.000 

Stage I/IIa 1  

IIIb 5.16 [0.0-inf] 1.000 

IVc 8.57 [1.1-68.6] 0.043 

IVSd 4.91 [0.0-inf] 1.000 

INPC^ Undifferentiated 1  

Poorly differentiated 0.24 [0.06-0.98] 0.048 

Differentiated 0.52 [0.06-4.47] 0.549 

Shimada 
classification 

Low MKI* 1  

Intermediate MKI 1.90 [0.54-6.65] 0.315 

High MKI 8.24 [- -] - 

NOTCH1  low vs high 15.6 [2.05-118.7] 0.008 

ASCL1  low vs high 2.09 [0.76-5.78] 0.153 

DLL3  low vs high 1.26 [0.46-3.49] 0.649 

NEUROD1  low vs high 3.17 [1.14-8.78] 0.026 

INSM1  low vs high 5.24 [1.49-18.5] 0.010 

YAP1  low vs high 8.57 [1.93-37.9] 0.005 

POU2F3  low vs high 0.61 [0.16-2.32] 0.473 

MYCL1  low vs high 0.34 [0.11-1.08] 0.069 
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Figure 3. Gene expression levels in the pre- and post- treatment samples of 4 patient with available 
materials, showing a decrease of ASCL1, INSM1, DLL3 (3A-C) and an increase of YAP1 and NOTCH1 
(3D/3E) in all 4 cases, whereas POU2F3, MYCL1 and NEUROD1 (3F-H) demonstrated a more 
heterogenous genetic makeup.  
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Gene combination analyses.  
Considering the different combinations of INSM1, NOTCH1, NEUROD1, and YAP1 gene 
expression levels according to the recurrent disease status (Table 6), patients with low 
expression of all four genes did not experience recurrent disease while patients with high levels 
of at least one of the forementioned genes demonstrated significantly more frequent 
recurrences (p=0.003).  
Moreover, we observed a statistically significant increase in the odds of the patients with the 
high levels of ≥3 above indicated genes when considering the whole case series (OR:8.75, 95% 
CI: 2.19-34.81, p=0.002). However, when stratified according to the treatment status, no 
significance was observed the treatment naïve group (OR:4.75, 95%CI: 0.63-35.48, p=0.129) 
and post-chemotherapy group of patients (OR:2.75, 95% CI: 0.16-46.79, p=0.484) analyzed 
separately (Supplementary Table 2).  
 
 
Table 6. Gene combination analyses INSM1, NOTCH1, NEUROD1, and YAP1 according to 
recurrent disease status.  

*Bonferroni correction e vs a p=0.001; e vs b p=0.038 
 
  

Recurrent 
disease  Nonea 1-gene- 

high levelsb 
2-genes- 

high levelsc 
3-genes- 

high levelsd 
4-genes- 

high levelse P value 

No 11 6 3 5 3 
0.003 Yes 0 1 3 5 9 

Total 11 7 6 10 12 
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DISCUSSION 
 

We demonstrated in a series of 46 pediatric neuroblastomas that neuroendocrine-
lineage transcriptional genes are expressed in neuroblastoma and that their profiles of 
expression may identify subgroups of patients with increased risk of recurrence and/or shorter 
survival. The study design focused on gene expression analysis and not immunohistochemical 
determination of the corresponding protein expression due to the following considerations. 
First, reliable, and robust antibodies are not available for all molecules. Second, tissue material 
available was limited in some cases preventing the possibility to perform both RNA extraction 
and subsequent sectioning for a multi-target immunohistochemical procedure. Moreover, even 
in the more extensively investigated small cell lung cancer model gene expression data have 
been used for molecular classification purposes (82,165), whereas no study clearly 
demonstrated a linear correlation between protein and mRNA expression for these targets. The 
strength of the transcriptional data observed in this study is proven by the very high positive 
reciprocal correlation among most of the markers investigated, being NOTCH1 the one 
showing the correlation with the highest number of genes. Interestingly, at variance with other 
models in which these transcription factors are active, such as small cell lung carcinoma 
(82,165), the expression of the genes here investigated did not segregate neuroblastoma cases 
into different families characterized by alterative transcriptional profiles, since no inverse 
correlation among any of the genes tested was identified.    

Our data on the association of gene expression profiles with aggressive clinical outcome 
and survival represent the first global evidence that the expression of neuroendocrine 
differentiation transcriptional drivers may be used to further characterize neuroblastoma 
patients, and several preclinical evidence exist supporting their role as potentially relevant 
clinical prognostic biomarkers.  
Among all genes, four of them – NOTCH1, INSM1, YAP1 and NEUROD1 – emerge as the 
most significant, being associated with both shorter disease-free interval and high tumor stage 
and/or risk of recurrence.  

The association of NOTCH1 overexpression with adverse clinical outcome in our series 
is expanding previous data obtained by means of the immunohistochemical analysis of Notch1 
protein in a large series of neuroblastomas (180). At variance with such previous series, we did 
not compare the expression of NOTCH1 (and of all other genes) with MYCN amplification 
status, and this limitation should be considered in future studies. Interestingly, in a translational 
view, the demonstration of NOTCH1 expression in neuroblastoma and its positive correlation 
with aggressiveness is paralleled by in vitro data on the efficacy of Notch1 inhibition in 
neuroblastoma cells. In a study on a variety of neuroblastoma cell lines, gamma-secretase 
inhibition (in particular GSI-I) was shown to impair cell proliferation and to promote apoptosis 
in vitro and in vivo through targeting Notch signaling (181). Moreover, the Notch1 inhibitor 
NSI-1 has recently shown to suppress the viability of SH-SY5Y neuroblastoma cells 
characterized by a constitutive Notch1 activation (182). The impact of NOTCH1 
overexpression in the adverse clinical behavior of neuroblastoma patients in our series is to be 
further validated in a biological perspective. However, among the possible mechanisms, 
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Notch1 has been shown to actively maintain a stem cell phenotype in neuroblastoma cells that 
confer highly tumorigenic properties (183). 

INSM1 transcription factor has emerged in vitro as a neuroblastoma biomarker that 
plays critical role in facilitating tumor cell growth and transformation (177). Its protein nuclear 
expression has been documented in 84% of neuroblastomas, with a suggested association with 
clinical outcome, being the three INSM1-negative neuroblastoma patients in the published 
study all alive with a median survival of 15 years as opposed to a median of 5 years in 9 out of 
13 INSM1-positive neuroblastoma patients (178). No definitive data are present in the literature 
on its possible role as prognostic biomarker in neuroblastoma. However, in other tumor models 
- such as pulmonary high grade neuroendocrine carcinoma - positive INSM1 protein expression 
has been associated with a dismal prognosis (184) in line with the data on INSM1 gene 
expression levels from the present study. 

Among other markers associated with neuroblastoma aggressiveness in our series, 
NEUROD1 was already shown to promote cell growth in vitro (172) and tumor formation in 
vivo (185) in neuroblastoma cells. YAP1 expression has been reported to significantly increase 
cell proliferation and growth through inhibition of 27Kip1 activity in neuroblastoma cell lines 
SH-SY5Y and SK-N-SH (186). Moreover, YAP1 overexpression has been associated to the 
increased resistance to platinum-based (187) and MEK-inhibiting (188) therapeutic strategies. 
The preliminary data on gene expression levels of pre- and post-chemotherapy samples of the 
same patients indicated that the therapy induces varied expression of genes, generally 
characterized by a decrease of ASCL1, INSM1, DLL3 and an increase of YAP1 and NOTCH1. 
However, further studies are needed to validate this observation. 

In terms of correlation with differentiation, NOTCH1 and YAP1 expression was 
significantly higher in differentiating as compared to poorly differentiated tumors according to 
the INPC classification. This observation cannot find a clear explanation in the current 
literature. A previous in vitro study is partly in contrast with our findings and shows that Notch1 
inhibition prevents neurite formation in neuroblastoma cells (189). Moreover, these data are 
apparently in contrast with the adverse impact on clinical outcome for both markers in our same 
series and might more probably represent a bias related to the limited number of cases in the 
differentiation group. 
 
CONCLUSIONS 
 
The gene expression levels of our target genes were also shown to be significantly modulated 
by chemotherapy, since all genes were de-regulated in the majority of cases. However, this part 
of the study is explorative only, due to the small number of cases with both pre- and post- 
treatment samples available, and no definite data on regulatory profiles can be determined.  
In conclusion, we identify a strong prognostic impact of neuroendocrine-lineage transcriptional 
profiles in neuroblastoma, and suggest that the evaluation of NOTCH1, INSM1, YAP1 and 
NEUROD1 might help to further characterize the risk of relapse in neuroblastoma patients. 
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SUPPLEMENTARY MATERIAL 
 

 
 
 

  

Recurrent disease  OR 95% CI P value 
Whole cohort #46 

≥ 3 markers with high gene expression 8.75 2.19-34.81 0.002 

30 treatment naïve  

≥ 3 markers with high gene expression 4.75 0.63-35.48 0.129 

16 post-chemotherapy 

≥ 3 markers with high gene expression 2.75 0.16-46.79 0.484 

mean±SD Total Disease free cases 
(3) 

Relapsed cases 
(13) P value 

YAP1 28.8±85.3 6.18±7.45 34.1±94.5 0.626 
MYCL 93.6±83.3 45.0±21.7 104.8±88.7 0.277 
ASCL1 415.2±766.7 204.4±216.6 463.8±844.6 0.614 

POU2F3 1.84±4.51 0.35±0.57 2.19±4.96 0.543 
DLL3 18.9±29.9 28.7±36.3 16.7±29.4 0.552 
INSM1 17567.3±33322.6 8250.9±13453.17 19717.23±36484.7 0.608 

NEUROD1 7.02±26.2 0.05±0.08 8.63±29.0 0.626 
NOTCH1 3.76±2.22 3.95±4.21 3.73±1.79 0.879 

Supplementary Table 2. OR and 95% CI regarding different gene expression levels of INSM1, NOTCH, NEUROD1 
and YAP1.  
 

OR: Odds ratio; CI: Confidence Interval.  
 

Supplementary Table 1. Gene expression levels according to the relapse in 16 post- treatment case. 
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CHAPTER 2: IMMUNE-RELATED GENE EXPRESSION PROFILES OF ONCOCYTIC 
AND NON-ONCOCYTIC POORLY DIFFERENTIATED THYROID CARCINOMAS; 
CORRELATION WITH CLINICO-PATHOLOGICAL CHARACTERISTICS. 
 
 
This chapter is based on the following papers:  
 
Metovic J, Vignale C, Annaratone L, Osella-Abate S, Maletta F, Rapa I, Cabutti F, Patriarca 
S, Gallo M, Nikiforov YE, Volante M, Papotti M. The Oncocytic Variant of Poorly 
Differentiated Thyroid Carcinoma Shows a Specific Immune-Related Gene Expression Profile. 
J Clin Endocrinol Metab. 2020 Dec 1;105(12):dgaa655. doi: 10.1210/clinem/dgaa655. PMID: 
32936917 
 
Metovic J, Cabutti F, Osella-Abate S, Orlando G, Tampieri C,  Napoli F, Maletta F, Daniele 
L, Volante M, Papotti M. Papillary thyroid carcinoma: clinico-pathological characterization 
and gene expression profiling of aggressive and non-aggressive forms (manuscript submitted).  
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INTRODUCTION 
 
Thyroid cancer 
 
Thyroid cancer comprises a group of tumours with remarkably different features. These 
neoplasms are the most common malignant tumors of the endocrine system (190), occurring 
around 3 times more often in women than in men (191). The incidence in the last few decades 
has been continuously increasing. This trend has been observed in various geographical areas, 
particularly in the Western world such as the United States (192), Canada and Europe 
(193,194). 
 
SEER data indicate that the 5-year survival rate remained stable over the period between 2003 
and 2012, amounting to 97.9% (195). The most significant prognostic factor is represented by 
the histotype: the survival rate for papillary thyroid carcinomas (PTC) at 20 years is 98-99%, 
for follicular thyroid carcinomas (FTC) 80-90%, dropping to 50-75% at 10 years for medullary 
thyroid carcinomas (MTC) and is less than 20% at 1 year for the anaplastic thyroid carcinomas 
(ATC) (196).  
 
Risk factors.  
 

Exposure to ionizing radiation is one of the risk risk factor for which it has been 
demonstrated a correlation with the development of thyroid carcinomas; especially for the 
papillary histotype and if the exposure occurred under 15 years of age, even for doses <0.1 Gy 
(197). The underlying mechanisms are a consequence of an interaction between the ionizing 
radiations with the cellular genome that it can involve rearrangements of the oncogenes such 
as RET and TRK; this would also explain their high presence in papillary forms (198). 
 
Of note, iodine deficiency favors the development of thyroid cancer in the experimental animal 
models, likely following an increase in circulating TSH levels; however, in the low-iodine areas 
this correlation was not shown (199). The iodine deficiency is also a predisposing factor for 
development of papillary carcinomas in the case of exposure to ionizing radiation (200). It has 
been hypothesized that Hashimoto's thyroiditis may be a risk factor for development of thyroid 
cancer through two process-mediated mechanisms, autoimmune and TSH. TSH positively 
correlates with the risk of developing cancer of the thyroid gland (201–203); thyroid 
autoimmunity may play a role in carcinogenesis through the production of proinflammatory 
cytokines and oxidative stress (202), however no significant correlation was found between the 
presence of anti-thyroid antibodies and the risk of develop thyroid cancer (202,204). 
 

A history of pre-existing benign thyroid nodular disease, adenoma, or goiter 
multinodular is another strong risk factor for the development of thyroid cancer. The risk is 
higher for adenomas than for non-toxic goiter and is higher in the first 10 years after diagnosis, 
but remains elevated even afterwards (205,206). 
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The risk of thyroid cancer in first-degree relatives of patients with carcinomas originating from 
follicular cells is 4 to 10 times higher than the general population (207). In patients with familial 
adenomatous polyposis of the colon, a syndrome caused by a germline mutation of the 
adenomatous polyposis coli (APC) gene on 5q21, thyroid cancer typically occurs in women in 
the third decade of life; most of the neoplasms that arise in these patients are papillary 
carcinomas, and 20-40% of these are morular cribriform variants (208). In individuals with 
Cowden syndrome, due to mutation of PTEN tumor suppressor gene on the chromosome 
10q23.31, mainly follicular adenomas and carcinomas are observed (209). Cowden’s disease 
is associated with goiter in 40% of patients and with thyroid carcinoma in 10% of patients. 
Some patients also have familiar PTC or FTC without other tumors. MTC is often familial and 
may occur in association with the multiple endocrine neoplasia syndromes (MEN) type 2A and 
2B or without other endocrinopathies (210). 
 
Classification 
 
The primary thyroid cancers in more than 95% of cases originate from thyroid follicular cells, 
while 2-3% originate from C cells and includes medullary histotype carcinomas. 
Carcinomas that originate from the follicular cells of the thyroid are PTC, FTC, Hürthle cell 
carcinoma (HCC), PDTC and ATC. PDTC and ATC are thought to be in many cases the result 
of a de-differentiation of well differentiated carcinomas, however some cases may arise de 
novo (179). 
 
The main classes of thyroid carcinomas according to the WHO are as follows (179): 
 

• PTC: constitutes from 63% (Ireland) to 93% (Japan and Korea) of all thyroid 
carcinomas, its main variants are: classic papillary carcinoma, follicular variant of PTC, 
encapsulated variant, tall cell carcinoma, hobnail variant, papillary microcarcinoma, 
columnar and oncocytic variant. 

 
• FTC: constitutes from 6 in 10% of all thyroid cancers, its variants are: minimally 

invasive FTC, encapsulated angioinvasive FTC, and widely invasive FTC; 
 

• HCC (oncocytic) constitutes about 3% of all thyroid cancers 
 

• PDTC: it is rare, constituting 1-5% of all thyroid cancers. 
 

• ATC: it is rare, constituting 1-2% of all thyroid carcinomas. 
 

• MTC constitutes 2-3% of all carcinomas of the thyroid. 
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Well differentiated thyroid cancers (WDTC) 
  
Papillary thyroid carcinomas 
 
Macroscopic characteristics 
 
Macroscopically, papillary carcinoma appears as an infiltrating neoplasm with poorly defined 
margins, hard consistency, white granular surface when cut and possible calcifications. Tumor 
diameter varies widely, averaging 2-3 cm (211). 
The incidence of tumors less than 1.5 cm in size varies in the literature from 13.7% (212) to 
64% (213). Necrosis is infrequent and its presence in the absence of previous fine needle 
aspiration, should point towards an alternative diagnosis of a more aggressive tumor or 
undifferentiated component within the tumor mass (179). 
 
Microscopic characteristics 
 
The two morphological cornerstones of PTC are the papillary type architecture and the nuclear 
alterations. The neoplastic papillae consist of a central fibrovascular axis lined with tumor cells 
and they can be presented with various morphology, from elongated to arborescent (179). In 
some cases there is a strong predominance of papillary structures, but it is very rare that it is 
completely constituted by them (214). In most cases the papillae are interspersed with follicular 
structures consisting of neoplastic cells with similar nuclear characteristics (179). The nuclei 
of PTC cells show characteristic alterations that can be grouped into three categories: changes 
in shape and size, nuclear membrane irregularities and chromatin alterations (215). The nuclei 
are enlarged and elongated, with irregular margins, thickened chromatin on the inner side of 
the nuclear membrane. Because of this apposition of chromatin material in the periphery the 
nucleoplasm appears empty when observed in light microscopy (216–219). 
 

The cytoplasm of PTC cells is slightly eosinophilic. Mitotic figures are absent or rare 
in conventional PTCs, but after fine-needle aspiration there may be exceptions to this rule 
(179). As an alternative to the follicular or papillary growth pattern, PTC can appear as solid 
or trabecular formation; in most cases this is a focal change but it can also involve the whole 
tumor mass (179). 
Psammoma bodies, round calcified concretions with central lamination, are structures 
classically associated with PTC. These are observed in the 50% of cases and are frequently 
present in carcinomas with a prevalent pattern of papillary growth (220,221). Psammoma 
bodies are located in the stroma or lymphatic vessels (179). 
Squamous metaplasia is common in PTCs and is reported in 20-40% of cases (222,223). 
An abundant fibrous stroma is also common in these tumors, especially on the periphery of the 
neoplasm (214). In some cases this stromal reaction evokes desmoplastic reaction (224). 
Rarely, it can acquire a morphology similar to fibromatosis, nodular fasciitis or myofibroblastic 
inflammatory tumors, to the point of hiding original neoplastic component (224,225). 
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Multinuclear giant cells of histiocytic nature, can be observed, which can be numerous in 
cytological preparations (226). 
Cystic formations are often present and most of these are bordered by papillary neoplastic 
structures, but it is also possible that they are lined with a deceptively benign monolayer flat 
epithelium (179). Neoplastic embolization of blood vessels is not as common as in FTC but 
can be observed (223). Lymphatic vessel embolization is much more common (179). 
 
 
Immunophenotype 
 
PTC cells are positive for thyroglobulin, TTF1, PAX8 and cytokeratins (pancytokeratin, CK7, 
CAM5.5, AE1/AE3) (227–231). They are negative for CK20, calcitonin and NE markers (179). 
Mucin stains are positive to a considerable extent of PTC (232,233). Positivity is observed for 
HBME1 in conventional PTC and less frequently in the follicular variants (234,235). Galectin 
3 is positive both at the cytoplasmic and nuclear level; it is observed in most PTCs but also in 
reactive benign cells as in Hashimoto's thyroiditis (236–238). CD56, absent in carcinomas but 
present in normal thyroid and benign tumors (239), it is the marker of more sensitive and 
specific malignancy, in comparison to CK19, the least specific marker of malignancy (240). 
 
 
 
Variants 
 
Papillary microcarcinoma 
 
Papillary microcarcinoma is defined as a tumor with a diameter less than or equal to 1 
centimeter (179). An autopsy incidence of papillary microcarcinoma has been reported in 
several studies in a range between 5% and 35.6%. The prevalence of this tumor increases 
rapidly from infancy to adulthood and then remains relatively constant (241–243). 
 
Macroscopically, due to their small size, these tumors can pass unnoticed on gross examination 
of the surgical specimen (179). Microscopically, this variant has in general an irregular 
configuration, similar to a scar. Neoplastic cells are mostly represented in the periphery, while 
other non-cancerous elements are located in the center of the lesion. Some microcarcinomas 
are totally surrounded by an extremely thick fibrous capsule, which may be focally calcified. 
The typical features of PTC are present, including typical nuclear irregularities, fibrosis, 
psammomatous bodies and occasional well-formed papillae(179). 
 
The prognosis of papillary microcarcinoma is excellent. In one study, 93% of patients were 
disease-free at follow-up, and there were no cases of distant metastasis (244,245). Despite this, 
some authors have highlighted how these neoplasms can exhibit a malignant behavior 
(246,247), especially in cases with the BRAF mutation (V600E) (248). 
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Encapsulated variant 
 
The encapsulated variant accounts for 10% of PTCs (244,249,250). It demonstrates 
architecturally and cytologically classical PTC features, completely surrounded by a fibrous 
capsule, which may be intact or focally invaded by the neoplasm (179). 
 
Encapsulated PTCs have an excellent prognosis. Locoregional lymph node metastases can be 
present, but distant metastatic depostis are rare and the survival rate is nearly 100% (249–251). 
 
 
Follicular Variant (PTCFV) 
 
This variant presents almost exclusively a follicular growth pattern (252,253). It can be 
encapsulated (with or without vascular or capsular invasion) or non-encapsulated (infiltrative). 
In its infiltrative form the variant has many features common in classical PTC; especially the 
nuclei of the cells that line the follicles present the classic alterations of the PTC (179). There 
are rare cases in which the neoplastic follicles are cystically dilated, simulating nodular 
hyperplasia (254–256), cases in which neoplastic follicles intersperse normal follicles (the so-
called "sprinkling sign") (257) and even rarer cases in which there is diffuse tumour 
involvement of the whole thyroid gland, without formation of grossly discernible nodules 
(diffuse or multinodular follicular variant) (258,259). 
 
Diffuse Sclerosing Variant 
 
This uncommon variant occurs more frequently in women in the second or third decade of life 
(260). It is typically presented as diffuse enlargement of the thyroid gland. Elevated serum 
antithyroglobulin and antimicrosomal antibodies may mimic Hashimoto thyroiditis (261,262), 
while a hardened thyroid gland can mimic Riedel's thyroiditis (263). 
Histologically there is a widespread involvement of the gland characterized by multiple 
neoplastic foci, dense sclerosis, numerous psammomatous bodies and background changes of 
chronic lymphocytic thyroiditis. Tumor nests appear solid with associated squamous 
metaplasia. The neoplastic cells have a tendency to invade intrathyroidal lymphatic spaces and 
to show extrathyroidal extension (179). Cancer cells are unevenly positive for thyroglobulin, 
TTF1 and CK19 (264,265). RET / PTC rearrangements are frequent, while mutation of BRAF 
is rare (266–268). Unlike classic PTC, this variant is associated with a higher rate of 
extrathyroidal extension, lymph node metastases and distant metastases (occurring in about 10-
15% of cases, mainly to the lungs). Diffuse sclerosing variant is also associated with a shorter 
disease-free interval (269–271). Despite this, mortality is comparable to conventional PTC 
(272,273). 
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Tall Cell Variant 
 
By definition, this variant is composed of cells that are two to three times as tall as they are 
wide, and that show abundant eosinophilic (oncocytic-like) cytoplasm. The typical cytologic 
alterations of PTC are present and and nuclear pseudoinclusions are usually easily found (179). 
 
Because tall-cell areas are frequently present in otherwise conventional papillary carcinomas, 
tall cells must account for > 30% of all tumour cells for the diagnosis of the tall cell variant 
(274,275). 
 
The tall cell variant is more common in elderly patients and is considered aggressive, with 
frequent metastases and invasion of extrathyroidal tissues compared to classic PTC (276). 
However, the prognosis is also less favorable in tall-cell PTC variant confined to the thyroid 
gland (277). Furthermore, the tall cell variant of PTC accounts for a substantial proportion of 
radioiodine-refractory thyroid carcinomas (278). Mutations of BRAF and the TERT promoter 
are frequently present (279). 
 
Hobnail variant 
 
This rare variant is defined by the presence of more than 30% of cells with hobnail features 
(280–284). Histologically it presents complex micropapillary structures lined with follicular 
cells characterized by eosinophilic cytoplasm, apical nuclei with prominent nucleoli that have 
a decreased N:C ratio and loss of cellular cohesion (285). These features t can be associated 
with a follicular or solid growth pattern. Psammomatous bodies are present but not numerous 
(285). Necrosis, mitosis, vascular and lymphatic invasion and extrathyroidal extension are 
common. Recurrence and metastasis to lymph nodes and distant organs are frequent (281,285). 
Cancer cells have the same immunohistochemical profile as classic PTC: they are typically 
positive for TTF1, variably positive for thyroglobulin and more than 25% of the nuclei are 
positive for p53 (285). The neoplastic cells have a mean proliferative index Ki-67 of 10% (285). 
BRAF V600E mutations are the most common genetic alterations, followed by those of TP53 
(286–288) 
 
Solid-Trabecular Variant 
 
It is not uncommon for PTC, especially in pediatric malignancies, to have foci with solid and / 
or trabecular growth. The term "solid variant" is used when all or most of the tumor has solid, 
trabecular or insular (nested) architecture (179). 
The solid variant constitutes 1 to 3% of all PTCs (289,290); it's more common in young patients 
and with a history of exposure to ionizing radiation (291,292). This neoplasm appears to be 
more frequently associated with lung metastases and it may be associated with slightly higher 
mortality (approximately 10%) (290,293). This variant is frequently associated with RET / PTC 
fusions in pediatric and radiation-related cases (294), but not in cancers in the adult population 
(290). 
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Oncocytic variant 
 
In its pure form, this variant is extremely rare. Examples include papillary tumours that are 
often encapsulated but invasive and that have oncocytic cell cytology throughout (295–298). 
This neoplasm must be distinguished from the tall cell variant (179). 
 
Some PTC variants are presented in Figure 1, source (299). 
 

 
Figure 1. Variants of papillary thyroid carcinoma. A Oncocytic variant with large cells showing 
abundant eosinophilic cytoplasm and nuclear features of papillary thyroid carcinoma. B Solid variant 
with sheets of tumor cells with abundant cytoplasm and nuclear features of papillary thyroid carcinoma 
including cytoplasmic invagination into nuclei. C Diffuse sclerosing variant showing abundant 
psammoma bodies, and squamoid changes in the tumor cells. A prominent lymphocytic infiltrate is 
present in the background. D Papillary thyroid carcinoma with prominent hobnail features. The tumor 
consists of hobnail cells with loss of polarity and high grade cytologic features including prominent 
nucleoli and increased mitotic activity 
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Genetic profile 
 
The BRAF V600E mutation is the most common driver mutation (found in about 69% of PTCs) 
typically present in classical PTC and in the tall cell variant (266,300–302). Other less frequent 
changes in BRAF include the mutation point K601E, small insertions or deletions in the vicinity 
of codon 600 (303,304) and chromosomal rearrangements such as AKAP9-BRAF fusion 
(305,306). Mutations of NRAS, KRAS and HRAS are also common (305), especially in the 
follicular variants (307). The EIF1AX mutation can also be found in the follicular variants. RET 
/ PTC chromosomal rearrangement is the most common (found in 6.8% of PTCs) followed by 
rearrangements of NTRK3, NTRK1 and ALK (305).  
The progression of the neoplasm is associated with the accumulation of mutations in other 
genes, such as TP53, PIK3CA and AKT1 (173,174). Mutations of TERT (C228T and C250T) 
are present in more advanced stages of PTCs and are associated with a higher risk of distant 
metastases, cancer-related recurrence and mortality (308–310). 

 
Follicular thyroid carcinoma  
 
Macroscopic characteristics 
 
FTCs range from solid lesions enclosed by thick capsule (with possible calcifications) to 
tumors mimicking follicular adenomas, although the capsule is usually more evident compared 
to the latter. Foci of capsular invasion can rarely be observed. Moreover, extrathyroidal 
extension can be observed in widely invasive tumors (179). 
 
Microscopic characteristics 
 
FTC is a neoplasm of follicular cells surrounded by capsule with the presence of vascular and 
/ or capsular invasion. According to these criteria it is further classified into: (1) minimally 
invasive (capsular invasion only), (2) encapsulated angioinvasive, and (3) widely invasive 
(311,312). 
 
The cytoarchitectural features of the FTC are the same as the follicular adenoma: cuboidal or 
polygonal cells; round nuclei, located at the base of the cells, with defined margins, uniform 
and finely dispersed chromatin; rare mitotic figures; and possible stromal reaction (179). 
 
FTC is enclosed in a thick capsule, which can be calcified. For many authors in order for the 
tumor to be considered invasive, the capsule must be invaded at a full thickness (313,314). A 
tumor that infiltrates vessels of any size near or beyond the tumor capsule is considered 
angioinvasive. Intravascular neoplastic cells are adherent to the vessel walls, usually lined with 
endothelium (313). The neoplasms with limited vascular invasion (less than 4 vessels) have a 
better prognosis than the more invasive ones (315). Lymphatic invasion and lymph node 
metastases by FTC are very rare (179). 
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Extensively invasive FTC is associated with extensive extrathyroidal infiltration, and it is often 
large (316). From a prognostic point of view, the extent of vascular invasion is associated with 
an adverse of prognosis, and it has greater impact on prognosis in comparison to  extrathyroidal 
extension (314). 
 
Immunophenotype 
 
Like other follicular-cell-derived thyroid diseases, FTC expresses lineage-specific markers 
such as thyroglobulin and TTF1. PAX8 is usually positive (179). For the diagnosis of 
malignancy some studies suggest the use of combinations of markers such as CK19, galectin 3 
and HBME1 (317). 
 
Genetic profile 
 
Cytogenetic alterations were observed in approximately 65% of FTCs (318,319). Mutations of 
the RAS family are present in 30-50% of these neoplasms (320,321). Rearrangements of 
PPARG, PAX8-PPARG or CREB3L2-PPARG are observed in 20-30% of follicular carcinomas 
(322,323). Also, mutations affecting the PI3K / PTEN / AKT pathway occur in FTCs: PI3KCA 
and PTEN mutations are observed in approximately 10% of these neoplasms (324,325). TSRH 
activating mutations can be observed, especially in hyperfunctioning carcinomas (326). 
Mutations of the TERT promoter are present in 20% of FTC and are associated with more 
aggressive tumor behavior (310,327). 
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Hürthle cell carcinoma (oncocytic) 
 
HCC are neoplasms composed of oncocytic cells; non-invasive cases are called Hürthle cell 
adenomas while neoplasms with evidence of vascular and / or capsular invasion are called HCC 
(179). Oncocytic cell tumors are considered to be neoplasms formed of more than 75% of this 
cell-type (328).  
 
Macroscopic characteristics 
 
When cut, Hürthle cell tumors show a variable brown color intensity. A capsule is normally 
present and that of adenomas tends to be less thick than carcinomas. Calcifications may be 
present in the capsule and in the tumor mass (179). 
 
 
Microscopic characteristics 
 
Hürthle cells are large cells with eosinophilic granular cytoplasm, centrally located nuclei and 
prominent nucleoli. The cytoplasm, which resembles that of normal hepatocytes, is completely 
filled with mitochondria of abnormal size, with loss of cell polarity (329,330). 
 
Oncocytic cell carcinoma is distinguished from adenoma by the presence of invasion capsular 
and / or vascular (203); moreover, a growth pattern is more frequent trabecular and solid in 
carcinomas compared to adenomas, in which it is prevalent a follicular architecture. Fibrous 
bands can be observed, delimiting nests of neoplastic cells (179). 
Due to the presence of scarce stroma, this tumor may exhibit pseudopapillary architecture. 
Cases with true papillae formation have also been reported. The nuclear characteristics make 
it possible to distinguish HCC wiht papillary growth pattern from oncocytic variant of PTC 
(179). 
 
Calcifications can be observed in Hürthle cell neoplasms, typically in the colloid of the follicles 
(179). Hürthle cell tumours have a propensity to undergo infarction due to minor trauma such 
as fine-needle aspiration or core biopsy (331). 
 
Unlike FTC, HCC can metastasize to the locoregional lymph nodes (332), but also give distant 
metastatic deposits to liver, lungs and bones (333). It is possible for the carcinoma to 
metastasize, forming neoplastic thrombi at the level of cervical veins, which can be confused 
with lymph node metastases (332). 
 
Immunophenotype 
 
Oncocytic cell carcinoma cells are positive for TTF-1 and thyroglobulin. In cases of poorly 
differentiated HCC, these two markers can be negative, causing diagnostic difficulties and 
confusion of these lesions with tumors of non-thyroid origin (334). 



 80 

 
Genetic Profile 
 
HCC have a higher frequency of mitochondrial DNA mutations versus non-Hürthle neoplasms, 
in the form of point mutations, deletions and insertions of various magnitudes (335–337). The 
biochemical, metabolic, and structural (accumulation of mitochondria in the cytoplasm) 
alterations of oncocytic lesions are caused by defects in genes coding for subunits of the five 
multimeric complexes of the inner mitochondrial membrane that constitute the oxidative 
phosphorylation system. If these subunits are missing or defective due to a mutation, the 
multimeric complex does not assemble properly, oxidative phosphorylation is impaired, and 
there is a compensatory accumulation of mitochondria (338,339). More than 50% of mutations 
involve mitochondrial coding genes (336,340), while mutations of the complex I subunit 
encoded by the NOUFA13 nuclear gene (also called GRIM19) are the only nuclear gene 
mutations specific to oncocytic tumours reported to date. (341). Hürthle cell neoplasms of the 
thyroid have a lower frequency of RAS mutations and PAX8-PPARG rearrangements versus 
non-oxyphilic thyroid tumors (321,342,343). TP53 mutations have been observed in 10-20% 
HCC are (326,344) often associated with PTEN mutations (345). Aneuploidies are common in 
oncocytic carcinomas and are associated with aggressive behavior and poor prognosis (346). 
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Poorly differentiated thyroid cancer  
 
Poorly differentiated thyroid carcinoma (PDTC) was first proposed as a distinct subtype of 
thyroid malignancy by Carcangiu et al (347). These authors reinterpreted the original 
observation made in 1907 by Langhans, who described a locally aggressive tumor with a 
peculiar architecture: tumor cells arranged in large, round to oval formations, the so-called 
“insulae.” 
PDTC is a follicular cell neoplasm that shows limited evidence of follicular cell differentiation 
and is morphologically and behaviourally intermediate between differentiated (follicular and 
papillary) carcinomas and anaplastic carcinoma (179). 
PDTC accounts for a small proportion of all thyroid cancers, less than 1% of all thyroid 
malignancies in Japan, 1.8% in the United States and up to 6.7% in northern Italy 
(179,348,349). 
This subtype of thyroid cancer can progress from well-differentiated forms or occur de novo 
(179). PDTC has a more aggressive behavior than well differentiated cancers but less severe 
than ATC (350). They can coexist with other thyroid tumor histotypes, such as tall cell variant 
of PTCs (278,351). Some cases have a predominantly oncocytic structure (352), others may 
show tall cell component, mucinous differentiation (353), rhabdoid (353) or signet ring cells 
(354). 
 
PDTCs are often present at an advanced stage, have a propensity for local recurrence, and tend 
to metastasize to regional lymph nodes, lung, and bones. The mean 5-year 
survival of patients with PDTC is approximately 50% (179,355). Well differentiated thyroid 
carcinomas with a focal (10% or greater) PDTC component follow a more aggressive clinical 
course than standard well differentiated carcinomas of the thyroid (356). 
 
Macroscopic characteristics 
 
The tumor is usually around 5 cm in the diameter, having a solid consistency with a light 
brown-grey color, or may have a soft consistency accompanied by necrosis. The growth 
margins are often pushing, and the tumour may be partially encapsulated. Satellite nodules are 
often present within the parenchyma; In some cases, the multi-nodular tumors can mimic 
thyroid goiter (179). 
 
Microscopic characteristics 
 
The microscopic features described by Carcangiu et al (347) include "nests" of solid tumor 
formations formed by cells containing a variable number of follicles, often clearly separated 
by artificially created clefts. 
 
In Turin in 2006, thanks to the collaboration of 12 pathologists from Europe, Asia and the USA, 
the standard diagnostic criteria were established for the diagnosis of PDTC (357). These criteria 
included:  
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1. Growth pattern (solid, trabecular, insular). 
2. Absence of the typical nuclear characteristics of papillary carcinoma. 
3. Presence of at least one of the following characteristics: 

• presence of irregular, convoluted nuclei 
• mitotic figures ≥3x10 HPF  
• presence of necrosis 

 
The tumour cells are small and uniform, with round hyperchromatic nuclei, or may have 
convoluted nuclei reminiscent of those seen in papillary carcinoma. Mitoses are common. 
Extensive necrosis can result in a peritheliomatous appearance (179). Vascular invasion can 
occur either in a mild form with the number of affected vessels ≤ 3 or in a more aggressive 
form with a number of vascular foci greater than 4 (349,357). It is an event that is observed in 
almost all PDTCs (179). 
 
Asioli et al (349) based on the Turin Proposal (357) considered 152 cases of PDTC and detected 
mitotic activity ≥ 3x10 HPF in 94% of cases, atypical mitosis in 20% of cases and presence of 
necrosis in 70% of cases. 
 
Growth pattern 
 
PDTC in general present solid- trabecular and/or insular growth patterns (179,357).  
Solid forms show small and dark cells that grow in compact nests, with irregular contours; 
there is a loss of the ground glass structure and nuclear pseudo-inclusions, typical of PTC (357). 
It is necessary to distinguish this type of tumor from the solid variant of PTCs, which are 
common in pediatric age, presenting well-delineated oval-shaped cells containing nuclear 
pseudo-inclusions, and showing vascular invasion in the > 40% of cases and absence of 
necrosis (290,355,357,358). The prevalence of solid, trabecular, and insular architecture shows 
distinctive geographical distribution (359) which may underestimate the diagnosis of PDTC in 
certain geographical areas. Furthermore, a solid pattern of growth (defined by Nikiforov et al. 
as solid/trabecular/insular pattern) (290) may not be representative of tumor aggressiveness in 
PDTC based on studies of solid variant of PTC.  
Insular variant consists of well-defined solid nests of cells, which may contain microfollicles 
containing dense colloid; tumor cells are small and uniform, with rounded or irregular 
hyperchromatic nuclei (179). In this variant  cellular islets are located in the perivascular area 
and are surrounded by large areas of tumor necrosis (179,357). Insular carcinoma, in some 
circumstances can coexist with a classic PTC or its follicular variant (360). 
 
Oncocytic variant 
 
The oncocytic variant of PDTC is a controversial topic. It is characterized by a large number 
of mitochondria within the neoplastic cells, which give it an eosinophilic color (352). In 1996, 
Papotti et al (352) investigated the trabecular/insular pattern, cellular features, p53 and Bcl2 
expression in a series of oncocytic thyroid carcinomas, and reported 20 well-documented cases 
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of oncocytic variant of PDTC. Although it was excluded from the Turin consensus, the 
literature mostly concurs on the existence and importance of the oncocytic variant based on 
large series and case reports (349,357,361,362). Although oncocytic PDTCs are generally 
considered more aggressive than their nononcocytic counterparts (334,352,363), they are 
essentially regarded as a variant of classical PDTC. 
 
The different growth patterns of PDTC are presented in Figure 2, source (362). 
 
 
  

Figure 2. A, Conventional poorly differentiated thyroid carcinoma (PDTC), insular growth pattern 
(H&E). B, Conventional PDTC, trabecular growth pattern (H&E). C, Conventional PDTC, increased 
mitotic rate, solid growth pattern (H&E). D, Oncocytic PDTC, insular growth pattern (H&E). E, 
Oncocytic PDTC, frank endocrine atypia may be present (H&E). F, Oncocytic PDTC, increased 
mitotic rate (H&E). 
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Immunophenotype 
 
PDTC tumor cells are positive for high molecular weight cytokeratins, in particular for CK7 
with a positivity of 86% of cases, however they show absence of staining for CK20 (179). 
In PDTCs, thyroglobulin is positive but in a lower percentage compared to PTC (showing 
positive staining in 57% of PDTCs and 100% of PTCs). Moreover, PDTCs are positive for the 
transcription factors TTF1, TTF2 and PAX-8 (179,227,364). 
P53 is a nuclear marker involved in the control of cell cycle and apoptosis (365). During the 
formation of thyroid cancer, the p53 gene plays an important role, since its inactivation occurs 
which causes an increase in cell proliferation in thyroid tumors. In a study by Soares et al (366), 
a positivity was observed in 20 % of FTCs, 16% of PDTCs (16.1%) and 83% of ATCs (83.3%), 
however, no correlation with tumor aggressiveness was found. 
 
 
Genetic profile 
 
Genetical make up of PDTC includes alterations that are early driver events in thyroid 
carcinogenesis (i.e. RAS family) and BRAF mutations, ALK fusions and others that typically 
occur as late events associated with tumour dedifferentiation (i.e. mutations of TP53), TERT, 
CTNNB1, and AKT1 (367). PDTCs have a mutation load intermediate between that of 
anaplastic and well-differentiated papillary carcinomas. They carry multiple genetic alterations 
more frequently than do well-differentiated tumours: usually one of the early changes in 
combination with late alterations. Activating AKT1 mutations have been reported in 19% of 
aggressive, radioiodine refractory PDTCs, nearly always in combination with BRAF V600E 
mutation. In composite tumours, in which a well differentiated component is associated with 
poorly differentiated or undifferentiated areas, early alterations are typically found in both 
components, whereas late changes appear to be restricted to the less-differentiated areas. TERT 
mutations are clonal in PDTCs and ATCs, whereas they are typically subclonal in well-
differentiated PTCs. Disruption of the SWI/ SNF chromatin remodelling complex, mutation of 
histone methyltransferases, and inactivation of the DNA mismatch repair system each occurs 
in as many as 5-10% of PDTCs, and in a higher proportion of ATCs. These data support a 
multiple genetic hits model, which is seen in many types of aggressive cancer, indicating a 
multistep progression from well-differentiated to poorly differentiated or anaplastic carcinoma. 
Some rearrangements frequently found in well-differentiated tumours are uncommon: 
RETJPTC and PAXB/PPARG are detected in about 10% and 5% of cases respectively, 
suggesting that they do not promote dedifferentiation to PDTC or ATC (179). 
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BRAF V600E 
 
BRAF is the gene that codes tyrosine kinase, a potential predictor of prognosis. About 5-15% 
of PDTCs carry the BRAF mutation (179). BRAF V600E, previously associated with PTCs, 
was also noted in PDTCs, in particular those deriving from PTCs (365,368). 
This mutation is related to lymph node metastases (369), therefore its presence is associated 
with an increased mortality (365). Mutated BRAF is associated with the silencing of the iodine 
transport gene in thyroid tumors (368). 
 
RAS 
 
The RAS genes encode G proteins, a family of 150 types of cytoplasmic proteins binding 
guanosine triphosphate (GTP), with the function of transducing the extracellular signal. These 
proteins regulate the pathways responsible for cell proliferation and survival. In tumors, RAS 
proteins remain blocked in their active form, causing the continuous transmission of the cell 
growth activating signal, thus undergoing hyper-proliferation (365). 
The prevalence of RAS mutations (N-RAS, K-RAS and H-RAS) is around 18-55% in PDTCs 
(179,368). Unlike the BRAF mutation, the mutation of the RAS genes is linked to systemic 
metastases (369). 
 
TP53 
 
TP53 is a tumor suppressor gene and performs its action on the cell cycle, on apoptosis and on 
the maintenance of genetic stability. This gene also encodes the transcription factor p53, which 
is involved in the regulation of the cell cycle (365).The mutated TP53 gene is rarely found in 
WDTCs (2%), unlike PDTC, where it has been found in 10-26% of cases (368,369). This gene 
plays an important role in late tumor evolution, in particular from WDTC to PDTC (369).  
 
RET 
 
The RET gene encodes the membrane receptor with tyrosine kinase activity, involved in signal 
transduction (365). This gene occurs more commonly in PTC than in PDTC where it can only 
be found in 13-17% of cases. Its presence often indicates a coexistence with PTC (368). 
However, this gene was not related to increased aggression or reduced patient survival in PDTC 
patients (365,368). 
 
TERT 
 
The TERT gene encodes a component of the telomerase enzyme (368). The TERT promoter 
mutation is associated with aggressive PDTC behavior. It has a prevalence of 40%, 
intermediate between 10% of PTCs and 73% of ATCs (369). 
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Therapy of thyroid cancers 
 
Surgery 
 
Regarding well-differentiated thyroid carcinoma, in cases with tumor diameter larger than 4 
cm the initial surgery must include total thyroidectomy and complete gross tumor removal. In 
case of  tumor dimensions between 1 and 4 cm the recommended intervention is a total or 
subtotal thyroidectomy while in carcinomas less than 1 cm in size, along with the absence of 
clear indications for removal of the contralateral lobe, lobectomy is recommended (370). 
On the other hand, because of their poor clinical prognosis, PDTCs are usually managed more 
aggressively than well differentiated thyroid carcinomas. Unlike well-differentiated thyroid 
carcinomas, treatment of PDTC has not been standardized due to the rarity of the disease and 
heterogeneity of inclusion criteria. Therapeutic decisions on PDTC have thus been mainly 
extrapolated from the treatment experience on well differentiated carcinomas (371). In 
addition, central and/or lateral neck dissection should be performed if there is clinical or 
radiological evidence of enlarged lymph nodes. 
Surgery is the treatment of choice for PDTC, whereby the extent of surgery is determined by 
preoperative assessment with appropriate imaging studies and intraoperative findings. Total 
thyroidectomy and clearance of all gross disease can achieve satisfactory locoregional control 
(five-year locoregional control in up to 81% of PDTC patients) (372). 
 
 
Cervical lymphadenectomy 
 
The emptying of the recurrent lymph nodes should be performed in case of confirmed 
metastases, but it can also be taken into consideration in case of clinical doubt as 30-50% of 
PTC patients have metastases at this level. The prophylactic central neck is a controversial 
topic as  in patients without lymph node metastases due to its unclear effects on oncologic 
results and quality of life of patients and as increased rates of post-operative complications 
(373). Laterocervical lymph node surgery is to be performed only in the case of ascertained 
metastases operatively (374). 
 
 
Radiometabolic treatment 
 
Regarding adjuvant treatment, its indications and effectiveness in PDTC are not clear. When 
compared to well differentiated forms, PDTC does not usually respond as well to the same 
modalities of adjuvant treatment. Radioiodine avidity of PDTC is variable (375), likely due to 
variation in tumor heterogeneity and variable admixtures of well and less well differentiated 
tumor components. Older age and extrathyroidal extension and/or extranodal extension are 
associated with aggressive biology and loss of radioiodine avidity in well differentiated thyroid 
cancers (376). PDTC often presents at an older age and at an advanced stage (377) which are 
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both manifestation of a more aggressive biology and thus can be accompanied by loss of 
radioiodine avidity. The role of postoperative external beam radiation therapy (EBRT) in 
PDTC is equally controversial. EBRT can be beneficial in patients with well differentiated 
tumors who are at high risk for locoregional recurrence (378). Similar criteria could be applied 
to PDTC whereby EBRT has been recommended in PDTC patients with T3 and T4 tumors and 
in patients with neck node involvement (359). However, no significant survival improvement 
has been recorded in PDTC patients following EBRT (359,379). Although reports of EBRT 
benefits on local control of PDTC are inconclusive, it may still be considered in high-risk 
settings due to a low toxicity profile with intensity-modulated radiotherapy (IMRT). Regarding 
chemotherapy in PDTC, reports have been scarce. There is level III evidence (nonrandomized 
trials with contemporaneous controls according to Sackett et al.) (380) with short follow-up 
that patients with inoperable PDTC who received chemotherapy regimen with or without 
EBRT became operable or were free of disease (381). 
 
Regarding well differentiated tumors, in low-risk patients (for instance, T1, non-aggressive 
papillary histology) adjuvant therapy with radioiodine is not indicated (370,382–385). On the 
other hand, there is an indication for treatment when the tumor has a diameter greater than 1 
cm or less than 1 cm, but with aggressive histology (383,384); also in tumors larger than 4 cm; 
in forms with extrathyroid extension; in the presence of lymph node metastases; in aggressive 
histological forms (370). 
 
 
Hormone therapy 
 
Thyroid hormone replacement therapy is the mainstay of long-term medical management. 
Patients treated with total thyroidectomy and some who undergo lobectomy alone require 
thyroid hormone therapy to restore euthyroidism with normal serum TSH levels. Because TSH 
acts as a growth factor for thyroid follicular cells (including those that are neoplastic), it can 
potentially affect the onset and/or progression of follicular-cell derived thyroid cancer (386). 
Of note, levothyroxine hormone therapy reduces the relapse rate and improves survival, by 
blocking the action of TSH on neoplastic cells (370). 
 
Immunotherapy 
 
To date, no immunotherapy has been approved for advanced thyroid carcinoma. However, 
preclinical studies, a few case reports, and clinical trials, are starting to produce indications for 
their use.  Characterization of the immune phenotype of cancers has gained interest for its 
potential immunotherapeutic implications. In this regard,  few recent studies analyzed the 
immune expression profile of thyroid carcinomas (387,388). 
 
Immune escape represents the last step of a process that starts with the development of 
transformed cells that are resistant to immune surveillance and progresses through the 
Immunoediting phase where, due to genetic or epigenetic changes in the transformed cell, but 
above all due to the modifications of the tumor microenvironment (TME) and of the 
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interactions between the tumor cells and the TME, the developing cancer acquires an increasing 
refractoriness to the effects of the immune system (389).  
 
Recently published results obtained in 22 patients affected by advanced PTCs or FTCs, 
included in the phase Ib KEYNOTE-028 trial conducted to evaluate safety and antitumor 
activity of pembrolizumab as monotherapy in advanced solid tumors, showed two partial 
responses, for an overall response rate of 9%. Response duration was 8 and 20 months (390). 
 
Combination of immune checkpoint inhibitors with strategies to normalize the tumor 
vasculature and stroma might represent a very promising approach in PDTCs that have a 
dominant prevalence of altered-excluded and cold immune coordination profiles. In ATCs and 
advanced PDTCs, a phase II clinical trial is ongoing that foresees in BRAF and RAS-negative 
patients the combination of atezolizumab, chemotherapy and bevacizumab (NCT03181100) 
(391). 
 
Patients with PDTC often rapidly acquire a form of resistance to therapies, therefore it is 
necessary to act with combined strategies, aimed at targeting different aspects of the tumor 
microenvironment including immune cells, blood vessels, the endothelium or the cancer cells 
themselves. This strategy could provide a benefit on the patient's prognosis (392). 
 
Programmed cell death-1 (PD-1) is an immune checkpoint molecule whose role is to suppress 
the CD8+ T-cell response upon interaction with its ligand, PD-L1(393). PD-1 is expressed on 
T-cells (as well as some other immune cells) in response to stimuli, such as interferon gamma, 
and upon interaction with PD-L1 (a membrane protein expressed on a variety of immune cells 
and which can be induced on cancer cells), results in T-cell anergy and apoptosis (394). There 
has been extensive research on disrupting this axis (through inhibition of PD-1 or PD-L1) in 
order to reactivate the immune response for cytotoxic T cell killing. Three of these drugs have 
received FDA approval for treatment of several malignancies and are considered candidate 
first- or second-line therapies for a variety of cancers including melanoma (395), non-small 
cell lung carcinoma (396), head and neck squamous cell carcinoma (397), and Merkel cell 
carcinoma (398). 
 
The critical role of the PD-L1/PD-1 interaction has been demonstrated in both preclinical 
models and in clinical trials across many solid cancers. However, investigation into its use as 
a treatment option for thyroid cancer has been limited to date (399,400). Cunha et. al. 
demonstrated higher levels of PD-L1 expression in papillary thyroid cancers compared to 
normal and benign lesions and showed a positive correlation between PDL-1 levels and 
infiltration of CD8+, CD4+, FoxP3+ lymphocytes, as well as tumor-associated macrophages 
(401). In a preclinical study of ATC, PD-L1 blockade was shown to be effective only when 
combined with a BRAF inhibitor (392). A recent case report also showed dramatic and durable 
response of an ATC patient to combined vemurafenib and PD-L1 inhibitor treatment (402). 
The therapeutic effect of blocking either PD-1 or PD-L1 has not been previously tested in 
patients with thyroid cancer, but a multicenter clinical trial sponsored by International Thyroid 
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Oncology Group (ITOG) has recently opened to examine the efficacy of PD-1 inhibitor therapy 
(NCT #02688608). 
In a more recent study, the expression of PD-L1 and IDO1 in PDTC was reported. PD-L1 
expression was found to be relatively common in a series of tested PDTC, and a subset co-
expressed IDO1. These findings provide a promising rationale to further explore immune 
checkpoint inhibitors as either monotherapy or in combination in PDTC patients who have 
limited effective treatment options (403). 
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Project 3: The oncocytic variant of poorly differentiated thyroid carcinoma shows a specific 
immune-related gene expression profile  
 
ABSTRACT 
 
Poorly differentiated thyroid cancer (PDTC) is a rare, follicular cell-derived neoplasm with 
unfavorable prognosis. The oncocytic variant of PDTC may be associated with even more 
adverse outcome than classical PDTC cases, but its specific molecular features are largely 
unknown. Our aim was to explore the immune-related gene expression profile of oncocytic and 
classical PDTC, in correlation with clinical and pathological characteristics (including PD-L1 
expression) and outcome, and in comparison, with a control group of well differentiated 
follicular carcinomas (WDFC), including conventional follicular carcinomas (FTC) and 
Hürthle cell carcinomas (HCC). 
A retrospective series of 48 PDTC and 24 WDFC was analyzed by means of NanoString 
technology employing nCounter PanCancer Immune Profiling panel. Gene expression data 
were validated using quantitative real time PCR.  
Oncocytic PDTC showed a specific immune-related gene expression profile, with higher 
expression of LAIR2, CD274, DEFB1, IRAK1, CAMP, LCN2, LY96, and APOE, and lower 
expression of NOD1, as compared to conventional PDTCs. This molecular signature was 
associated with increased intra-tumoral lymphocytic infiltration, PD-L1 expression and 
adverse outcome. Three of these genes, CD274, DEFB1, IRAK1, as well as PD-L1 expression, 
were also the hallmarks of HCCs as compared to FTCs. By contrast, the panel of genes 
differentially regulated in PDTCs as compared to WDFCs was unrelated to the oncocytic 
phenotype. 
Our results revealed a distinctive immune-related gene expression profile of oncocytic PDTC 
and confirmed a more aggressive outcome in this cancer subtype. These findings may provide 
guidance when exploring novel immunotherapeutic options for oncocytic PDTC patients.   
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SPECIFIC BACKGROUND 
 
Poorly differentiated thyroid carcinomas (PDTC) represent a group of neoplasms with 
morphological and clinical features intermediate between follicular and papillary thyroid 
carcinomas on the one end, and anaplastic thyroid carcinomas on the other (179,404).  
 
PDTC was recognized by World Health Organization (WHO) classification of thyroid tumors 
as a separate pathologic entity since the 2004 edition, only, although the diagnostic criteria 
were still ambiguous and hardly applicable in the routine diagnostic practice (179,405). Current 
WHO classification criteria are based on the results of a consensus conference held in Turin in 
2006, that defined PDTC as a malignant follicular-derived tumor with solid, insular, or 
trabecular growth pattern, absence of typical nuclear features of papillary thyroid carcinoma 
(PTC), increased mitotic activity (≥3/10 HPF), tumor necrosis, and/or presence of convoluted 
nuclei (357).  
 
PDTC can show oncocytic features (334,352,362,363), defined as cellular enlargement 
characterized by a voluminous, granular and eosinophilic cytoplasm, reflecting altered 
mitochondrion accumulation (329,406). Although oncocytic PDTC are generally considered 
more aggressive than their non-oncocytic counterpart (334,352,362,363), they are essentially 
regarded as a variant of classical PDTC. Otherwise, the oncocytic variant of follicular 
carcinoma (FTC), by virtue of its diverse intrinsic profile and clinically more aggressive 
behavior compared with other well differentiated thyroid carcinomas, has been recognized as 
a distinct entity and named Hürthle cell carcinoma (HCC) (179,407,408).  
Oncocytic changes in thyroid neoplasms are considered a cellular adaptation process related to 
mitochondrial adaptive homeostasis involving reprogramming of stem cells. Defective 
mitochondrial ATP synthesis has been reported in oncocytic thyroid neoplasms, suggesting 
that impaired oxidative phosphorylation might induce mitochondrial hyperplasia and 
proliferation in these tumors as a compensatory mechanism (329). Disruptive mitochondrial 
DNA (mtDNA) mutations in different complex subunits of the respiratory chain have also been 
reported in oncocytic thyroid neoplasms (409). Moreover, somatic and germline missense 
mutations in a non-mitochondrial gene (GRIM-19), that is involved in the maintenance of 
mitochondrial membrane potential by controlling normal electron transfer activity of complex 
I, have been linked to oncocytic thyroid tumors (341).  
 
Recently, integrated molecular analysis of HCC identified additional recurrent mutations 
in DAXX, TP53, NRAS, NF1, CDKN1A, ARHGAP35 and the TERT promoter and widespread 
loss of chromosomes, culminating in near-haploid chromosomal content, in a large fraction of 
cases, a molecular signature which is maintained during metastatic spread (410).  
However, the specific molecular signature of oncocytic PDTC as compared to the conventional 
one or to well-differentiated histotypes is largely unexplored, with a single study showing 
upregulation of miR-221 and miR-885-5p in oncocytic PDTC (411). This lack of information 
might partly explain the poor advances in therapeutic strategies for PDTC, either conventional 
or oncocytic. In fact, radioiodine-refractory disease in PDTCs was reported to reach up to 50% 
of cases (412), possibly due to tumor heterogeneity and reduced competence in iodine uptake 
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(350,352,372). The potential application of novel therapies, such as immunotherapy, implies 
the need of characterizing tumor microenvironment and immune related gene expression, an 
approach that in thyroid cancer is to date principally confined to preclinical investigation or 
clinical studies with limited sample sizes. 
 

AIM 
 
Based on the above, we designed the present study to explore the immune-related gene 
expression profile of both oncocytic variant and classical PDTC as well as of a control group 
of well differentiated follicular tumors.  Gene expression data were correlated with clinical and 
pathological characteristics of PDTC, including PD-L1 expression. 
 
MATERIALS AND METHODS 
 
Case selection. 
 
PDTC cases were retrieved from the pathology files of the “Città della Salute e della Scienza” 
and “San Luigi Gonzaga” University Hospitals of Torino in years 2000-2017. Inclusion criteria 
were: 1) a confirmed diagnosis of PDTC according to the WHO 2017 classification, after re-
evaluation of all conventional H&E slides available; 2) availability of clinical and follow data; 
3) sufficient residual tumor tissue material for molecular and immunohistochemical analyses.  
In total, 48 cases were selected, consisting of 25 classical PDTC and 23 PDTC oncocytic 
variant. A control group of 24 cases of well differentiated follicular carcinomas (WDFC) (12 
classical FTC and 12 HCC cases) were retrieved from the same pathology files and time frame. 
The diagnosis of oncocytic PDTC and HCC was rendered when >75% tumor cells displayed 
oncocytic features. Clinical pathological data, including age at diagnosis, sex, tumor location, 
bilateral involvement, type of surgery, tumor size, pTN stage, presence of capsular and/or 
vascular invasion, presence of necrosis, number of mitoses, surgical margin status, extra-
thyroidal extension, intra-tumoral fibrosis, concomitant presence of goiter, and follow up data 
were collected from clinical reports. The percentage of tumor infiltrating lymphocytes (TILs) 
was evaluated in intra-tumoral areas, only. Before the study started, all cases were de-identified 
and coded by a pathology staff member not involved in the study, and all data were accessed 
anonymously. 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. 
 
Gene expression analysis by NanoString technology. 
 
Two 10-μm-thick formalin fixed paraffin embedded (FFPE) tissue sections were obtained from 
each tissue block and the tumor tissue was collected in sterile Eppendorf tube by means of 
manual microdissection, excluding normal parenchyma or necrotic areas.  
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RNA isolation was performed using the FFPE RNA Isolation Kit (Roche Diagnostics GmbH, 
Mannheim, Germany), according to the manufacturer’s protocols. Total RNA concentration 
was assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc., 
Wilmington, DE, USA). NanoString nCounter technology was used to measure relative 
expression levels of immune genes within the tumor microenvironment: 300 ng of total RNA 
from each sample were hybridized to the nCounter PanCancer Immune Profiling panel, 
according to the manufacturer’s instructions (NanoString Technologies, Seattle, WA, USA). 
This panel detects the expression of 770 mRNA targets: 730 immune related genes and 40 
housekeeping genes. The analyses were set up according to the protocol provided by the 
manufacturer. Expression data were normalized and analyzed with the nSolver Analysis 
Software (version 4.0.62). For background correction, the mean count of negative controls plus 
two times the standard deviation was subtracted from the counts for each gene. The means of 
the supplied positive controls and the geometric mean of the housekeeping genes were used to 
normalize the measured expression values. Both positive and negative controls were included 
in the panel, according to manufacturer’s instructions. Additionally, the Advanced Analysis 
module (version 2.0.115) was used to perform differential expression analyses. Briefly, by the 
differential expression analysis tool (nSolver Advanced Analysis module), for each gene a 
single linear regression was fit using all selected covariates to predict expression. A volcano 
plot was generated to display each gene's -log10 (p-value) and log2 fold change with the 
selected covariate. Highly statistically significant genes fell at the top of the plot above the 
horizontal lines, and highly differentially expressed genes fell to either side. Horizontal lines 
indicated various p-value thresholds. In addition, by the nSolver Advanced Analysis module, 
genes previously shown to be characteristic of various cell populations were used to measure 
these populations' abundance. Covariates plots were generated to compare raw cell type 
abundance measurements to covariates. In addition, by the nSolver Advanced Analysis 
module, genes previously shown to be characteristic of various cell populations were used to 
measure these populations' abundance (413). Covariates plots were generated to compare raw 
cell type abundance measurements to covariates. To run the Cell Type Profiling Module 
included in the nSolver Advanced Analysis module a p-value of 0.05 was set to see results (and 
calculate relative cell scores) only for cell types whose quantification was supported by our 
data. Cell types whose evidence for cell type-specific expression did not meet this level of 
confidence were discarded. 
 
Quantitative real time PCR. 
 
RT reactions of 1µg of total RNA were performed using M-MLV Reverse Transcriptase kit 
(Invitrogen, Carlsbad, US) in a volume of 20 μl with the following conditions: 37°C for 50 
min, 70°C for 15 min.  
Relative expression levels of all genes validated and internal reference were examined using a 
fluorescence-based real-time detection method (ABI PRISM 7900 Sequence Detection 
System—Taqman; Applied Biosystems, Foster City,US). For gene expression quantifications 
SensiFAST Probe Hi-ROX kit (Bioline, Taunton, MA) and the following TaqMan gene 
expression assays (Applied Biosystems, Foster City, US) were used according to the 
manufacturer’s instructions: ITGAL (Hs00158218_m1), LAIR2 (Hs00430498_m1), DEFB1 
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(Hs00608345_m1),  IRAK1 (Hs00155570_m1), CAMP (Hs00189038_m1), PSMD7 
(Hs00427396_m1), LCN2 (Hs01008571_m1), LY96 (Hs00209770_m1), APOE 
(Hs00171168_m1), NOD1 (Hs01036720_m1), CD68 ( Hs02836816_g1), CD163 
(Hs00174705_m1). ACTB (Hs01060665_g1) assay was used as references for gene analyses. 
SensiFAST Probe Hi-ROX Kit.  
Each measurement was performed in duplicate. The ΔΔCt values were calculated subtracting 
ΔCt values of sample and ΔCt value of a pool of RNA derived from normal different tissues 
and converted to ratio by the following formula: 2−ΔΔC. 
 
Immunohistochemistry. 
 
Immunohistochemistry was performed by an automated platform (Ventana BenchMark 
AutoStainer, Ventana Medical Systems, Tucson, AZ, USA) using PD-L1 mouse monoclonal 
antibody (22C3, diluted 1:50, Dako Agilent, Santa Clara, USA). For statistical purposes, PD-
L1 cut off was set at 1% of positive tumor cells with a membranous pattern. Appropriate 
positive (normal placenta) and negative controls were included for each immunohistochemical 
run. 
 
Statistical analyses. 
 
All analyses were performed using Stata/MP 15.0 Statistical Software (STATA, College 
Station, TX). Continuous variables were summarized as the mean and standard deviation (SD), 
whereas for categorical variables the frequency was provided. The patient’s characteristics 
were compared using the Chi-square test for categorical variables and the T-test or ANOVA 
test for continuous variables, according to Bonferroni corrections. All statistical tests were two 
sided. Moreover, univariate/multivariate binary logistic regression models were performed 
using oncocytic feature as the dependent variable (yes or no) and tumour characteristics as 
covariates. Odds ratios and 95% CIs were estimated. The Hosmer–Lemeshow goodness-of-fit 
statistics were used to determine whether the model adequately described the data. Spearman’s 
correlation test was applied to test the reciprocal correlation among genes analyzed by means 
of quantitative real time PCR. P-values <0.05 were considered significant. Disease-specific 
survival (DSS) was calculated from the surgical excision date of the primary tumor to the date 
of thyroid cancer death or last check-up. The disease-free interval (DFI) was calculated from 
the date of surgical excision of the primary tumor to the date of the first relapse or last check-
up. Survival curves between different groups were plotted using the Kaplan-Meier method and 
the statistical comparisons were performed with Log-rank test.  
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RESULTS 
 
Clinical and pathological characteristics of oncocytic PDTC. 
As shown in Table 1, oncocytic PDTC subtype was significantly correlated with extensive 
angioinvasion (p=0.012), presence of necrosis (p=0.030), and presence of tumor infiltrating 
lymphocytes (p=0.030). Although not reaching statistical significance, fatal outcome was more 
frequent in oncocytic PDTC patients (p=0.080). Furthermore, Kaplan-Meier survival analysis 
demonstrated that oncocytic PDTC cases have a shorter DSS (Fig. 1; p=0.042) as compared to 
the classical PDTC.  
Moreover, PD-L1 expression was observed more frequently in oncocytic PDTC (14/23, 61%) 
as compared to conventional ones (4/25, 16%) (p<0.001) and a positive PD-L1 expression was 
associated with a worse DFI in PDTC cases (p=0.033) (Fig. 2). However, PD-L1 expression 
was not significantly associated with clinical or pathological features of aggressiveness except 
for the presence and extent of necrosis in the whole series of PDTC (Table 2). No association 
of PD-L1 expression and clinical and pathological variables was identified in oncocytic PDTC, 
only (not shown).   
At univariate analysis (Table 3), logistic regression highlighted a significant association 
between oncocytic variant and PD-L1 expression and necrosis. Multivariate logistic regression 
analyses confirmed the significant association between PD-L1 expression (OR 5.54, CI 1.30-
23.6) and oncocytic variant also when adjusting for age, sex and necrosis. The Hosmer-
Lemeshow goodness-of-fit statistics (p value=0.9190) indicated that the model adequately 
describes the data. 
 
 
  

Figure 1. Kaplan–Meier estimates of DSS in oncocytic compared to classical PDTC cases (log-rank test 
p=0.042). 
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Figure 2. Strong PD-L1 immunoreactivity in a case of oncocytic poorly differentiated thyroid carcinoma (100x; 
insert 200x) (A). Kaplan–Meier estimates of DFI in PD-L1 positive vs negative poorly differentiated thyroid 
carcinomas (log-rank test p=0.033) (B). 
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Table 1. Clinical-pathological characteristics and PD-L1 expression in 48 poorly 
differentiated thyroid carcinomas, with or without predominant oncocytic features. 

 
 
 
 

 Total Oncocytic variant  

  #48 NO 
[#25] YES [#23] P* (Bonferroni 

corrections) 

Age 
<55 12 7 5 

0.617 
≥55 36 18 18 

Sex 
F 28 16 12 

0.406 M 20 9 11 

Type of surgery 

total thyroidectomy 16 9 7 

0.839 total thyroidectomy and 
lymphadenectomy 25 12 13 

other* 7 4 3 

Lymphadenectomy 
no 21 11 10 

0.971 
yes 27 14 13 

Stage 

I 9 4 5 

0.601 II 24 11 13 
III 3 2 1 
IV 12 8 4 

Stage groups I-II 33 15 18 0.173 III-IV 15 10 5 

Bilateral involvement 
no 46 25 21 

0.132 
yes 2 0 2 

Size (cm) 
≤2 2 1 1 

0.703 >2 to ≤4 14 6 8 
>4 32 18 14 

Angioinvasion 
<4 vessels 6 6 0 

0.012 
≥4 vessels 42 19 23 

Necrosis  
absent 8 7 1 0.030 

 focal 9 6 3 
extensive 31 12 19 

Mitoses (x10HPF) <4 28 15 13 0.807 ≥4 20 10 10 

Surgical margins status 
negative 25 14 11 

0.571 
positive 23 11 12 

Extrathyroidal extension 
absent 20 11 9 

0.732 present 28 14 14 

Capsular penetration 
absent 13 9 4 

0.147 
present 35 16 19 

Tumor infiltrating 
lymphocytes 

absent 41 24 17 
0.030 

present 7 1 6 

Intratumoral fibrosis 
absent 10 5 5 

0.987 mild 23 12 11 
extensive 15 8 7 
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Synchronous metastasis 
no 27 15 12 

0.585 
yes 21 10 11 

Reccurent 
disease/progression 

no 19 11 8 
0.514 

yes 29 14 15 

Died of disease 
no 33 20 13 

0.080 
yes 15 5 10 

PD-L1 
negative 30 21 9 

<0.001 
positive 18 4 14 

 
Legend: *hemithyroidectomy, hemithyroidectomy and lymphadenectomy 
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 Total PD-L1 IHC  

 # 48 Negative 
#30 

Positive 
#18 

p* (Bonferroni 
corrections) 

Age (years) <55 12 8 4 0.731 ≥55 36 22 14 

Sex Female 28 18 10 0.762 Male 20 12 8 

Type of surgery 

total thyroidectomy 16 11 6 

0.798 total thyroidectomy and 
lymphoadenectomy 24 14 10 

other* 7 5 2 

Lymphoadenectomy no 22 14 8 0.881 
yes 26 16 10 

Stage 

I 9 6 3 

0.981 II 24 15 9 
III 3 2 1 
IV 12 7 5 

Bilateral 
involvement 

no 46 29 17 
0.709 

yes 2 1 1 

Tumor size 
(cm) 

≤2 2 1 1 
0.690 >2 to ≤4 14 10 4 

>4 32 19 13 

Angioinvasion 
<4 vessels 6 4 2 

0.822 
≥4 42 26 16 

Necrosis absent 8 8 0 0.016 present 40 22 18 

Extent of  necrosis  
absenta 8 8 0 

0.016 
c vs a 0.019 focalb 9 7 2 

extensivec 31 15 16 

Mitoses/10HPF <4 28 18 10 0.762 ≥4 20 12 8 
Surgical margins 

status 
negative 25 15 10 

0.709 
positive 23 15 8 

Extrathyroidal 
extension 

absent 20 14 6 
0.364 present 28 16 12 

Capsular 
penetration 

present 35 20 15 0.208 
absent 13 10 3 

Tumor infiltrating 
lymphocytes 

absent 41 27 14 0.245 present 7 3 4 

Intratumoral 
fibrosis 

absent 10 8 2 
0.292 mild 23 12 11 

extensive 15 10 5 
Synchronous 

metastasis 
no 27 19 8 0.202 yes 21 11 10 

Recurrent 
disease/progression 

no 19 13 6 
0.493 

yes 29 17 12 

Died of disease 
no 33 22 11 

0.376 
yes 15 8 7 

Table 2. Association of clinical and pathological characteristics of 48 poorly differentiated thyroid 
carcinomas with PD-L1 expression. 

Legend: *hemithyroidectomy, hemithyroidectomy and lymphadenectomy 
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Table 3. Uni- and multivariate logistic regression analyses  

 
Univariate binary logistic regression 

 
Oncocytic features  

  OR CI p 
Age ≥55 1.4 0.37-5.24 0.618 
Sex M VS F 1.63 0.51-5.18 0.408 

Stage III-IV vs I-II 0.42 0.11-1.49 0.178 
Size >4 vs other 0.69 0.25-1.92 0.484 

Angioinvasion >4 vessels vs ≤4 vessels 6.94 0.77-62.9 0.085 
Necrosis Extensive vs other 3.28 1.25-8.55 0.015 
Mitosis ≥4 vs <4 1.15 0.36-3.63 0.807 

Tumor infiltrating 
lymphocites Present vs absent 8.47 0.93-76.9 0.058 

Intratumoral fibrosis Extensive vs other 0.94 0.42-2.07 0.873 
PD-L1 Positive vs negative 8.17 2.1-31.75 0.002 

 
Multivariate binary logistic regression 

 
Oncocytic features  

  OR CI p 
Age ≥55 1.16 0.24-5.47 0.854 
Sex M VS F 1.46 0.38-5.69 0.582 

Necrosis Extensive vs other 2.13 0.76-5.98 0.151 
PD-L1 Positive vs negative 5.54 1.30-23.6 0.021 

(Hosmer-Lemeshow, goodness-of-fit test p=0.9190) 
 
 

 
Immune-related gene expression profile of oncocytic vs non oncocytic PDTC. 
Immune-related genes differentially expressed in our series according to major histotypes and 
clinical and pathological features are summarized in Table 4.   
Several immune response-related genes were found up- or downregulated in the oncocytic 
variant of PDTC as compared to the classical type. There was a significantly higher expression 
(p<0.01) in 10/730 genes (1.4%), namely, ITGAL, LAIR2, CD274, DEFB1, IRAK1, CAMP, 
PSMD7, LCN2, LY96, and APOE in samples pertaining to the PDTC oncocytic variant (Fig. 3, 
solid line rectangle). On the other hand, a single gene, NOD1, was found downregulated (1/730, 
0.1%) (Fig. 3, dashed line rectangle). Fold change data and confidence intervals related to Fig. 
3 are indicated in Table 5a.  
Clustering genes based on their biological function, oncocytic PDTC cases had an increased 
expression of genes linked to the macrophage functions (nSolver Macrophage Functions 
pathway score). Moreover, in single gene exploration analysis, CD68 (p=0.0015) and CD163 
(p=0.0264) were found to be significantly overexpressed in oncocytic PDTCs (Fig. 4).  
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Table 4. Summary of genes differentially expressed in our series according to major clinical 
and pathological characteristics. 

 
PDTC: poorly differentiated thyroid carcinoma; WDFC: well-differentiated follicular 
carcinoma; HCC: Hürthle cell carcinoma; FTC: follicular thyroid carcinoma.  
 
 

Parameter Significantly up regulated 
genes (p<0.01) 

Significantly down regulated 
genes (p<0.01) 

Oncocytic vs classical PDTCs ITGAL, LAIR2, CD274, 
DEFB1, IRAK1, CAMP, 
PSMD7, LCN2, LY96, APOE 

NOD1 

pN0 vs pN1 CAMP None found 
pM0 vs pM1 None found ITGAL 

PD-L1 positive vs negative 
PDTC cases 

ITGAL, CD79B, LY96, 
[CD274], LAIR2 

None found 

PDTC vs WDFC CD79B, TNFSF15, NUP107, 
CD8A, LTB 

CD7, PPARG, CCL14, TOLLIP, 
TNF, LILRB3, EBI3 

HCC vs FTC ECSIT, PSMB7, TP53, GPI, 
CD274, IRAK1, ICAM3, 
DEFB1, RRAD 

ITGB3, ENTPD1, CD44, CXCL2, 
CREB1, IKBKB, DOCK9, 
MYD88, CD47 
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Figure 3. Different immune-related gene expression profile of oncocytic PDTC cases compared to 
classical histotype. Upregulated genes are marked by the solid line rectangle, whereas downregulated 
genes are marked by the dashed line rectangle. 
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Table 5. Fold change data and confidence intervals corresponding to the volcano 
representation plots of Figure 3 (a), Figure 6A (b) and Figure 6B (c).  
 

  

a 

Log2 
fold 
change 

std error 
(log2) 

Lower 
confidence 
limit (log2) 

Upper 
confidence 
limit (log2) P-value *BY P-value 

ITGAL-mRNA 0.147917 0.262500 0.095833 0.171528 8.21e-10 3.07e-06 
LAIR2-mRNA 0.115278 0.259028 0.092361 0.138194 3.93e-08 7.36e-05 
CD274-mRNA 0.129861 0.297917 0.099306 0.160417 1.32e-07 0.000164 
DEFB1-mRNA 0.144444 0.407639 0.092361 0.196528 1.28e-06 0.0012 
IRAK1-mRNA 0.681944 0.127778 0.431250 0.065278 2.86e-06 0.00214 
CAMP-mRNA 0.139583 0.435417 0.109722 0.197222 6.03e-06 0.00376 
LY96-mRNA 0.110417 0.339583 0.071528 0.149306 1.27e-05 0.00651 
LCN2-mRNA 0.107639 0.279861 0.052778 0.134722 1.57e-05 0.00651 
PSMD7-mRNA 0.532639 0.011111 0.315278 0.047222 1.74e-05 0.00652 
APOE-mRNA 0.099306 0.330556 0.043750 0.136806 2.46e-05 0.00837 
NOD1-mRNA -1.38 0.198611 -1.94 -0.821 1.55e-05 0.00651 

b 

Log2 
fold 
change 

std error 
(log2) 

Lower 
confidence 
limit (log2) 

Upper 
confidence 
limit (log2) P-value *BY P-value 

ECSIT-mRNA 0.102083 0.147222 0.073611 0.103472 1.1e-08 4.09e-05 
PSMB7-mRNA 0.005556 0.070833 0.004167 1.000000 8.35e-08 8.74e-05 
TP53-mRNA 0.060417 0.113194 0.659028 0.082639 9.27e-08 8.74e-05 
GPI-mRNA 0.091667 0.153472 0.061111 0.093750 9.42e-08 8.74e-05 
CD274-mRNA 0.147222 0.300000 0.115972 0.177778 1.18e-07 8.78e-05 
IRAK1-mRNA 0.075694 0.158333 0.044444 0.106944 1.41e-06 0.000874 
ICAM3-mRNA 0.106944 0.244444 0.059028 0.127083 1.58e-05 0.00532 
DEFB1-mRNA 0.145139 0.426389 0.089583 0.200694 2.59e-05 0.0064 
RRAD-mRNA 0.100694 0.025000 0.051389 0.121528 3.8e-05 0.00783 
ITGB3-mRNA -3.17 0.036111 -4.19 -2.15 3.91e-06 0.00207 
ENTPD1-mRNA -3.62 0.428472 -4.82 -2.41 6.67e-06 0.00279 
CD44-mRNA -2.87 0.339583 -3.82 -1.91 6.77e-06 0.00279 
CD47-mRNA -0.899 0.112500 -1.22 -0.582 1.37e-05 0.00508 
CXCL2-mRNA -2.65 0.345833 -3.63 -1.68 2.41e-05 0.0064 
CREB1-mRNA -1.23 0.161111 -1.68 -0.777 2.47e-05 0.0064 
IKBKB-mRNA -0.94 0.122917 -1.29 -0.593 2.5e-05 0.0064 
DOCK9-mRNA -1.01 0.133333 -1.38 -0.629 2.95e-05 0.00684 
MYD88-mRNA -1.4 0.186806 -1.93 -0.873 3.19e-05 0.00697 
RRAD-mRNA 0.100694 0.025000 0.051389 0.121528 3.8e-05 0.00783 
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Legend: *Benjamini-Yekutieli method. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

c 

Log2 
fold 
change 

std error 
(log2) 

Lower 
confidence 
limit (log2) 

Upper 
confidence 
limit (log2) P-value *BY P-value 

CD79B-mRNA 0.130556 0.265278 0.106250 0.154861 9.64e-09 3.58e-05 
TNFSF15-mRNA 0.104861 0.295833 0.074306 0.134722 2.11e-06 0.00196 
NUP107-mRNA 0.371528 0.075000 0.223611 0.518750 1.09e-05 0.00468 
CD8A-mRNA 0.116667 0.353472 0.075000 0.158333 1.32e-05 0.0049 
LTB-mRNA 0.144444 0.468750 0.107639 0.170833 1.51e-05 0.00509 
CD7-mRNA -0.847 0.088194 -1.1 -0.598 3.37e-08 6.25e-05 
PPARG-mRNA -3.36 0.384028 -4.44 -2.28 2.19e-07 0.00027 
CCL14-mRNA -1.86 0.246528 -2.56 -1.17 3.76e-06 0.00239 
TOLLIP-mRNA -0.673 0.088889 -0.925 -0.422 3.86e-06 0.00239 
TNF-mRNA -0.772 0.103472 -1.06 -0.479 5.27e-06 0.00279 
LILRB3-mRNA -0.655 0.092361 -0.915 -0.395 1.14e-05 0.00468 
EBI3-mRNA -0.709 0.102778 -0.999 -0.419 1.86e-05 0.00575 

Figure 4. Oncocytic PDTC cases demonstrated an increased expression of genes linked to the macrophage 
functions (nSolver Macrophage Functions pathway score) (A); Single gene analyses showed CD68 
(p=0.0015) (B) and CD163 (p=0.0264) (C) upregulation in oncocytic PDTC.  
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Gene expression validation by means of quantitative real time PCR.  
All significant genes discovered by NanoString analysis to be significantly different in 
oncocytic as compared to non-oncocytic PDTC were analyzed independently by means of 
quantitative real time PCR. CD274 gene was excluded since validated at the protein level by 
using PD-L1 immunohistochemistry (see below). All but one case (belonging to the non-
oncocytic group) were adequate for the analysis. LAIR2 gene was excluded due to the poor 
efficiency of probes available. Among the 11 genes analyzed, 7 were differentially expressed 
in oncocytic as compared to non-oncocytic PDTC with statistical significance, and included 
CAMP, DEFB1, NOD1, IRAK1, LCN2, CD68 and CD163 (Fig. 5), following the same 
distribution observed in NanoString analysis. Two other genes showed borderline statistical 
significance (LY96 and APOE, p=0.07 and p=0.17, respectively). Two remaining genes 
(PSDM7 and ITGAL) were not significant (p=0.69 and p=0.63, respectively). However, for 
these latter two genes, correlation between raw data obtained in NanoString analysis and 
quantitative real time PCR were strongly correlated (data not shown), thus showing that the 
loss of statistical significance was not associated to a methodological issue of gene expression 
analysis but rather to the heterogeneous distribution of values among cases (including different 
ranges of values in the population) and the presence of outliers. A further validation was 
obtained performing Spearman’s correlation analysis among genes. A strong correlation was 
observed between CD163 and CD68, and between both genes and all other genes except for 
NOD1 and IRAK1, whereas ITGAL showed a low statistical significance (Table 6).  
 

Figure 5. Distribution of 7 genes 
with significantly different gene 
expression in oncocytic as 
compared to non-oncocytic PDTC 
according to quantitative real time 
PCR analysis. 
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Table 6. Correlation among the 11 genes validated by means of quantitative real time PCR. 

 
 
  

 PSDM7 DEFB1 ITGAL APOE NOD1 IRAK1 LCN2 LY96 CD163 CD68 
CAMP R: 0.13 

p: 0.37 
R: 0.53 
p: 
0.0001 

R: 0.06 
p: 0.68 

R: 0.22 
p: 0.14 

R: -0.26 
p: 0.07 

R: 0.38 
p: 0.008 

R: 0.49 
p: 0.0004 

R: 0.34 
p: 0.02 

R: 0.34 
p: 0.02 

R: 0.31 
p: 0.03 

PSDM7 / R: 0.40 
p: 0.005 

R: -
0.004 
p: 0.98 

R: 0.45 
p: 
0.002 

R: 0.29 
p: 0.04 

R: 0.02 
p: 0.89 

R: 0.16 
p: 0.29 

R: 0.76 
p: 
<0.0001 

R: 0.39 
p: 0.007 

R: 0.42 
p: 0.003 

DEFB1 / / R: 0.25 
p: 0.09 

R: 0.43 
p: 
0.002 

R: -0.06 
p: 0.68 

R: 0.05 
p: 0.73 

R: 0.52 
p: 0.0002 

R: 0.60 
p: 
<0.0001 

R: 0.55 
p: 
<0.0001 

R: 0.55 
p: <0.0001 

ITGAL / / / R: 0.34 
p: 0.02 

R: -0.02 
p: 0.91 

R: 0.22 
p: 0.14 

R: 0.05 
p: 0.75 

R: 0.22 
p: 0.13 

R: 0.34 
p: 0.02 

R: 0.27 
p: 0.06 

APOE / / / / R: 0.05 
p: 0.71 

R: 0.01 
p: 0.93 

R: 0.16 
p: 0.29 

R: 0.50 
p: 0.0003 

R: 0.54 
p: 
<0.0001 

R: 0.54 
p: <0.0001 

NOD1 / / / / / R: -0.35 
p: 0.016 

R: 0.06 
p: 0.69 

R: 0.15 
p: 0.31 

R: -0.07 
p: 0.64 

R: 0.21 
p: 0.16 

IRAK1 / / / / / / R: 0.07 
p: 0.61 

R: -0.04 
p: 0.79 

R: 0.23 
p: 0.12 

R: -0.04 
p: 0.80 

LCN2 / / / / / / / R: 0.37 
p: 0.01 

R: 0.37 
p: 0.01 

R: 0.49 
p: 0.0004 

LY96 / / / / / / / / R: 0.52 
p: 0.0002 

R: 0.64 
p: <0.0001 

CD163 / / / / / / / / / R: 0.71 
p: <0.0001 
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Immune-related gene expression profile as compared to clinical and pathological 
characteristics in PDTC. 
Among the genes investigated, none resulted significantly associated with specific clinical or 
pathological characteristics, except for CAMP which had a higher expression in patients with 
lymph node metastases (p<0.01) and ITGAL which was downregulated in patients with distant 
metastases at diagnosis (p<0.01) (Table 4). Moreover, ITGAL, CD79B, LY96, CD274 and 
LAIR2 genes were significantly upregulated in PD-L1 positive PDTC. Noteworthy, considering 
the high number of oncocytic PDTC cases showing PD-L1 immunoreactivity, all the above 
genes - except CD79B – were also among those found to be upregulated in oncocytic PDTCs.  
 
Clinical pathological associations, PD-L1 expression and differential gene expression 
profile in HCC vs classical FTC cases 
Clinical and pathological characteristics and PD-L1 immunoreactivity of 24 WDFCs are shown 
in Table 7. The HCC cases were more frequently assigned to a higher stage (p=0.016), 
associated with concomitant goiter (p=0.004) and intratumoral fibrosis (p=0.035). Of note, as 
in PDTC cases, PD-L1 expression was significantly more frequent in HCC (9/12, 75%) than 
FTC (1/12, 8%) cases (p<0.001). 
As shown in Fig. 6A, ECSIT, PSMB7, TP53, GPI, CD274, IRAK1, ICAM3, DEFB1, RRAD 
genes were found up-regulated (p<0.01) (9/730 genes, 1.2%; solid line rectangle), whereas 
ITGB3, ENTPD1, CD44, CXCL2, CREB1, IKBKB, DOCK9, MYD88 and CD47 were 
downregulated (p<0.01) (9/730 genes, 1.2%; dashed line rectangle) in HCC as compared to 
FTC cases. Three of these upregulated genes, namely DEFB1, IRAK, CD274, were also up 
regulated in oncocytic vs classical PDTC cases. Fold change data and confidence intervals 
related to Fig. 6A are indicated in Table 5b.  
 
Immune-related gene expression differences between PDTCs and a control group of 
WDFCs. 
Finally, we explored differential gene expression levels between PDTCs and WDFCs. All cases 
of WDFCs were compared with 24 PDTCs matched for the absence or presence of oncocytic 
features, sex, age and pT stage. In the PDTC group, significant up-regulation of CD79B, 
TNFSF15, NUP107, CD8A, LTB genes (p<0.01) (Fig. 6B, solid line rectangle) (5/730 genes, 
0.7%), and downregulation of CD7, PPARG, CCL14, TOLLIP, TNF, LILRB3, EBI3 genes were 
detected (Fig. 6B, dashed line rectangle) (7/730 genes, 1%) (p<0.01). Fold change data and 
confidence intervals related to Fig. 6B are indicated in Table 5c. 
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Table 7. Clinical and pathological characteristics and PD-L1 expression of 24 well 
differentiated follicular thyroid carcinomas. 

 Total 
FTC 
[#12] 

HCC 
[#12] 

P (Bonferroni 
corrections) 

Age 
<55 6 5 1 

0.059 
≥55 18 7 11 

Sex 
F 14 9 5 

0.098 
M 10 3 7 

Type of surgery 

total thyroidectomy 9 6 3 

0.403 total thyroidectomy  and 
lymphadenectomy 

11 4 7 

hemithyroidectomy* 4 2 2 

Stage 
I 6 5 1 

0.016 (II vs I 0.031) II 13 3 10 
IV 5 4 1 

Bilateral 
involvement 

no 21 10 11 
0.537 

yes 3 2 1 

Diameter 
≤2 2 1 1 

0.824 >2 to ≤4 3 1 2 
>4 19 10 9 

Angioinvasion 
<4 vessels 9 6 3 

0.206 
≥4 vessels 15 6 9 

Necrosis 
absent 20 10 10 

1.000 
present 4 2 2 

Surgical margins 
status 

negative 18 10 8 
0.346 

positive 6 2 4 
Extrathyroidal 
extension 

absent 16 8 8 
1.000 

present 8 4 4 
Capsular 
penetration 

absent 1 1 0 
0.307 

present 23 11 12 
Presence of 
concomitant goiter 

no 11 9 2 
0.004 

yes 13 3 10 
Tumor infiltrating 
lymphocytes 

absent 18 9 9 
1.000 

present 6 3 3 
Intratumoral 
fibrosis 

absent 9 2 7 
0.035 

present 15 10 5 
Synchronous 
metastasis 

no 19 8 11 
0.132 

yes 5 4 1 
Recurrent 
disease/progression 

no 20 9 11 
0.273 

yes 4 3 1 

Died of disease 
no 23 11 12 

0.307 
yes 1 1 0 

PD-L1 
negative 14 11 3 

0.001 
positive 10 1 9 

 
  Legend: FTC: follicular thyroid carcinoma; HCC: Hürthle cell carcinoma; *: with or without 

lymphadenectomy 
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Figure 6. Different immune-related gene expression profile in HCC as compared to FTC (A) 
and in PDTC as compared to WDFC (B).  
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DISCUSSION    
 
 The immune network in thyroid cancer is a complex and dynamic system characterized 
by multiple interactions between tumor cells and various immune cell types. Tumor-associated 
macrophages, M2 macrophages, tumor-associated mast cells, monocytes, polymorphonuclear-
myeloid-derived suppressor cells, monocyte-derived suppressor cells, T regulatory cells, 
tumor-associated neutrophils, and immature dendritic cells have been shown to play pro-
tumorigenic roles in thyroid cancer, whereas M1 macrophages, cytotoxic CD8+ T cells, natural 
killer cells, Th1 cells, mature dendritic cells and their mediators are anti-tumorigenic (414). In 
this complex scenario, the correlation between immune related gene expression signatures and 
pathological or clinical characteristics has never been explored in PDTC.  
 In the present study, we show that oncocytic PDTC possesses peculiar pathological, 
clinical and molecular features as compared to conventional PDTC and well differentiated 
thyroid carcinomas. The specific immune related gene and protein (namely PD-L1) expression 
profile in oncocytic PDTC may partly explain their more aggressive behavior as compared to 
conventional PDTC and potentially paves the way to the development of novel therapeutic 
strategies aimed at impairing their tumor escape mechanisms from the immune system. In fact, 
at first glance, oncocytic PDTCs have a high expression of PD-L1 gene (CD274) and protein 
as compared to conventional ones. The significant activation of PD-L1-mediated tumor escape 
mechanism is associated to increased presence of tumor infiltrating lymphocytes, thus 
depicting a microenvironment that might fit with the observed shorter DSS of oncocytic PDTC 
as compared with classical cases. Moreover, PD-L1 expression was an adverse prognostic 
factor in PDTC cases, as a whole. 
 PD-L1 expression has been largely investigated in thyroid cancer especially in papillary 
carcinoma, where it is associated with aggressive disease features and more adverse prognosis 
(415,416). Moreover, PD-L1 targeting has shown promising results in anaplastic thyroid cancer 
(417). To the best of our knowledge, a single study in the literature tested PD-L1 expression 
(at the protein level, only) in PDTC, describing a positive rate of 25% using a 5% cut-off, with 
a significant association with aggressive features but not quoting the presence or absence of 
oncocytic variant PDTC cases (403). Overall, all these data claim a potential role of PD-L1 as 
a biomarker of aggressiveness and a potential target in PDTC.  
 A growing body of evidence suggests that the tumor biological behavior is significantly 
impacted by its immune microenvironment. Although there is not enough evidence for testing 
immune check point molecules in these tumors in the routine workout, our results demonstrate 
that a subset of PDTC and HCC upregulate immune checkpoint molecules, providing a 
rationale for investigating checkpoint targets in thyroid neoplasms that currently lack effective 
treatment options in advanced stage tumors. In fact, a significant up-regulation of innate 
immunity-related genes (DEFB1, IRAK1, LCN2, LY96) was observed. Components of innate 
immunity and their role in thyroid cancer have been investigated in several studies. In 
particular, the expression of DEFB1 mRNA has been already described in both well 
differentiated and undifferentiated thyroid cancer cell lines as a favoring factor of cell 
proliferation, viability and migratory characteristics (418). IRAK1, has been recently 
demonstrated to be a target of miR146a, mainly upregulated in HCC and related to tumor 
development and progression (419). In other cancer models, IRAK1 was shown to increase 
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cancer stemness and drug resistance (420), including resistance to radiotherapy (421), and to 
be a novel potential therapeutic target (422). Interestingly, both genes were specifically 
associated in our study to the oncocytic phenotype, both in PDTC and WDFC groups. As for 
the other up-regulated genes, LCN2 had been found as an independent predictor of extra-
thyroidal extension in well-differentiated thyroid carcinomas (423) and its protein expression 
had been shown to increase along the spectrum of thyroid cancers from well differentiated to 
anaplastic histotypes (424). The oncocytic PDTC gene profile, harboring overall 11 
upregulated and 1 downregulated gene, is mainly related to the circuits of innate immunity, 
that plays a critical part in regulating cancer pathogenesis (425,426). We suggest that complex 
intercellular interactions within the tumor microenvironment may be influenced by innate 
immune pathways, paving the way for exploring more successful patient-tailored cancer 
immunotherapy, and eventually enhancing the immune control of tumors. The role of 
immunity-related genes in oncocytic transformation is probably not relevant, but certainly the 
immune response modalities of cells thus modified, despite the many mitochondria, with 
borderline energy status are particular and associated with a fragility and reduced compliance 
of these stress cells metabolic or environmental (427). Furthermore, NOD1, the single 
downregulated gene in the present series of oncocytic PDTC, was found to be inversely 
correlated with tumor growth in breast cancer (428) and renal cell carcinoma (429) models. All 
these data are supportive of our general interpretation that oncocytic phenotype in PDTC is 
associated to a more aggressive molecular phenotype.  
It would be worth to compare the gene expression levels obtained in the present study, with 
special reference to oncocytic PDTC cases, with the corresponding genomic background. 
However, the genomic data we have for a subset of the 48 cases analyzed were not enough to 
enable any statistical correlation. In fact, among 17 cases informative using a wide next-
generation sequencing approach, only 9 harbored any kind of alteration, being TP53 and RAS 
mutations the most frequent but indeed each being present in 4 out of 17 cases, only (data not 
shown). Therefore, although the issue is relevant and of great interest, it cannot be addressed 
in the present explorative study, despite its relatively high number of cases for such a rare 
thyroid tumor histotype. The lack of validation is a general limitation of this study that we aim 
to address planning a large multi-institutional collection of oncocytic PDTC with detailed 
clinical and pathological annotates. 
 In our study, we also observed a generally increased expression of mRNAs related to 
macrophage functions in oncocytic PDTC group as compared to the classical type. Several 
studies have reported a correlation between poor patient prognosis and a high intratumoral 
macrophage content (430,431). These latter include M1 polarized macrophages that possess 
anti-tumor functions, and M2 tumor associated macrophages that exert immunosuppressive 
and pro-tumorigenic role (432). In a study by Mazzoni et al. (433), it has been reported that 
both senescent thyrocytes and thyroid tumor cell lines trigger M2-like macrophage polarization 
that is related to PGE2 secretion, suggesting that the interaction within microenvironment 
occurs at both early and late thyroid tumor stages and favors tumor progression. In our study, 
single gene analyses revealed that CD68 and CD163 have increased expression in oncocytic 
PDTC, further supporting the notion that a specific microenvironment exists in oncocytic 
PDTC, that favors a higher biological aggressiveness. CD68 is not completely specific since it 
might be expressed by a variety of cells of the mononuclear phagocyte lineage (including 
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macrophages, microglia, osteoclasts, and myeloid dendritic cells) is generally used as pan-
macrophage marker (434). Conversely, CD163 is considered an indicator of M2 macrophage 
lineage (435). Interestingly, all genes up-regulated in oncocytic PDTC, except for IRAK1, were 
positively correlated with both CD68 and CD163, thus supporting a direct association with 
macrophage related functions. With all the limitations due to the sample size and lack of tissue 
localization of these markers, these results pave the way for future studies on larger series 
aimed at further profiling immune cells other than tumor-associated lymphocytes in PDTC, 
and oncocytic PDTC in particular.   
 Finally, we compared gene expression of PDTC with WDFC, either conventional or 
oncocytic/Hürthle cell types.  
Our findings integrate the data of a single study on thyroid cancer that applied a similar 
methodological approach, although in a different design setting (388). In fact, using our same 
gene expression panel, Giannini and coworkers explored the immune related gene profiles of 
different thyroid cancer histotypes, showing that immune-related genes are significantly 
upregulated in anaplastic and papillary thyroid cancers as opposed to PDTC (14 cases tested, 
not known if the oncocytic variant was included). In our series, twelve genes only were 
differentially (either up or down-) regulated between PDTC and WDFC, thus showing a more 
consistent immune signature in these two groups, than that observed by Giannini and 
coworkers comparing anaplastic and papillary carcinomas with PDTC and normal thyroid. As 
a matter of fact, our data further claim that the PDTC-like phenotype described by these 
Authors might better fit with conventional PDTC rather than the oncocytic variant.   

 
CONCLUSIONS 
 
 In conclusion, to the best of our knowledge, this is the first study that explored gene 
expression profiles in a relatively large series of oncocytic variant PDTC by NanoString 
technology. Overall, our study has revealed several insights into the molecular background of 
oncocytic PDTC, identifying specific alterations of innate immunity and tumor 
microenvironment that favor tumor escape, and might be responsible for their more aggressive 
behavior reported in the literature and confirmed in our study. These findings may be useful 
when developing novel treatment options for oncocytic PDTC patients.  
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Project 4: Papillary thyroid carcinoma: clinico-pathological characterization and gene 
expression profiling of aggressive and non-aggressive forms. 
 
 
 
ABSTRACT 
 
Papillary thyroid carcinoma (PTC) derives from follicular cells, and is the most common 
thyroid malignancy, comprising more than 80% of all malignant thyroid tumors. PTC is 
generally considered a tumor with indolent behavior, slow progression, and low mortality rates, 
however, in some instances these tumors can demonstrate aggressive clinical behavior. 
We aimed to identify clinico-pathological and genetic prognostic biomarkers that could be 
restricted to aggressive forms of PTCs, by depicting clinico-morphological aspects of the case 
series included in the study and by comprehensive probe-based gene expression analyses of 
canonical pathways by employing NanoString nCounter® technology.  
Methods: We selected 43 cases of aggressive PTC and 43 controls that resulted free of disease 
during the clinical follow up, matching them according to age, sex, and T and N parameters of 
the TNM staging system. Twenty-four pairs (a total of 48 cases) were studied using nCounter 
PanCancer Pathways Panel, along with 6 normal thyroid tissues.   
Aggressive PTCs showed more aggressive clinical and morphological features, such as 
multifocal presentation, absence of tumor capsule, presence of tumor infiltrating lymphocytes 
and extensive fibro-sclerotic changes within the tumor bulk. Of note, at follow-up, 11/43 
(25.6%) patients with aggressive PTC died (8 of their PTC, and 4 due to other causes), 
compared to 4/43 (9.3%) patients with non-aggressive who died of other causes, not related to 
their PTC) (p=0.047). The genes related to DNA Damage – Repair, namely, POLD4, H2AFX, 
POLR2J, ATM, MAD2L2, PRKDC, were found upregulated in non-aggressive PTC cases, only 
(p<0.01). Analysis of MAPK pathway revealed an overlap of TGFB1, PPP3CB, CACNB3, 
DUSP4, HSB1, and PDGFA. On the other hand, KRAS, MAP3K1, SOS2, DUSP5, RAC2, and 
CDC25B were found upregulated only in the non-aggressive cases. Also, CACNA2D1 and JUN 
were found downregulated in the same group (p<0.01). Considering RAS pathway, there was 
a difference in overexpression of PDGFC, KRAS, RAC2, SOS2, and PIK3R2 genes, being 
overexpressed in non-aggressive cases, with an overlap regarding other differentially 
overexpressed genes (p<0.01), namely, RASA4, MET, PDGFA, RIN1, TIAM1, LAT, BCL2L1.   
In conclusion, to the best of our knowledge, this is the first study to investigate gene expression 
profiles of aggressive and non-aggressive PTC cases, by exploring canonical pathways through 
NanoString technology. Overall, our study has revealed several insights into the molecular 
background of both groups, in particular related to DNA Damage and Repair, MAPK and RAS 
pathways, as well as morphological features, that may be useful in order to identify more 
aggressive behaviour of a subset of PTC patients. Moreover, these findings may be useful when 
developing novel, tailored treatment options for these patients.  
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SPECIFIC BACKGROUND 
 

Papillary thyroid carcinoma (PTC) derives from follicular cells, and is the most 
common thyroid malignancy, comprising more than 80% of all malignant thyroid tumors 
(370,436,437). PTC is generally considered a tumor with indolent behavior, slow progression, 
and low mortality rates (438). 
Compared to the classical PTCs, there are more aggressive histotypes, in particular, hobnail, 
tall cell, columnar, and solid variant (179,439).  
Clinical features, morphological and gene alterations allow us, up to a certain extent, to predict 
the aggressive behavior of this tumor (440). Prognosis is worsened by higher disease stages, 
tumor size above 3-4 cm, presence of distant metastases, extrathyroidal extension of the 
neoplasm, neoplastic infiltration of the resection margins, and/or older age at diagnosis 
(179,315,441,442). 
Various studies attempted to better characterize the genetic make-up of these neoplasms 
(388,443–445).  
 

The BRAF V600E mutation is the most common one (found in approximately 70% of 
PTCs) and typically present in classical and tall cell variants (266,300,301,308). The presence 
of the BRAF V600E mutation in PTC is one of the best-defined prognostic markers to date, 
strongly related to disease aggressiveness and a reliable preoperative prognostic factor that 
facilitates the choice of surgical treatment. (446,447). Other less frequent alterations of BRAF 
include the K601E point mutation, small insertions, or deletions in the vicinity of codon 600, 
and chromosomal rearrangements such as the AKAP9-BRAF fusion (306). Mutations of 
NRAS, KRAS and HRAS are also common (305), especially in follicular variants (307). 
Cancer progression is associated with accumulation of mutations in other genes, such as TP53, 
PIK3CA and AKT1 (326,448) TERT mutations (C228T and C250T) are present in more 
advanced PTCs and are associated with a higher risk of distant metastasis, recurrence, and 
cancer-related mortality (308–310,449).  
More recently, molecular biomarkers with strongly altered expression levels in PTC, including 
TIMP1, c-KIT, c-MET, and TPO (450–453) have been proposed to be predictive of PTC 
behavior. Of note, the BRAFV600E mutation exhibited correlation with changes in TIMP1 and 
TPO expression levels in PTC (450). 
Moreover, RET/PTC rearrangements (454) identified almost exclusively in thyroid lesions, 
were correlated, in particular RET/PTC3 (455), with a more aggressive PTC phenotype and 
advance disease stages (454). RET/PTC induces RAS-dependent BRAF activation and RAS- 
and BRAF-dependent ERK activation (302). Several studies suggested that the oncogenic 
effects of RET/PTC require signalling along the MAPK pathway and the presence of the 
functional BRAF kinase (456–458).  
 

Nevertheless, the therapeutic options are still limited. Surgery and radiotherapy are the 
first choices in the case of local recurrence. External beam radiotherapy can be an alternative 
in inoperable and/or is iodine-refractory tumors (459–462). Alternative therapeutic approaches, 
such as molecular target therapies, are currently being explored.  
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AIM 
 
We therefore aimed to test the profiles of gene expression through the NanoString nCounter® 
technology in a series of well-characterized clinically aggressive PTC, matched with non-
aggressive PTC cases, to identify molecular biomarkers potentially predictive of aggressive 
clinical course that might be integrated with the current pathological characterization.   
 
MATERIAL AND METHODS 
 
Case selection. 
 
A group of 43 cases with aggressive clinical behavior, defined based on presence of metastasis 
atdiagnosis, development of distant metastases during follow-up, and/or biochemical 
recurrence (>2 ng/ml levels of thyroglobulin after TSH stimulation) was selected from a large 
series of PTC undergoing thyroidectomy from 2002 to 2017 at “Città della Salute e della 
Scienza” Hospital (Turin, Italy), San Luigi Gonzaga Hospital (Orbassano, Turin, Italy) and 
Mauriziano Hospital (Turin, Italy). These cases were matched for age, sex, and T and N 
parameters with 43 controls that resulted free of disease during the clinical follow up (median 
follow up 12.1 years, range 4.4 – 19 years). 
Representative hematoxylin & eosin (H&E) stained slides we re-evaluated for all cases 
enrolled in the study by three of us (FM, MV, MP). The following parameters were re-assessed 
and recorded: histological type, TNM stage, tumor diameter, uni- or multifocal presentation 
(including bilaterality), presence of tumor capsule, presence and extent of extrathyroidal 
invasion, presence of vascular invasion, status of surgical margins, presence of necrosis, 
presence of tumor infiltrating lymphocytes (TILs) and presence of fibro-sclerotic changes.  
A pool of normal thyroid tissues from patients operated due to benign thyroid conditions was 
used as the baseline for gene expression testing, and consisted of 3 female (aged 33, 50 and 71) 
and 3 male patients (aged 40, 50 and 69) (see below). 
Before the study started, all cases were de-identified and coded by a pathology staff member 
not involved in the study, and all data were accessed anonymously. 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. 
 
 
Molecular analyses 
From the resulting database of PTC cases, the subgroup with available archival formalin-fixed-
paraffin-embedded (FFPE) material, consisting of 24 pairs of aggressive and their non-
aggressive match, was analyzed by means of gene expression profiling, making it a total of 48 
tested cases, along with 6 samples of normal thyroid tissue.  
Two 10-μm-thick FFPE tissue sections were obtained from each tissue block and were 
collected in sterile Eppendorf tube by means of manual microdissection. The same procedure 
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was adopted for normal thyroid tissues, making sure that only healthy/unaltered parenchymal 
areas were dissected.  
RNA isolation was performed using the FFPE RNA Isolation Kit (Roche Diagnostics GmbH, 
Mannheim, Germany), according to the manufacturer’s protocols. Total RNA concentration 
was assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc., 
Wilmington, DE, USA). NanoString nCounter technology was used to measure relative 
expression levels of immune genes within the tumor microenvironment: 300 ng of total RNA 
from each sample were hybridized to the nCounter PanCancer Pathways Panel, according to 
the manufacturer’s instructions (NanoString Technologies, Seattle, WA, USA). The nCounter 
PanCancer Pathways panel includes 730 genes from 13 canonical pathways and 40 selected 
reference genes.  
 The analyses were set up according to the protocol provided by the manufacturer. 
Expression data were normalized and analyzed with the nSolver Analysis Software (version 
4.0.62). For background correction, the mean count of negative controls plus two times the 
standard deviation was subtracted from the counts for each gene. The means of the supplied 
positive controls and the geometric mean of the housekeeping genes were used to normalize 
the measured expression values. Both positive and negative controls were included in the panel, 
according to manufacturer’s instructions. Additionally, the Advanced Analysis module 
(version 2.0.134) was used to perform differential expression analyses. Briefly, by the 
differential expression analysis tool (nSolver Advanced Analysis module), for each gene a 
single linear regression was fit using all selected covariates to predict expression. A volcano 
plot was generated to display each gene's -log10 (p-value) and log2 fold change with the 
selected covariate. Highly statistically significant genes fell at the top of the plot above the 
horizontal lines, and highly differentially expressed genes fell to either side. Horizontal lines 
indicated various p-value thresholds. In addition, by the nSolver Advanced Analysis module, 
genes previously shown to be characteristic of various cell populations were used to measure 
these populations' abundance. Covariates plots were generated to compare raw cell type 
abundance measurements to covariates. The results of differential expression testing were also 
summarized at the gene set level. 
 
Statistical analyses. 
All analyses were performed using Stata/MP 15.0 Statistical Software (STATA, College 
Station, TX). The differences in the distribution of the variables evaluated based on clinical-
pathological parameters were analyzed using parametric and non-parametric tests (Student's t 
test, Pearson's chi-square test and Bonferroni's correction, Wilcoxon's rank test). Overall 
survival (OS) was calculated from the surgical excision date of the primary tumor to the date 
of thyroid cancer death or last check-up. The disease-free survival (DFS) was calculated from 
the date of surgical excision of the primary tumor to the date of the first relapse or last check-
up. Survival curves between different groups were plotted using the Kaplan-Meier method and 
the statistical comparisons were performed with Log-rank test. 
Cox regression analyses were carried out on DFS and OS to calculate HRs and 95 % CIs for 
the different study groups. All statistical tests were two sided. P-values < 0.05 were considered 
significant. 
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RESULTS 
 
Clinical and pathological characteristics of PTC case series.  
As shown in Table 1, aggressive PTC were more frequently multifocal (27/43, 62.8%) as 
compared to the non-aggressive cases (16/43, 37.2%) (p=0.031). The tumor capsule was absent 
in more than half of aggressive cases (29/43, 67.4%), and in only 17/43 (39.5%) of non-
aggressive ones (p=0.015). Furthermore, aggressive PTCs had more frequently TILs (26/43, 
60.5%), compared to only 11/43 (25.6%) cases in the non-aggressive group (p=0.001). Only 
10/43 (23.3%) non-aggressive PTCs had extensive fibro-sclerotic changes, compared to 21/43 
(48.8%) of aggressive cases (p=0.047). Of note, at follow-up, 11/43 (25.6%) patients with 
aggressive PTC died (8 of their PTC, and 4 due to other causes), compared to 4/43 (9.3%) 
patients with non-aggressive who died of other causes, not related to their PTC) (p=0.047). 
Although not statistically significant, vascular invasion was observed more commonly in 
aggressive (30/43, 69.8%) versus non-aggressive cases (21/43, 48.8%) (p=0.077).  
 
By means of univariate analyses (Table 2), in terms of DFS, presence of vascular invasion (HR 
1.99; CI 95% 1.12 – 3.55) (p=0.019), TILs (HR 2.81; CI 95% 1.50-5.27) (p=0.001), necrosis 
(HR 2.81; CI 95% 0.99-7.93) (p=0.050), extensive fibro-sclerotic changes (HR 2.29; CI 95% 
1.05-5.02) (p=0.038) and higher mitotic counts (HR 2.06; CI 95% 1.37 – 3.10) (p=0.001), were 
all correlated with adverse prognosis. On the other hand, presence of complete tumor capsule 
was confirmed as a favorable morphologic feature (HR 0.20; CI 95% 0.05 – 0.85). 
Regarding OS, age older than 55 (HR18.8, CI 95% 5.26-67.1) (p<0.001), pT3 descriptor (HR 
5.36; CI 95% 1.27-22.6) (p=0.022) and pT4 descriptor (HR 13.9; CI 95% 2.22 – 87.5) 
(p=0.005), TNM stage II (HR 6.76; CI 95% 1.89 – 24.2) (p=0.003) and stages III and IV (HR 
30.4; CI 95% 8.37-110.3) (p<0.001), tumor diameter larger than 4 cm (HR 11.1; CI 95% 2.11 
– 58.5) (p=0.004), presence of necrosis (HR 12.9; CI 95% 3.85 – 43.6) (p<0.001) and higher 
mitotic index (HR 2.29; CI 95% 1.54 – 3.41) (p=0.001) were parameters correlated with 
unfavorable outcome.  
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Table 1. Clinico-pathological features of the PTC case series (#86).  
 

Parameter Total Non-aggressive PTC Aggressive PTC     P-value   
Age Median (interval) 86 40 (18-82) 46 (19-78) / 
Sex M 32 16 16 /   F.  54 27 27 

T 

1 42 21 21 / 
2 22 11 11   
3 18 9 9   
4 4 2 2   

N 0 34 17 17 / 
1 52 26 26   

Histotype 

Classic 27 13 14 

0.579 

Classic + Follicular 20 10 10 
Follicular 14 8 6 
Oncocytic 5 3 2 
Tall cell 5 1 4 
Hobnail 7 2 5 
Solid 4 3 1 
Cystic 2 2 0 
Diffuse sclerosing 2 1 1 

Histotype 
(dichotomized)  

Classic/Follicular 61 31 30 
0.812 

Other histotypes 25 12 13 

TNM Stage 
1 71 38 33 

0.209 2 9 4 5 
3/4 6 1 5 

Tumor diameter (cm) 

≤1 17 10 7 

0.322 > 1 - ≤ 2 37 16 21 
> 2 - ≤ 4 25 15 10 
> 4 7 2 5 

Multifocal presentation no 44 27 17 0.031 yes 42 16 26 

Bilateral presentation no 57 32 25 0.110 yes 29 11 18 

Tumor capsule 
absent 46 17 29 

0.015 incomplete 29 17 12 
complete 11 9 2 

Extrathyroidal 
extension 

no 38 22 16 0.193 yes 48 21 27 

Vascular invasion no 34 21 13 0.077 yes 52 22 30 

Surgical margins negative 61 33 28 0.235 positive 25 10 15 

Necrosis no 81 42 39 0.167 yes 5 1 4 

Mitosis 

0 8 6 2 

0.255 
1 72 36 36 
2 3 1 2 
3 2 0 2 
5 1 0 1 

Tumor infiltrating 
lymphocytes  

no 49 32 17 0.001 yes 37 11 26 

Fibro-sclerotic changes 
absent 24 13 9 

0.047 mild 33 20 13 
extensive 31 10 21 

Follow-up status alive 71 39 32 0.047 dead 15 4 11 
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Table 2. Univariate analyses.  

 
 
 

  DFS OS 
 Parameter HR CI p HR CI p 

Age >55 1.46 0.73-2.91 0.278 18.8 5.26-67.1 <0.001 

Sex F VS M 1.00 0.54-1.87 0.982 0.72 0.26-1.98 0.521 

T 

1 0   1   

2 0.89 0.43-1.85 0.765 4.10 0.96-17.5 0.056 
3 0.98 0.43-2.21 0.956 5.36 1.27-22.6 0.022 
4 1.15 0.27-4.93 0.845 13.9 2.22-87.5 0.005 

N 1 VS 0 1.10 0.59-2.05 0.764 1.13 0.40-3.17 0.821 

TNM Stage 

1 1   1   
2 1.56 0.61-4.03 0.353 6.76 1.89-24.2 0.003 

3/4 2.40 0.93-6.17 0.070 30.4 8.37-
110.3 <0.001 

Tumor 
diameter (cm) 

≤1 1   1   
1 - 2 1.43 0.60-3.39 0.412 0.44 0.06-3.10 0.407 

> 2 - 4 0.91 0.35-2.38 0.844 2.56 0.51-12.7  0.251 

>4 2.55 0.81-8.04 0.111 11.1 2.11-58.5 0.004 
Multifocal 

presentation Multi vs uni 1.84 0.99-3.43 0.051 0.74 0.26-2.09 0.571 

Bilateral 
presentation  Yes vs no 1.44 0.78-2.66 0.245 1.05 0.36-3.10 0.922 

Tumor capsule 

absent 1   1   

incomplete 0.52 0.26-1.03 0.061 0.99 0.32-3.04 0.986 

complete 0.20 0.05-0.85 0.029 1.24 0.26-5.84 0.789 
Extrathyroidal 

extension Yes vs no 1.66 0.89-3.10 0.110 0.77 0.28-2.12 0.614 

Vascular 
invasion Yes vs no 1.99 1.12-3.55 0.019 2.47 0.95-6.45 0.064 

TILs Yes vs no 2.81 1.50-5.27 0.001 0.30 0.08-1.06 0.061 
Surgical 
margins 

Positive vs 
negative 1.74 0.92-3.27 0.085 1.40 0.48-4.11 0.537 

Necrosis Yes vs no 2.81 0.99-7.93 0.050 12.9 3.85-43.6 <0.001 

Fibro-sclerotic 
changes 

absent 1   1   
moderate 0.91 0.38-2.15 0.828 1.44 0.36-5.77 0.604 

extensive 2.29 1.05-5.02 0.038 1.46 0.36-5.86 0.589 

Mitotic index linear 2.06 1.37-3.10 0.001 2.29 1.54-3.41 0.001 
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In Figure 1 we present the Kaplan-Meier estimate of OS, showing that patients affected by 
aggressive forms of disease were significantly correlated with an unfavorable prognosis 
(p=0.038).  
In addition, we explored the impact of fibro-sclerotic changes on outcome. As shown in Figure 
2, the presence of extensive fibro-sclerosis was correlated with a shorter DFS (p=0.0121).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Kaplan-Maier estimates of overall survival (OS) of 43 aggressive cases of papillary 
thyroid carcinomas versus 43 non-aggressive ones (p=0.0386).. 
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Figure 2. Kaplan-Meier estimates of disease-free survival (DFS) according to fibro-sclerotic 
changes within the tumor bulk (p=0.0121). 
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Gene expression profile of aggressive and non-aggressive PTC cases  
 
The clinico-pathological characteristics of the 48 analyzed patients are summarized in 
Supplementary Table 1. 
In Figure 3, the gene expression differences of aggressive and nonaggressive PTC versus 
normal thyroid tissue, respectively, are shown.  
Specifically, an upregulation of RXRG, ATRX, COL1A1, EPOR, TGFB1, PML, PPP3CB, 
TRAF7, STK11, HMGA2, FN1, ETV4, RASA4, COMP, RIN1, LAMB3, CACNB3, DTX4, 
DUSP4, BCL2L1, BID, MET, INHBB, JAG2, SMAD2, HSPB1, PKMYT1, MCM7, WNT10A, 
TIAM1, LAT, SFN, TLR2, BAIAP3, CBL, PDGFA, ITGB4, RUNX1 (p<0.01) and 
downregulation of HDAC4, GLI3, MLF1 (p<0.01) genes was found in aggressive PTC cases, 
as compared to the baseline of normal thyroid tissue (Figure 3a).  
Moreover, RXRG, RASA4, DUSP4, COL1A1, ATRX, PDGFC, CBL, RIN1, HMGA2, FN1, 
ETV4, INHBB, COMP, BCL2L1, GNAQ, TGFB1, SFN, BID, PDGFA, RUNX1, LAMB3, 
TRAF7, KRAS, LAT, PIK3R2, JAG2, PPP3CB, SMAD2, TLR2, PML, MCM7, MYD88, EPOR, 
TIAM1, COL1A2, DTX4, AMER1, CIC, CCND3, SP1, POLD4, CACNB3, MET, H2AFX, 
GSK3B, STK11, MAP3K1, SFRP4, SMAD3, ARID2, SPP1, SOS2, OSM, CDKN2D, POLR2J, 
SMARCB1, ATM, MAD2L2, PRKDC, ITGB4, VHL, CDK6, DUSP5, AXIN1, JAK3, RAC2, 
MEN1, PLAU, HMGA1, SGK2, ALK, PIM1, COL4A4, HDAC5, CDC25B, IL2RB, BAIAP3, 
HSPB1, ITGA2, LAMA5, COL3A1 genes were found upregulated (p<0.01) and ASXL1, TPO, 
NUPR1, TSHR, FLT1, HDAC4, CACNA2D1, JUN, MLF1 genes downregulated (p<0.01) in 
non-aggressive PTC, as compared to the baseline of the normal thyroid tissue (Figure 3b). 
The overlapping up- and down-regulated genes in aggressive and non-aggressive PTC, as 
compared to normal tissues are reported in Figure 4. 
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Canonical pathways. 
In details, differential gene expression between aggressive and non-aggressive cases according 
to different pathways is presented in Supplementary Figure 1.   
Of note, none of the genes POLD4, H2AFX, POLR2J, ATM, MAD2L2, PRKDC, related to 
DNA Damage - Repair and upregulated in non-aggressive PTC cases, was found differentially 
expressed in aggressive PTC (p<0.01) (Supplementary Figure 1.a1/2).  
The same genes, DTX2 and JAG2, related to NOTCH pathway were upregulated 
(Supplementary Figure 1.b1/2) in both test groups (p<0.01). Regarding Transcriptional 
misregulation, all genes found up or downregulated in aggressive PTC, were overlapping with 
those of non-aggressive cases. In addition, in non-aggressive cases only, also SP1, ATM, MEN1 
and PLAU genes were up- and NUPR1 down-regulated (p<0.01). (Supplementary Figure 
1.c1/2). 
Regarding Hedgehog pathway, WN10A and GLI3 were found up- and downregulated in 
aggressive PTCs, respectively (p<0.01). On the other hand, another gene, namely GSK3B, 
related to the same pathway, was found upregulated in non-aggressive PTCs (p<0.01) 
(Supplementary Figure 1.d1/2).  
The analyses of another pathway, WNT, revealed overlap in only one gene between tested 
groups, namely, PPP3CB. In addition, several genes found upregulated in non-aggressive 
cases, CCND3, GSK3B, SFRP4, SMAD3, AXIN1, RAC2, and only one JUN, was found 
downregulated (p<0.01) (Supplementary Figure 1.e1/2).  
Regarding JAK-STAT pathway, there was an overlap in the upregulation of EPOR, BCL2L1, 
CBL genes in both groups, while PIK3R2, CCND3, SOS2, OSM, JAK3, PIM1 and IL2RB genes 

Figure 4. The overlapping up- and down-regulated genes in aggressive and non-aggressive PTC. 
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were up- and TPO down- regulated in the non-aggressive group, only (p<0.01) 
(Supplementary Figure 1.f1/2).  
Considering RAS pathway, there was a difference in overexpression of PDGFC, KRAS, RAC2, 
SOS2, and PIK3R2 genes, being overexpressed in non-aggressive cases, with an overlap 
regarding other differentially overexpressed genes (p<0.01), namely, RASA4, MET, PDGFA, 
RIN1, TIAM1, LAT and BCL2L1 (Supplementary Figure 1.g1/2). 

Regarding the genes labeled as "driver genes", there was an overlap in ATRX, TRAF7, 
STK11, MET, SMAD2, CBL and RUNX1, between two tested groups (p<0.01) (Supplementary 
Figure 1.h1/2). 

Analysis of MAPK pathway (Supplementary Figure 1.k1/2), revealed an overlap of 
TGFB1, PPP3CB, CACNB3, DUSP4, HSB1, and PDGFA. On the other hand, KRAS, MAP3K1, 
SOS2, DUSP5, RAC2, and CDC25B were found upregulated only in the non-aggressive cases. 
Also, CACNA2D1 and JUN were found downregulated in the same group (p<0.01).  

Genes related to PI3K pathway, namely COL1A1, EPOR, STK11, FN1, COMP1, 
LAMB3, BCL2L1, MET, TLR2, PDGFA, ITGB4 were found upregulated in both, aggressive 
and non-aggressive cases. On the other hand, PDGFC, KRAS, PIK3R2, COL1A2, CCND3, 
GSK3B, STK11, SPP1, SOS2, OSM, ITGB4, CDK6, JAK3, SGK2, COL4A4, IL2RB, ITGA2, 
and LAMA5, were found upregulated in non-aggressive PTCs (p<0.01) (Supplementary 
Figure 1.l1/2). 
To be considered, some of the genes are pertinent to different pathways.  
 
 
Gene expression levels of patients with biochemical recurrence versus normal thyroid 
tissue. 
 
We performed gene expression analyses on a subgroup of 6 patients that during the course of 
disease developed biochemical recurrence, only.  
As shown in Figure 5, several genes, namely, RXRG, TRAF7, ATRX, PPP3CB, TGFB1, 
COL1A1, GNA11, STK11, and EPOR we found upregulated (p<0.05) (Figure 5A). Of these 
nine differentially expressed genes, four belong to the "driver gene" group (Figure 5B). 
Moreover, similarly to previous analyses on aggressive/non-aggressive cases (see Figure 
3A/B), RXRG gene, pertinent to Transcriptional misregulation gene set was found as the most 
significant one. (Figure 5C).  
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Differential gene expression levels of overlapping genes in aggressive vs non-aggressive 
cases 
 
When taking into account all overlapping genes in aggressive and non-aggressive cases (see 
Figure 4), we found four genes, namely, DUSP4 (p=0.009) INHBB (p=0.009), JAG2 (p=0.042) 
and MLF1 (p=0.041) significantly over-expressed in the group of non-aggressive cases, as 
compared to the aggressive ones (Figure 6). 
 
  

Figure 6. Different gene expression levels of DUSP4 (p=0.009) INHBB (p=0.009), JAG2 (p=0.042) and 
MLF1 (p=0.041) (overlapping genes in aggressive and non-aggressive cases, see Figure 4), were found 
significantly over-expressed in the group of non-aggressive cases, as compared to the aggressive ones. 
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DISCUSSION 
  

In the present study, we reported that clinically aggressive PTC are associated with 
peculiar pathological features and gene expression profiles. 
 

PTCs in general show indolent behavior with localized disease and typically do not 
recur or metastasize beyond local lymph nodes. A recent meta-analysis, using univariate 
comparisons, has identified male sex, advanced age, tumor size, multifocality, lymphovascular 
invasion, extrathyroidal extension and lymph node metastasis as risk factors for distant 
metastasis in well differentiated thyroid cancers (463). 
Regarding morphological features, in line with literature data, we found TILs present more 
frequently in aggressive PTCs (26/43, 60.5%), as compared to non-aggressive cases 11/43 
(25.6%) (p=0.001) (464). In another study, authors showed that Tregs are present in PTC and 
may promote more aggressive disease. Furthermore, the relative frequency of Tregs in 
comparison with total CD4+ T cells and CD8+ T cells may be a useful tool in predicting disease 
severity in PTC patients (465).  
 

Moreover, another feature, extensive fibro-sclerotic tissue modification within the 
tumor bulk, was significantly more present in aggressive cases (21/43, 48.8%), as compared to 
non-aggressive PTCs (10/43, 23.3%). In fact, fibrosis has been reported to support cancer 
growth through a variety of mechanisms including direct cellular interactions, immune 
modulation, and extracellular matrix remodeling (466). Moreover, PTCs with intra-tumoral 
nodular fibrosis and heterotopic ossification were shown to have higher incidences of lymph 
node metastasis and extrathyroidal invasion than those without these features (467).  
 

A second part of our study was focused on the definition of gene expression profiles in 
a subset of aggressive and non-aggressive PTC cases, selected from the pathological series and 
matched also for histological type. Several studies employed NanoString nCounter technology 
to explore genetical make up of thyroid malignances (388,444,445). However, to the best of 
our knowledge, this is the first study using nCounter® PanCancer Pathways Panel, exploring 
different canonical pathways.  
Most thyroid cancers harbor mutations along the MAPK cellular signaling pathway (468). This 
pathway, activated by mutually exclusive RET, BRAF, and RAS mutations in thyroid cancer, 
transmits growth signals from the cell membrane to the nucleus. These mutational events, 
playing an important part in gene expression and cell regulation, initiate cancer development. 
In some but not all thyroid cancers, tumor initiation is followed by tumor progression, 
depending on the accumulation of more mutations. These somatic mutations enable the tumor 
to recruit further signal pathways (468). 
 

Analysis of MAPK pathway (Supplementary Figure 1.k1/2), revealed an overlap of 
TGFB1, PPP3CB, CACNB3, DUSP4, HSB1, and PDGFA. On the other hand, KRAS, MAP3K1, 
SOS2, DUSP5, RAC2, and CDC25B were found upregulated only in the non-aggressive cases. 
Also, CACNA2D1 and JUN were found downregulated in the same group (p<0.01).  
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In particular, CACNA2D1 gene has been related to enhanced radio resistance in cancer stem-
like cells of non-small cell lung cancer cell lines (469). Moreover, CACNA2D1 expression at 
the protein level in a case series of ovarian cancer was suggested to play a crucial role in 
promoting aggressive ovarian cancer behavior and progression, and that it may serve as a novel 
predictive prognostic marker and a potential target for therapeutic intervention in these patients 
(470). Furthermore, JUN is a proto-oncogene, and its encoding product is the first discovered 
oncogenic transcription factor (471). Of note, JUN has been proposed as a specific diagnostic 
biomarker/therapeutic molecular target of PTC (472). In another setting, namely murine model  
of hepatocellular carcinomas it has been demonstrated that it could promote tumor formation 
and maintain tumor cell survival between the initiation and progression stages (473).  
Interestingly, both genes, CACNA2D1 and JUN were found downregulated in non-aggressive 
group of PTCs.  
 

The development of more aggressive and de-differentiated thyroid tumors is believed 
to be associated with additional late-hit driver mutations (305,369). The most common and 
well-studied of those are TERT promoter mutations, which have been associated with 
recurrence and mortality, particularly when they concomitantly occur with a primary BRAF or 
RAS mutation (308,310,474). The initial RAS or BRAF mutation is central to the subsequent 
behavior of the tumors they give rise to. BRAF mutations confer strong activation of ERK, 
whereas RAS mutations provide weaker ERK activation, but allow activation of other relevant 
effectors involved in tumorigenesis such as PI3K (phosphatidylinositol 3-kinase) or RAC1 
(Ras-related C3 botulinum toxin substrate 1) (305). 
 

Considering RAS pathway, there was a difference in overexpression of PDGFC, KRAS, 
RAC2, SOS2, and PIK3R2 genes, being overexpressed in non-aggressive cases, with an overlap 
regarding other differentially overexpressed genes (p<0.01) (Supplementary Figure 1.g1/2). 
Interestingly, PIK3R2 gene, found downregulated in non-aggressive PTC cases, was studied in 
tumor xenografts models of lung squamous cell carcinoma cell lines where authors examined 
the consequences of targeting PIK3R2 expression. The authors demonstrate that the 
interference with PIK3R2 expression in established squamous cell carcinoma xenografts 
reduced tumor survival. In particular, interference with PIK3R2 expression triggered tumor 
shrinkage in all the cell lines with predominant p85β expression.  
However, some of the genes pertinent only to non-aggressive cases in our study, such as 
PDGFC (475,476), RAC2 (477) were labeled as oncogenic in different tumor models, 
promoting tumor growth and metastasis.  Specifically, RAC2 is involved in various aspects of 
host defense including integrin and immunoreceptor signaling, polarization to M2 
macrophages and generation of ROS (478–480). RAC2 knockout mice demonstrated a 
pronounced impairment in tumor growth, angiogenesis, and metastasis (479).  
 

DNA damage is one of the major causes that trigger the development of tumors (481). 
DNA repair pathways are encoded by a class of proteins that detect DNA double stand breaks, 
chromosomal fragmentation, translocation and deletions, and can correct some alterations 
(482). The DNA damage response pathway responds to cellular damage by using signal 
sensors, transducers and effectors (483). Such mechanisms help the genome to tolerate or 
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correct damage on an ongoing basis. DNA repair mechanisms restore damaged DNA and may 
have a dual effect on the tumor: they prevent new somatic mutations and may restrict tumor 
development, but they also restore tumor cells with damaged DNA after chemo and radiation 
therapy (484). DNA repair genes can make tumor cells more sensitive to the therapy, but at the 
same time not-repaired damaged tumor cells can form more new clones of treatment resistant 
cells (485,486).  
 
Of note, POLD4, H2AFX, POLR2J, ATM, MAD2L2, PRKDC, genes related to DNA Damage 
- Repair pathways were found upregulated in non-aggressive PTC cases, only. 
 
ATM gene located on chromosome 11q22-23 spanning over 160 kb of genomic produces a 
protein that plays a key role in DNA damage response, especially for double-strand break 
(487). ATM belongs to the phosphoinositide 3-kinase (PI3-K) family and exists in the form of 
dimer or multimer (488). Once cells received radiation, ATM dimer will be dissociated and so 
activated, followed by a variety of downstream proteins phosphorylation (489,490). 
Malignancies that have been reported to be associated with specific ATM alleles mutation 
include breast, lung, thyroid, prostate cancer, and chronic lymphocytic leukemia (491–495). 
Studies previously suggested that low expression of ATM was related to poor differentiation of 
oral squamous cell carcinoma and gastric cancer and involved in lymph-node metastasis 
(496,497). A recent study also demonstrated that ATM facilitated invasion and lymph-node 
metastasis of breast cancer through the ATM-Snail pathway (498). Similar situation was found 
in neuroendocrine tumor in which ATM was downregulated in metastatic patients compared 
with nonmetastatic ones (499). The authors suggested that ATM down-regulation can lead to 
increased cell cycle regulatory genes such as CDKN3 and CCNB1, and then increased CDKN3 
and CCNB1 leading to increased cell division and cell proliferation. 
 
Another gene, related to the same pathway, H2AFX, maps to chromosome 11 at position 11q23, 
in a region that frequently exhibits mutations or deletions in a large number of human cancers 
(500,501). Head and neck squamous cell carcinoma is often characterized by amplification of 
chromosomal region 11q13 as well as loss of distal 11q, the region containing H2AFX (502).  
The increased chromosomal instability seen in these cells indicates that loss of 11q and H2AFX 
may contribute to tumour development, progression and resistance to therapy in this cancer 
subtype. These findings have led to the intriguing proposal that human H2AFX may be an 
excellent candidate gene to indicate susceptibility to lymphomas, leukemia and other cancers 
(503,504). Additional evidence of the tumour-suppressing role of H2AX comes from a study 
involving gastrointestinal stromal tumour (GIST) cell lines. Imatinib mesylate, a clinically 
approved protein kinase inhibitor, has been shown to trigger apoptosis in GIST cell lines 
through upregulation of H2AX (505).  
  
MAD2L2 was originally identified as a subunit of DNA polymerase ζ critical for DNA 
translesion synthesis (506) and a component of the mitotic spindle assembly checkpoint that 
inhibits the anaphase-promoting complex (507). 
MAD2L2 has been reported to promote Elk-1 phosphorylation by c-Jun N-terminal protein 
kinase (JNK) and thus lead to the up-regulation of Elk-1 target genes in the presence of DNA 
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damage, which suggests that MAD2L2 might be a central player in coordinating the cellular 
response to DNA damage (508). Moreover, MAD2L2 has been reported to regulate the 
epigenetic reprogramming of germ cells (508,509) and the maintenance of pluripotency in 
embryonic stem cells (510), and promote the open chromatin configuration through DPPA3 in 
embryonic stem cells (511). Accordingly, it is not surprising that dysregulation of MAD2L2 
has been found in multiple cancers. For instance, MAD2L2 was overexpressed in glioma, 
epithelial ovarian cancer, and breast cancer (512–514), while inactivation of MAD2L2 
sensitized nasopharyngeal carcinoma cells to DNA-damaging agents (515).  
Of note, in a study by Li et al (516), higher expression of MAD2L2 was associated with lower 
tumor volume, earlier TNM stage, less invasion, and a smaller chance of distant metastasis in 
colorectal cancer patients, which suggested that MAD2L2 was a suppressor of colorectal cancer 
growth and metastasis. Consistently, survival analysis indicated that MAD2L2 suppressed 
colorectal cancer development.  

 

CONCLUSIONS 
 
In conclusion, we demonstrate that clinically aggressive PTC are characterized by peculiar 
pathological features, including an increased TILs infiltration and a more prevalent occurrence 
of intratumoral fibrosis, supporting the value of a careful reporting of these parameters in the 
PTC diagnostic work up. Moreover, although non-aggressive PTC in our series showed a larger 
number of deregulated genes as compared to aggressive PTC cases, the existence of a set of 
differentially regulated genes in the two groups suggests that different molecular mechanisms 
are active in promoting clinical aggressiveness in PTC with special reference to the impairment 
of the Hedgehog pathway.   
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SUPPLEMENTARY MATERIAL 
 
Supplementary Table 1. Clinico-pathological characteristics of cases included in nCounter 
Nanostring analyses (#48).  
 

Parameters TOTAL 
Non-
aggressive 
PTCs 

Aggressive 
PTCs 

P value 

Age median (interval) 38 (18-73) 37 (18-61) 40 (19-73) / 

Sex M 16 8 8 / 
F 32 16 16 

Histotype Classic/Follicular 38 19 19 / 
Other histotypes 10 5 5 

T 
1 30 15 15 / 
2 16 8 8 
3 2 1 1 

N 0 22 11 11 / 
1 26 13 13 

Histotype Classic/ Follicular 38 19 19 1.000 
Other histotypes 10 5 5 

TNM Stage 1 47 23 24 0.312 2 1 1 0 

Tumor diameter  
(cm) 

≤1 10 6 4 

0.702 > 1 - ≤ 2 22 9 13 
> 2 - ≤ 4 14 8 6 
> 4 2 1 1 

Multifocal 
presentation 

no 24 19 5 <0.001 yes 24 5 19 
Bilateral 
presentation 

no 33 20 13 0.029 yes 15 4 11 

Tumor capsule 
absent 22 7 15 

0.064 incomplete 19 12 7 
complete 7 5 2 

Extrathyroidal 
extension 

no 23 14 9 0.149 yes 25 10 15 

Vascular invasion no 22 14 8 0.082 yes 26 10 16 

Surgical margins negative 35 18 17 0.745 positive 13 6 7 

Necrosis no 47 23 24 0.312 yes 1 1 0 

Mitosis 
0 8 6 2 

0.199 1 39 18 21 
2 1 0 1 

Tumor infiltrating 
lymphocytes 

no 24 17 7 0.004 yes 24 7 17 

Fibro-sclerotic 
changes 

absent 16 10 6 
0.040 moderate 18 11 7 

extensive 14 3 11 

Follow-up alive 45 23 22 0.551 dead 3 1 2 
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Supplementary Figure 1. Differential gene expression in aggressive and non-aggressive papillary thyroid carcinomas, 
according to different canonical pathways (continued at page 134 and 135).   
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CHAPTER 3: MERKEL CELL CARCINOMA AND CHIMERIC ANTIGEN RECEPTOR 
(CAR) T- CELL THERAPY 
 
 
INTRODUCTION 
 
 

Merkel cell carcinoma (MCC) is a rare cancer. Data from the SEER program in the US 
and national registries in Europe, Australia and New Zealand  estimate global incidence 
ranging between 0.1 and 1.6 cases per 100,000 inhabitants / year, with the peak recorded in 
Australia (517). Given the progressive aging of the population, it is expected that the incidence 
in the USA could rise from approximately 2500 cases per year in 2013 to more than 3000 cases 
per year by 2025 (518). This increase is most probably due to the diagnostic progress, aging of 
population, development of regional and national registers, and greater awareness and 
familiarity with this tumor by medical community.  
 
The most affected are subjects with fair complexion, elderly and with significant previous sun 
exposure. The incidence is generally higher in men than in women (518). The most affected 
group of patients are older adults (median age of 75-80 years), while pediatric cases are 
extremely rare (519,520). In fact, an analysis of the data coming from over 9000 patients in the 
USA has shown a median age of 76 years and that only 12% of patients are under 60 years of 
age (521).  
MCCs have a higher incidence in immunosuppressed individuals, which make 10% of patients 
(522). Immunosuppression is the risk of developing this disease and many reports show that 
tumor onset in these patients occurs at an earlier age compared to average values. Furthermore, 
immunosuppression is associated with a worst prognosis, regardless of the stage of the disease: 
the 3-year MCC-specific survival is half of that of immunocompetent patients (523,524). 
Moreover, reports have described MCC onset at an earlier age in immunosuppressed patients, 
particularly organ-transplant-recipients and patients with HIV/AIDS (525,526). 
 
Cell of origin 
 

The name for MCCs comes from the structural and immunohistochemical 
characteristics they share with Merkel cells. However, there has been an ongoing debate in the 
literature about the cells of origin of MCC, with various groups suggesting that MCCs do not 
arise from Merkel cells but instead arise from epidermal stem cells (527), dermal stem cells 
(528) or pre-/pro-B cells (529).  
 
Histologically, MCC reveals distinctive subtypes, which are the intermediate (approximately 
90%), the small cell and the trabecular type, which all express cytokeratin 20 (CK20), neural 
cell adhesion molecule (NCAM/CD56), Chromogranin A and Synaptophysin (107).  
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Even though MCCs share certain features with Merkel cells, emerging data suggest that Merkel 
cells are not the cells of origin (530). Merkel cells are oval shaped osmoreceptors and 
mechanoreceptors essential for light touch sensation (531). While MCCs share some markers 
with Merkel cells, there are important differences. For example, although CK20 is expressed 
in both Merkel cells and MCCs, its pattern of expression differs sharply. In Merkel cells, CK20 
is loosely arranged, leading to diffuse CK20 immunohistochemical staining in the cytoplasm. 
In contrast, in MCCs, CK20 filaments are organized in characteristic whorl- or plaque-like 
arrangements, leading to the classic dot-like staining pattern in IHC (532). Moreover, MCCs 
express a number of markers, such as c-kit, CD171, and CD24 that are not expressed by Merkel 
cells (533).  Of note, the frequent expression of B-lymphoid lineage markers in MCC and its 
sometimes difficult histological discrimination from lymphoid malignancies (534) contributed 
to the formulation of the hypothesis that MCC could originate from pre/pro B-cells (529,535). 
The pre/pro B-cell as the cellular origin of MCC would explain why most MCCs are located 
within the dermis and subcutis (536) without revealing contact to the epidermis, where Merkel 
cells or epidermal stem cells reside (529). The arguments in favor of a lymphocytic origin are: 
expression immunohistochemistry of B-cell markers (PAX5, TdT) and immunoglobulins (IgH 
and Igk), tumor regression following treatments with Idelalisib (normally used in the treatment 
of B-cell lymphoma) (537). 
Furthermore, the lymphocytes (as well as the fibroblasts) are located in the dermal 
compartment, which is not very exposed to the action of ultraviolet rays. Therefore, UV-
mediated MCCs are unlikely to originate from these cells. 
A recent study (538) by Kervarrec and colleagues, based on the sequencing of a combined 
tumor consisting of a trichoblastoma and MCC, supports the hypothesis of an origin from 
epithelial progenitors. Finally, it seems that the dermal fibroblasts are able to support the viral 
replication of Merkel cell polyomavirus (MCPyV) (see below), representing the main host of 
infection in MCCs. It was demonstrated that the production of matrix metalloproteinases 
(MMPS), induced by molecular pathway WNT / β-catenin, promotes infection of fibroblasts 
by MCPyV (539) (Figure 1, source (533). 
 
According to some authors it is also possible that MCCs have cells of multiple origin (530), 
with MCPyV-positive forms that could originate from dermal fibroblasts and the MCPyV-
negative forms that could be connected to epidermal cells. However, this argument still 
remains controversial. 
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Clinical features 
 

Clinically, MCC develops rapidly and asymptomatically over months (540). Heath and 
colleagues coined  an acronym: AEIOU – according to the he most significant features can be 
summarized in Asymptomatic/lack of tenderness, Expanding rapidly, Immune suppression, 
Older than age 50, and UV-exposed site on a person with fair skin (522). It usually manifests 
as solitary, firm, flesh-colored to red nodule with a smooth, shiny surface, sometimes with 
telangiectasia (541). The majority of MCCs arise on sun-exposed skin. The most frequently 
affected sites are the head and neck (50%) and extremities (40%) (541). Of note, metastatic 
disease may develop in absence of prior history of primary MCC. In such cases, primary tumor, 
may have spontaneously regressed (542).  
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Scheme of potential cells of origin of Merkel cell carcinoma (MCC), shown from an ontogenetic 
perspective. All arrows with a scattered line represent thus far hypothetic lineage relationships. However, whereas 
MCC derivation from Merkel cells is not very likely, there are hints implying epidermal stem cells in MCC genesis, 
and dermal stem cells as well as SKPs at least cannot be excluded as cells of origin for MCC. For each putative 
cell type of origin, an involvement of MCPyV in MCC genesis is highly probable, at least in a large fraction of 
MCCs (source 533). 
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Staging system and sentinel lymph node biopsy 
 

Staging represents a fundamental step in the management of MCC. Following the 
histopathological confirmation of the diagnosis, MCC patients should undergo an evaluation 
for extra-primary disease. For this purpose, ultrasound examination of the regional, lymph 
nodes are generally recommended, along with CT / MRI and alternatively with PET-CT for 
the diagnosis of distant metastatic deposits. MCC generally spreads to loco-regional lymph 
nodes earlier than giving distant metastasis. Precisely for this reason the biopsy of the sentinel 
lymph node, represents an important staging procedure. 
Regional node involvement has been reported in up to two-thirds of patients and can be 
apparent at initial presentation in one-third. It can take up to eight months for nodal metastases 
to become clinically apparent. Proper identification and staging of the nodal involvement could 
direct treatment algorithms for patients with MCC. These algorithms can include elective 
lymph nodal dissection or adjuvant treatment with radiation or chemotherapy (543). The eighth 
edition American Joint Committee on Cancer (AJCC) staging system provides important 
information for both management and prognosis of patients with MCC (544).  

MCC staging is assigned based upon tumor, node, and metastasis assessment. These stages can 
be summarized as follows: 

●Stage I – Primary tumors ≤2 cm in maximum dimension (T1), without evidence of regional 
lymph node involvement. 
●Stage II – Primary tumors >2 cm (T2 or T3) or a primary tumor with invasion into bone, 
muscle, fascia, or cartilage (T4), without evidence of lymph node involvement. Stage II is 
further divided into two subgroups based upon the size and depth of invasion of the primary 
tumor. 
●Stage III – Any primary tumor with in-transit metastasis or regional lymph node disease. 
Pathologic stage III is divided into subgroups based upon the extent of in-transit or regional 
lymph node involvement. 
●Stage IV – Metastasis beyond the regional lymph nodes, regardless of the status of the primary 
tumor and regional node. 
 

The diagnostic accuracy and usefulness of sentinel lymph node biopsy in MCC have 
been studied in detail. Gupta et al. analyzed 122 patients with clinical N0 staging and found 
that 32% harbored occult metastatic disease, compared to a 5% incidence rate in similarly 
staged melanoma (545). As expected, patients with positive sentinel lymph node biopsy 
(SLNB) were 3 times more likely to develop recurrent disease than with N0 patients. This study 
showed that SLNB changed the stage of one-third of MCC patients, altering their treatment 
course. Many other studies have shown that SLNB can be performed reliably and safely both 
in the head and neck region (546) and in the extremities (547) in order to identify occult 
regional disease. 
A study from Memorial Sloan-Kettering in New York looking at recurrence and survival in 
MCC patients undergoing SLNB showed that the only predictors of SLNB positivity were 
primary tumour size (25% <2 cm versus 45% >2 cm) and the presence of lymphovascular 
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invasion (55% positive versus 4% negative). Interestingly, they found no difference in 
recurrence or death from MCC between SLNB-positive and -negative patients. Moreover, only 
lymphovascular invasion was associated with both recurrence and survival (548).  
 
Schmalbach et al. studied 10 patients with MCC who had SLNB and found that the two patients 
with positive lymph nodes appeared negative on hematoxylin-eosin staining. MCC was 
identified using CK20 immunostaining (549). It should be noted that the clinical significance 
of submicroscopic lymph node metastases identified only by immunohistochemistry remains 
unclear. 
 
Microscopic features 
 
Microscopically, MCC belongs to the category of small blue round cell tumors. The mass 
develops intradermally but frequently extends subcutaneously and is generally made up of 
small, nodular aggregates of monomorphic cells characterized by scant cytoplasm, large 
basophilic nuclei with irregular outlines and indistinct nucleoli (Figure 2, source (550).  An 
accurate histological analysis is essential for the diagnosis.  In detail, MCC is composed of 
cells of uniform size with a round to oval nucleus and scant cytoplasm. Nuclear membranes 
are distinct, the chromatin is finely dispersed, and nucleoli are usually inconspicuous. Mitotic 
figures and nuclear fragments are numerous. Focal spindle cell differentiation may be present. 
The tumour is centered on the dermis and frequently extends into the subcutaneous fat. The 
epidermis may be involved in a pagetoid fashion and in exceptional cases the tumour cells are 
entirely limited to the epidermis. Ulceration of the epidermis occurs in a subset of cases. This 
neoplasm forms diffuse sheets and solid nests in the dermis. The dermis occasionally shows a 
desmoplastic response. Larger lesions may show focal necrosis and angiolymphatic 
involvement is commonly present (551). Three histological variants were described, although 
their prognostic significance has showed limited level of evidence. Trabecular is the rarest 
histological subtype, and if present it is usually focal. Some cases show so-called Homer-
Wright-like pseudorosettes (550). Numerous mitotic figures scattered apoptotic cells and 
occasionally zones of geographic necrosis are observed. The intermediate subtype is the most 
common and is characterized by a high cellular mitotic activity. Finally, the third variant, small 
cell, is a form undifferentiated and has similar characteristics as small cell forms of other 
carcinomas. 
 
Immunohistochemistry  
 
Tumour cells express low molecular weight cytokeratins (detectable by specific or broad 
spectrum cytokeratins such as AE1/AE3, CAM5.2, pan-cytokeratin), epithelial membrane 
antigen and the epithelial marker BER-EP4. Cytokeratin 20 is a sensitive and quite specific 
marker for Merkel cell carcinoma (552). The staining pattern for low molecular weight 
cytokeratins and CK20 typically is as paranuclear dots, but may also show cap-like paranuclear 
or diffuse cytoplasmic staining (553). CK20 is useful in combination with thyroid-transcription 
factor-1 to differentiate between Merkel cell carcinoma (CK20 positive, TTF-1negative) and 
small cell carcinoma of the lung (<10% CK20 positive, TTF-1 positive) (554). CK20 and broad 
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spectrum cytokeratin are also useful for the detection of occult micro-metastases in sentinel 
lymph nodes (555). Markers of neuroendocrine differentiation include CgA, SYN, NSE, 
somatostatin, calcitonin, gastrin and others (Figure 2, source (550). Merkel cell carcinoma also 
expresses CD117, the KIT receptor tyrosine kinase (556), and in approximately a third of cases 
CD99 (557). The tumour cells are negative for leukocyte common antigen and S-100 (551). 
PAX-5 is expressed with variable intensity by 93% of MCC, while huntingtin-interacting 
protein 1 (HIP1) oncoprotein is detected in 90% of tumors (558). One third of the tumors stain 
for the p63 tumor protein; this is associated with a more negative prognosis (559). Recently, 
the insulinoma-associated protein (INSM1) has been shown to be a sensitive but not-specific 
nuclear marker (560).  
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Figure 2. Shave biopsy of skin displaying a Merkel cell carcinoma with pure neuroendocrine morphology at scanning, A, 
and high, B magnification. The neoplastic small blue round cells exhibit spotty nuclear positivity for Merkel cell 
polyomavirus, C, and cytoplasmic positivity for CK20 (paranuclear dot and circumferential patterns), D, synaptophysin 
(diffuse cytoplasmic pattern), E, and neurofilament (scant dot-like pattern), F(source 550). 
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Merkel cell polyomavirus (MCPyV) and role in MCC 
 

Merkel cell polyomavirus (MCPyV) is a naked double-stranded DNA virus belonging 
to the Polyomaviridae family (561). Its circular genome of ~5400 base-pairs (bp) encompassed 
three functional domains. The early region includes the “Tumor” (T) antigen gene locus (562), 
from which, alternatively-spliced RNA transcripts are produced. This region encodes for 
distinctive gene products: the large T (LT), small (sT), 57kT antigens and a product from an 
alternate frame of the LT open reading frame (ALTO) (563). The LT, sT and 57 kT antigens, 
due to alternative splicing, share a 78 amino acid sequence at their N-terminal region (564). 
The discovery of MCPyV in 2008  enabled the progress in the understanding of oncogenesis 
of this neoplasm (565).  
 

The integration pattern of MCPyV suggests that viral infection and non-productive 
integration of the viral genome into the host cell occurs earlier then the proliferation of cancer 
cells. Furthermore, the continued expression of the T antigens is required for the survival of 
cancer cells. All together this evidence provides strong support for the causal role of MCPyV 
in development of the MCC. Although it is well defined as the clonal integration of viral 
genomic DNA in the host genome precedes the development of most cases of MCC, the 
mechanism by which infection contributes to tumor progression and many aspects of the 
process of the infectious cycle still remain unclear (539,566,567). 
 

MCPyV-positive MCCs express a C-terminal truncated LT (tLT) due to nonsense 
mutations or frameshift mutations generating premature stop codons. Tumor-derived tLTs 
retain the DnaJ region and the RB binding domain, and sometimes the NLS, but lack the OBD 
and helicase/ATPase domain (568,569). The C-terminal region contains several elements 
fundamental for viral replication, hence tLT fails to support viral replication (570). As for other 
human PyVs, and in general for other tumor viruses, there is strong selective pressure within 
tumors to eliminate viral replication capacity (571). 
 

Studies in mouse and human fibroblasts demonstrated that expression of a tumor-
derived tLT has stronger growth promoting activities than wild-type LT and 57kT (572). 
Expression of full-length did not induce anchorage-independent growth, whereas tLT proteins 
induced aggregates in soft agar that did not grow into full colonies, suggesting that tLT has 
increased cell proliferative capacity compared with the wild-type LT. Expression of the C-
terminal 100 amino acids residues inhibited the cell growth of fibroblasts and of the virus 
positive-MCC MKL-1 cell line (572). The mechanism by which this region inhibits cellular 
growth is not known but is likely to be independent of p53 since neither full-length LT nor 57 
kT are able to bind p53. The C-terminal domain may interact with a yet unidentified cellular 
protein involved in growth regulation. Putative candidates are the cell cycle checkpoint kinase 
ATM, casein kinase 2β and phosphatidylinositol-5-phosphate 4-kinase type 2β, which are all 
involved in proliferation and were found to interact with MCPyV LT, but the biological 
importance of these interactions were not examined, nor was the region of LT required for 
interaction identified (573). CRISPR/Cas9 targeting of LT/57kT impaired MS-1 and WaGa 
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cell proliferation, decreased G1/S cell cycle progression and increased apoptosis. Additional 
targeting of sT did not enhance the effect in LT/57kT mutated cells (574,575). 
 

Cell culture studies revealed that neither full-length nor tumor-derived tLT was able to 
trigger cellular transformation  (576) but LT is required for growth of virus positive-MCC cells 
(577,578). The C-terminal domain of LT causes DNA damage and stimulates host DNA 
damage response, leading to p53 activation and inhibition of cellular proliferation. 
Phosphorylation of the C-terminus by ATM kinase induces apoptosis and inhibits proliferation 
(579,580). Thus, the C-terminus of LT contains anti-tumorigenic properties and may explain 
why this region is deleted in VP-MCC. To further elucidate the role of MCPyV LT in MCC 
tumorigenesis, cellular proteins that interact with LT were identified using different methods 
(573,581). However, the biological relevance of these interactions and possible implications 
for MCPyV-induced cancer have not always been studied. 
 

Unlike other common episomal infections, genetic analyses have found that viral DNA 
is clonally integrated into the host cell genome. The etiology of over 80% of MCC tumors can 
be traced to MCPyV by the presence of integrated MCPyV genomic sequence in the cellular 
DNA 
 (582). Liu et al  (567) in their recent study identified a cell culture model MCPyV infection 
which could facilitate understanding of the mechanisms oncogenic agents of viral DNA. They 
identified the dermal fibroblasts as the natural host skin cell that supports virus entry, gene 
expression and replication. This discovery arose after establishing in cell cultures the 
conditions that potentially mimicked cell growth in the skin. The cellular signaling associated 
with damage repair could induce the skin microenvironment to promote viral infection. 
Subsequently, proliferation of fibroblasts stimulated transcription and viral replication. 
In this model, the induction of metalloprotease besides the WNT/ β-catenin pathway and other 
growth factors, such as EGF and FGF, stimulate MCPyV infection. This suggested that MCC 
risk factors, such as UV radiation and aging, which are known to stimulate WNT signaling and 
metalloprotease expression, may promote viral infection and thereby drive MCC tumorigenesis 
(567). Subsequent studies using PCR and/or immunohistochemistry targeting MCPyV large T 
antigen have at times provided disparate estimates of viral positivity in MCC, ranging from as 
low as 24% in some series to 100% in another (583,584). With wide variation in methods and 
populations, the remaining 10 of 12 major studies to address this question to date have 
estimated anywhere from 46% to 89% MCPyV positivity, with the aggregate estimate of all 
studies being 76% (453 of 595 unique MCCs)  (565,583–593). At this time, there is currently 
no accepted standard method for determining MCC viral status, neither is there consensus on 
which single assay might be most appropriate for routine clinical application (594). 
The most common methods for detection of MCPyV in MCC include PCR amplification of 
MCPyV DNA from DNA isolated from MCC tumors or immunohistochemistry staining for 
MCPyV LT using monoclonal antibodies CM2B4 and Ab3 (584,595).  
The use of gene sequencing in recent studies has made it possible to characterize the genomic 
background of association-based MCC subtypes with the viral status. Several series have 
shown that MCPyV-negative tumors have a high mutational load, with the distinctive UV 
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radiation damage signature (CC> TT substitution), and more frequent mutations in oncogenic 
pathways such as p53 and RB as compared to the positive MCPyV counterpart (594,596).   
  

Despite the significant differences in the tumor mutational burden between MCPyV-
positive and MCPyV-negative MCC, there were few phenotypic differences in the two types 
of MCC. Based on histopathological features alone, two subtypes of MCC can be recognized: 
pure neuroendocrine tumors and combined tumors with neuroendocrine and divergent (mainly 
squamous) differentiation. Most pure tumors are MCPyV-positive and CK20-positive while 
combined tumors are uniformly MCPyV-negative and occasionally CK-20 negative (597,598). 
However, virus-negative MCC can also present as pure neuroendocrine-type MCC (599).  
 
While genomic sequencing has revealed that virus-negative MCC has evidence for a high 
degree of UV damage, this does not exclude a role for UV exposure in the development of 
virus-positive MCC. The relative lack of UV damaged DNA in virus-positive MCC indicates 
that the etiologies are clearly different, suggesting that the precursor to virus-negative MCC 
was a recipient of lifelong intense UV exposure while the virus-positive MCC were not 
exposed to sunlight for the same degree or for as long. It was reported that the early promoter 
of MCPyV responds to UV exposure and that levels of small T antigen mRNA increased in 
UV exposed skin from a healthy human volunteer (600). Transient UV exposure could affect 
the immune response to virus-negative and virus-positive MCC etiology. The effect of UV 
radiation in the pathogenesis of MCC has been suggested to be more likely a result of immune 
modulation rather than direct effects on DNA itself (601). 
 
Genetic landscape 
 

With the advent of next-generation sequencing, the mutational profile of MCC has 
emerged. MCPyV-positive and MCPyV-negative MCC's have displayed unique mutational 
profiles. For MCPyV-negative patients, NGS and whole exome sequencing have revealed a 
high tumor mutational burden, with recurrent mutations in TP53 and RB1. On the other hand, 
for MCPyV-positive patients a particularly low TMB has been noted, without a pattern of 
recurrent mutations (602–604).  
 

In fact, the aforementioned data allowed genomic mapping to identify two distinct 
patterns of genomic alterations that support the theory of two different etiologies underlying 
MCPyV positive and MCPyV negative cases. However, MCC appears to exhibit dysregulation 
in common cell signaling pathways, regardless of viral status. The somatic mutations in the 
negative virus cases could, in fact, mimic the effects of viral oncoproteins. For example, Rb is 
inhibited by the LT antigen in virus cases positive and presents inactivating mutations in 
negative cases, converging genotypically in a G1 / S checkpoint dysregulation in both subtypes. 
Recently González-Vela et al evaluated transduction pathways in 48 cases potentially involved 
in MCC tumor development using genomic and immunohistochemical approach. In spite of 
the already highlighted important gene differences, both subgroups share the accumulation of 
factors of transcription such as NFAT, (activated T cell nuclear factor) / PCREB (protein 
phosphorylated ligand CRE) and P-STAT (activator of transcription-3 and transducer of the 
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signal). This evidence suggests a common deregulation of the pathogenetic mechanisms as a 
potential treatment target (596,603,604).  
 

Moreover, mutations affecting PIK3CA and deregulated PI3K-mTOR activity have 
been observed in patient samples and cell lines (591,605), and alterations in NOTCH and 
RAS/mitogen-activated protein kinase signaling pathways (522) have been detected in MCCs.  
Although TP53 and RB1 rank as the 2 most common mutations in both subsets, the UV-driven 
subset harbors mutations in genes such as KMT2C/D, FAT1, and LRP1B at high frequency, 
akin to cutaneous squamous cell carcinoma (606–610). This may imply that MCPyV genes 
confer the same oncogenic properties as the suite of mutations enriched in the UV-driven 
subset. Conversely, the frequency of PTEN alterations is similar across both subsets, suggesting 
a common requirement for alterations in this key pathway. 
However, these advances are not yet used to diagnose or treat the disease. Current treatment 
options mainly rely on surgical excision combined with loco-regional adjuvant radiation (611).  
 
Main molecular features of Merkel cell carcinomas according to MCPyV status are presented 
in Figure 3, source (612).

Figure 3. Molecular subtypes of MCC, showing an oncoprint of co-occurrence of TMB status, dominant mutational 
signature, viral status, and most commonly altered genes demonstrating mutual exclusivity of MCPyV, APOBEC 
integration, and UV damage. Each column corresponds to one unique MCC tumor. Tumors are sorted in 
descending order by TMB from the left. Abbreviations: Mb, megabase; MCC, Merkel cell carcinoma; MCPyV, 
Merkel cell polyomavirus; TMB, tumor mutational burden.  
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Treatment 
 
The choice of treatment depends on certain characteristics of the disease, including its stage 
(with particular reference to the location of the primary tumor), the involvement of regional 
lymph nodes, comorbidities and patient clinical status (613). While the guidelines have defined 
the management of loco-regional disease, so far there was no consensus on therapeutic 
strategies in advanced disease.  
 
Surgery 
 
Surgery has typically been the first-line treatment for patients with locoregional primary MCC. 
However, just how much of the surrounding normal-appearing skin should be excised around 
the tumor during surgery is still controversial (521,614). Complete surgical excision, with the 
goal of establishing clear margins, is the mainstay to treat local MCC. Although surgical 
margins have not yet been defined, a wide excision with 1 to 3 cm of clinically free margins is 
generally recommended, regardless of tumor size (615). A correlation between margin size and 
the recurrence risk has not been established, with some studies suggesting that wide margins 
of 2–3 cm are associated with a reduction of recurrence risk (616–618) and others showing no 
difference in recurrence risk with margins that are > 1 cm (619). According to the current 
National Comprehensive Cancer Network (NCCN) guidelines, for local disease excision 
should be done with margins of 1–2 cm and down to the fascia or periosteum. Patients with 
lymph node involvement should be dissected and subsequently treated by radiotherapy (RT). 
In clinically negative lymph node disease, the sentinel lymph node exploration is widely 
recommended together with the operation of the primary surgery. If positive, patients should 
be candidates a lymphadenectomy and / or RT. 
In a recently published retrospective trial (620), 188 stage I–II MCCs were analyzed. A total 
of 48 patients were treated with surgery alone and, among them, 35 had narrow margins (≤1 
cm) while 13 had margin > 1 cm. In the first group of patients, 7 (20%) developed local 
recurrence, while in the second group, 0 patients developed local recurrence. A group of 
patients underwent surgery plus RT: this group tended to present higher-aggressiveness tumors 
or a higher-risk profile (e.g., immunosuppressed) but had less local recurrence than those who 
were treated with surgery alone (1% vs. 15%), regardless of surgical margins. 
 
 
Radiotherapy 
 
Merkel cell carcinoma is a radiosensitive tumor (621), and RT should be considered either as 
adjuvant treatment to surgery or as palliative treatment for inoperable cases of MCC. In some 
studies, adjuvant RT was recommended for patients with loco-regional tumor in order to reduce 
the recurrence rate, although the impact on the overall survival is still unclear (622–624). 
However, the outcomes of radiation monotherapy may be inferior to those of complete surgical 
resection (621,622,625). There are few published studies reporting the outcomes of RT and its 
effects on MCC relapse and disease-specific survival. A retrospective study of 57 inoperable 
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patients treated with localized RT reported an overall survival rate at 5 years of 39% (624); 
similar results have been reported in a retrospective study involving 43 patients in which an 
overall survival rate of 37% was reported (622). The NCCN guidelines recommend doses of 
60–66 Gy for curative-intent radiation, with a wide treatment margin (5 cm) around the primary 
site (626). Radiation doses to the primary site after surgical resection should range from 50 to 
60 Gy depending on the presence or absence of microscopically positive margins (521,626). 
 
 
Chemotherapy  

Although cytotoxic chemotherapy has been commonly used to treat patients with advanced 
MCC, its role remains unclear in the literature; responses are rarely durable, and few studies 
have shown a survival benefit. The most common regimens recommended in the NCCN 
guidelines are carboplatin (or cisplatin) and etoposide or a combination of cyclophosphamide, 
doxorubicin (or epirubicin) and vincristine. MCC is very sensitive to chemotherapy (627–630), 
and initial response rates range from 53 to 76%; however, this high response rate is not durable, 
and tumors often recur within 4–15 months. A retrospective study of 6908 patients found that 
chemotherapy was not associated with an overall survival benefit in patients who presented 
with either local or nodal MCC (631).  

 
Immunotherapy 
 
As described above, Merkel cell polyomavirus-encoded T-antigens are constitutively 
expressed in MCV-positive MCC malignancies (632). They are therefore attractive targets for 
TCR-based immunotherapy. The fact that immune-suppressed individuals are more likely to 
develop MCC indicates that host immune responses play an important role in preventing MCC 
tumorigenesis (523). This notion is supported by the higher rate of spontaneous regression than 
expected (12 in 400–700 cases or 1.7–3.0%) (633,634). Studies of regressing tumors 
demonstrated infiltration by CD4+ and CD8+ T cells suggesting that T-cell-mediated immunity 
plays a key role in tumor regression. Additionally, high intratumoral CD8+ and CD4+ 
lymphocyte infiltration predicts better survival (635,636). Although over 90% of the MCC 
patients are immune competent, they fail to clear MCC tumors that express non-self Merkel 
cell polyomavirus antigens. These observations suggest that Merkel cell polyomavirus-induced 
MCCs are capable of escaping immune surveillance. 

However, not only T-cells play a role in the prognosis of MCC. Antibodies against 
MCPyV T antigens produced by B-cells correlate with disease burden and MCC recurrence 
(637). Anti-MCPyV T antibody titers decrease after successful treatment and upon recurrence 
they increase again. For these reasons, anti-MCPyV T antibody titer is used to monitor patients 
after MCC treatment. Unfortunately, seropositivity for MCPyV cannot be used for MCC 
screening or to distinguish MCPyV-positive from MCPyV-negative patients due to the high 
seropositivity levels in the healthy population. 
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As described above, the cancer evolves with strategies to suppress or evade the immune 
system, which conceal or protect the tumour cells from the immune cells. One example is the 
down-regulation of the expression of MHC I molecules on the surface of MCC cells (638). 
Another mechanism is the creation of an immune suppressive tumour micro-environment with 
the help of suppressive cytokines and chemokines such as TGF-β or IL-10 (639,640). 
Otherwise, an up-regulation of checkpoint proteins on the surface of T-cells, such as 
programmed cell death protein 1 (PD-1) (641) or cytotoxic T lymphocyte associated protein 4 
(CTLA-4) (601), is detected. PD-L1 has been shown to be up-regulated in tumour cells and 
immune cells in the tumour microenvironment of MCC patients with a better overall survival, 
if PD-L1 is overexpressed (642,643)This suggests that these checkpoints are a good target for 
immunotherapy using checkpoint inhibitors, which is discussed below. 

Pembrolizumab was the first immune checkpoint inhibitor to demonstrate objective 
tumor regressions in patients with MCC (644). In a phase 2, single-arm, multicenter study 
(ClinicalTrials.gov number NCT02267603), patients with advanced MCC who had not 
previously received systemic therapy were treated with pembrolizumab 2 mg/kg every three 
weeks for a maximum of two years or until disease progression, dose-limiting toxicity, or 
complete response. Out of 26 patients, 4 experienced a complete response (CR) and 10 had a 
partial response (PR), for an objective response rate (ORR) of 56%. At 6 months, the 
progression-free survival rate was 67% and the duration of response ranged from 2.2 months 
to at least 9.7 months. 86% of responses were ongoing at last follow-up. These results prompted 
the addition of pembrolizumab for the treatment of disseminated MCC to the National 
Comprehensive Cancer Network (NCCN) guidelines (615). Interestingly, objective regression 
was observed in both virus-positive and virus-negative tumors. PD-L1 expression did not seem 
to correlate with a higher likelihood of response to treatment as it has in other tumors (645). 
Until today, no predictive factors for anti-PD-L1/PD-1 therapy are accepted, although tumor 
PD-L1 expression, virus status, and some other factors may correlate.  
 

The last update of this trial has been recently published and represents the longest 
observation of a cohort of patients treated with first-line anti-PD-1, with a median follow-up 
of 31.8 months (646). The ORR was 58%, with 15 patients achieving CR and 14 patients PR; 
median duration of response (DOR) was not reached. The majority of responses (90%) 
developed during the first 12 weeks from the start of treatment and after 3 years of observation 
72.7% of responders maintained the response. Median progression-free survival (PFS) was 
16.8 months and estimated 3-year PFS was 39.1%; median OS was not reached at the time of 
the analysis, while estimated 3-year OS was 59.4%. When considering only the cohort of 
responders, 3-year estimated OS reached 89.5%, suggesting that ORR could be considered as 
an early predictor of overall survival.  Tumor PD-L1 expression (PD-L1 negative versus PD-
L1 positive) seems to correlate with efficacy of immunotherapy, in line with results observed 
in other tumor types. However, no definite conclusions have been drawn (647).  

Furthermore, cabozantinib is a multiple-kinase inhibitor, including c-MET and 
VEGFR-2, commonly used in the treatment of several metastatic solid cancer. Cabozantinib 
(648) was evaluated in a prospective phase II trial (NCT02036476) that enrolled eight 
metastatic or locally advanced platinum-resistant MCC patients. The trial was closed 
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prematurely due to poor tolerability and lack of activity of the study drug, which obtained a 
median PFS of 2.1 months and a median OS of 11.2 months. Notably, patients were not selected 
based on the presence of any mutation. 
 

Somatostatin analogues (SSAs) are commonly used in low- and medium-grade NETs, 
but several studies support their possible use in MCC therapy.  Lanreotide has been evaluated 
in a phase II study (NCT02351128) on 35 patients (649). Among them, seven (20%) obtained 
a disease control form more than 3 months. Pasireotide had also been evaluated among 
melanoma and MCC patients in a phase I trial (NCT01652547). However, no data are available 
for the MCC cohort (650). In a recently published retrospective trial (651), 40 patients were 
evaluated for somatostatin receptor (SRS) expression. A total of 33 patients (85%) had some 
degree of SRS uptake, and 19 patients were treated with SSAs. Among them, seven had a 
response-evaluable target lesion and three (43%) experienced disease control, with a median 
PFS of 237 days. The major limit of this study is the confounding effect induced by 
radiotherapy, which made several lesions not radiologically evaluable according to RECIST. 
Interestingly, the degree of SRS expression did not correlate significantly with the efficacy 
endpoints. 
 

Combining targeted therapy and immunotherapy is known to be an interesting and 
promising strategy in several solid tumors (652,653). In MCC, a number of clinical trials are 
ongoing to assess such combination strategy. Combination between domatinostat and 
immunotherapy (pembrolizumab) has been subsequently evaluated in a phase II trial (654) that 
assessed the safety of this combination and the potentially ability of domatinostat to increase 
the antitumor activity of pembrolizumab.  
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Project 5: Engineering target CAR-Ts as a potential treatment of Merkel cell carcinoma  

ABSTRACT 

 
Merkel cell carcinoma (MCC) is a rare and aggressive skin cancer with a neuroendocrine 
phenotype and limited treatment options.  
In the present study we aimed to (i) explore ALK and Merkel cell polyomavirus (MCPyV) 
immunoexpression in a retrospective series of MCC human tissue samples obtained from the 
pathology files of Città della Salute e della Scienza Hospital, Torino, Italy; (ii) investigate 
ALK, GD2  expression levels in MCC cell lines and assess in vitro their therapeutic potential 
by engineering ALK- and GD2.CAR-T cells; (iii) investigate major histocompatibility 
complex (MHC)-class I antigens - HLA-ABC expression levels in MCC cell lines; (iv) explore 
the effect of ALK inhibitors, lorlatinib and ceritinib, in MCC cell lines ; (iv) develop a MCC 
metastatic model using NOD/SCID/IL2Rγ−/− (NSG) mice. 
We observed positive ALK immunoreaction in 135/155 (87.1%) MCCs, while 20/155 (12.9%) 
were ALK negative. MCPyV-positive status was seen in 105/155 (67.7%) cases. There was a 
significant correlation between ALK immunoexpression and MCPyV status, being majority of 
ALK positive cases also positive for MCPyV staining (p=0.0001).  
MCC cell lines, WAGA and MKL1 were ALK positive, while MCC26 showed absence of ALK 
and were selected as test and negative control cell lines, respectively. Furthermore, all 3 cell lines 
showed low GD2 expression levels, as determined by flow cytometry. Regarding HLA class-I 
surface expression WAGA and MKL1 showed low to no expression, respectively, while MCC26 
demonstrated high expression.  
ALK.CAR-Ts efficiently eliminated most of the MKL1 and WAGA cells at the T cell to tumor 
cell ratio of 1:1, with or without the combination with lorlatinib. At higher T cell to tumor cell 
ratios, namely 1:5 and 1:10, variable killing effect was observed. No ALK.CAR-T killing was 
observed in MCC26. There was a modest killing activity observed in case of GD2.CAR.Ts across 
cell lines at ratio 1:1, in line with low GD2-expression levels, with or without combination with 
lorlatinib. This effect was not sustained at higher ratios. No effect of lorlatinib nor ceritinib on 
ALK pathway was observed, suggesting that ALK is expressed but likely not active in MCC cell 
lines. Finally, we developed a metastatic mouse model that will serve as a base of future 
experiments regarding ALK.CAR-T antitumor activity in vivo.  
In conclusion, to the best of our knowledge, this is the first study to explore the potential 
therapeutic use of ALK- and GD2.CAR-Ts in MCC cell lines.  Overall, our study has revealed 
several insights into the molecular background of MCCs, identifying specific alterations of 
immunity and tumor microenvironment that favor tumor escape, and that might be useful when 
developing novel treatment options for these patients.  
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SPECIFIC BACKGROUND  
 

Merkel cell carcinoma (MCC) is a rare and aggressive form of skin cancer, which 
occurs more frequently in elderly patients and immunosuppressed (523). It is associated with 
a high rate of mortality and reduced over-all survival (655). 
So far, there are limited treatment options for this rare tumor.  In fact, despite being considered 
a chemosensitive neoplasm, the current use of cytotoxic therapies rarely allows lasting 
responses, with a median progression free survival of only 3 months, and it is burdened with 
significant toxicity, suggesting the need for alternative treatment options (656,657). 

Oncogenesis and exact histogenesis have historically been poorly understood. 
However, evidence supporting the role of immunosurveillance in MCC has led the detection 
of the Merkel cell polyomavirus (MCPyV) in 2008, in approximately 80% the cases (565). The 
discovery of the integration of the viral genome into the host genome and the role of the virus 
in MCC tumorigenesis and more recent description of UV-induced mutations in MCPyV-
negative cases have given great boost to knowledge on viral and molecular oncogenic 
mechanisms.  

Virus-associated and MCPyV-negative MCCs possess distinct clinical and molecular 
characteristics, but to date there are no conclusive data on the clinical and therapeutic impact 
of these two distinctive groups (612). A recent publication indicated that the viral status can be 
used as a prognostic marker, and that MCPyV+ tumours are associated with a better overall 
survival, as well as recurrence free survival (658).   
Nevertheless, it is known that MCPyV-negative MCCs are associated with a high tumour 
mutational burden, which could be useful for immunotherapy as more tumour neo-antigens can 
be used as targets (603). The MCPyV-negative MCC also shows a typically UV-mutational 
signature. In comparison to the non-viral MCC, the viral MCC does not have this UV-
mutational signature and a low TMB (610). 

 
In recent years, immune checkpoint inhibitors (ICIs) became one of the most promising 

immunotherapeutic type of drugs. So far, around 50% of MCC patients benefit from the 
development of ICIs, and their use is now approved as standard of care for metastatic MCC 
(659). Nghiem et al. showed that MCC patients without any previous treatment, receiving 2 
mg/kg Pembrolizumab every three weeks, had an objective response rate of 56%. The 
progression free-survival rate at 6 months was 67%. However, 15% of patients showed grade 
3 or 4 adverse events (myocarditis and elevated levels of aminotransferase). In general, the trial 
showed that Pembrolizumab as a first-line treatment in MCC patients is working and is only 
associated with adverse side effects in some patients (644). Even though the response rates of 
ICIs are quite good in MCC, still 50% of patients do not respond to the treatment. Reasons for 
resistance are manifold and all prevent an effective interaction of T-cells and tumour cells: if a 
patient has a priori no MCC-specific T-cells, a release of the inhibitory breaks cannot create a 
T-cell activity against the tumour (660,661). 

Notably, intratumoral infiltration of CD8+ T cells is associated with an improved 
prognosis (636). Unfortunately, strong intratumoral CD8+ T-cell infiltration is a sporadic event 
in MCC, being present in only 5% of tumors (662). Lack of T-cell infiltration may reflect 
different immune escape strategies utilized by MCC cells such as inhibition of cellular immune 
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responses via PD1/PD-L1 signaling (601,643), and/or defects in classical human leukocyte 
antigens (HLA) class-I antigen expression (638). Similar to the observations in other virus-
associated cancers. 
 

The major histocompatibility complex class I (MHC-I) proteins in humans are termed 
as HLA-I and they are divided into classical and non-classical HLA-I subtypes (663). Classical 
type I HLA molecules (HLA-A, HLA-B, and HLA-C) function to present cellular antigens to 
T cells and are essential for immunosurveillance and cancer immunotherapy. It is now clear 
that loss of HLA-I function is an important escape mechanism for tumors from immunotherapy, 
by a variety of mechanisms (664–666). In fact, HLA class-I downregulation is an immune 
escape mechanism present in the majority of MCC tumors (636,667,668).  Reduction of HLA 
class-I surface expression readily explains MCC’s resistance to PD-1/PD-L1 blockade, as 
adaptive T-cell responses critically depend on MHC class-I-restricted antigen presentation 
(669).  
 

Merkel cell polyomavirus-encoded T-antigens are constitutively expressed in MCV-
positive MCC malignancies (632). They are therefore attractive targets for T cell receptors-
based immunotherapy (670). Given the role of MCPyV in driving MCC carcinogenesis and the 
fact that immune-suppressed individuals are more likely to develop MCC indicates that host 
immune responses play an important role in preventing MCC tumorigenesis, a future treatment 
approach may involve administration of genetically modified Chimeric antigen receptor (CAR) 
T-cell therapy against MCPyV antigens (523). 
 

Anaplastic lymphoma kinase (ALK) is a transmembrane receptor tyrosine kinase that 
belongs to the insulin receptor superfamily (671). Transforming rearrangements of the ALK 
gene have been reported in human hematologic and solid malignancies including anaplastic 
large-cell lymphoma, myofibrobalstic tumors as well as NSCLC, suggesting that ALK-
mediated signaling might play a part in the development or progression of these tumors (672–
674). Recently, ALK tumor expression, at both protein and RNA level, and its correlation with 
viral status as well as a longer survival was reported in MCC (675,676). However, despite in-
depth analysis, no activating ALK mutations or fusion genes involving ALK have been 
discovered (675,677).  A high ALK expression without an activating mutation or fusion of the 
ALK gene is also observed in Hepatocellular carcinoma (HCC) and it is correlated to presence 
of Hepatitis C Virus infection and earlier development of metastasis and lower survival (678). 
In addition to HCC, ALK overexpression or phosphorylation is linked to unfavorable course 
of disease also in inflammatory breast cancer (679) as well as neuroblastoma, where ALK 
phosphorylation is linked to activating mutations of the ALK gene (680). The positive effect of 
ALK inhibition in HCC in vitro was recently demonstrated by Yu and Zhao (681). Two 
approved inhibitors crizotinib and ceritinib suppressed the proliferation of HCC cell lines and 
inhibited the ALK phosphorylation; moreover, ceritinib treatment induced cell apoptosis (681). 
Therefore, it seems that in HCC ALK inhibition is beneficial, even though the mechanism of 
ALK activation is still unknown (682). Of note, Lorlatinib (Pfizer) is a novel third-generation 
ALK inhibitor, more potent than second-generation inhibitors having the broadest coverage of 
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ALK resistance mutations that have been identified (683–685). Lorlatinib was designed to cross 
the blood–brain barrier in order to achieve high exposures in the CNS (686,687). In phase 1 
and 2 studies, lorlatinib had potent antitumor activity after the failure of previous ALK 
inhibitors (first-generation, second-generation, or both) (686,688).  Because of its efficacy and 
safety, lorlatinib is a standard treatment option for ALK-positive patients in whom one or more 
ALK inhibitors have failed. 
 

AIM 
 
Considering this complex background the aim of the present study was to (i) explore ALK and 
Merkel cell polyomavirus (MCPyV) immunoexpression in a retrospective series of MCC 
human tissue samples obtained from the pathology files of Città della Salute e della Scienza 
Hospital, Torino, Italy; (ii) investigate ALK, GD2  expression levels in MCC cell lines and 
assess in vitro their therapeutic potential by engineering ALK- and GD2.CAR-T cells; (iii) 
investigate major histocompatibility complex (MHC)-class I antigens - HLA-ABC expression 
levels in MCC cell lines; (iv) explore the effect of ALK inhibitors, lorlatinib and ceritinib, in 
MCC cell lines ; (iv) develop a MCC metastatic model using NOD/SCID/IL2Rγ−/− (NSG) 
mice. 

MATERIALS AND METHODS 
 
Merkel cell carcinoma human tissue samples. 
 
We selected 155 formalin-fixed and paraffin-embedded MCCs, obtained from the pathology 
files of the University of Turin (Città della Salute e della Scienza Hospital, Torino, Italy). These 
included 117 primitive skin and 38 extra-cutaneous tumors (35 lymph nodal and 3 visceral 
neoplasms). Available routinely stained hematoxylin and eosin (H&E) tumor slides were re-
evaluated to select a representative block. MCPyV status was obtained from pathological 
charts. In case of absence of data, the IHC analyses was performed (see below). Before the 
study started, all cases were deidentified and coded by a pathology staff member not involved 
in the study, and all data were accessed anonymously. 
 
Immunohistochemical analyses. 
 
Four-μm-thick sections were cut from a representative FFPE tissue block of each case, 
collected onto charged slides and submitted to IHC testing. The IHC assessment was performed 
by an automated platform (Ventana BenchMark AutoStainer, Ventana Medical Systems, 
Tucson, AZ, USA) with the following primary antibodies: ALK (Rabbit Monoclonal Primary 
Antibody, clone D5F3, pre-diluted; Roche Diagnostics, Inc., Tucson, AZ, USA) and MCPyV 
large T-antigen (Mouse Monoclonal Antibody, clone CM2B4, diluted 1:50; Santa Cruz 
Biotechnology, Inc., Dallas, Texas, USA). Appropriate positive and negative controls were 
included for each IHC run.  
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Regarding ALK expression, the reaction was considered negative when staining was observed 
in < 1% of tumor cells; 1+ score was assigned to cases demonstrating very weak to moderate 
staining intensity in < 25% of tumor cells and were considered as low immunopositivity; 2+ 
score was given in case of weak to moderate staining intensity in > 25% of tumor cells, or when 
strong staining intensity was observed in < 25% of tumor cells and were considered as moderate 
immunopositivity; 3+ score was assigned to cases showing strong staining intensity in > 25% 
of tumor cells and were considered as strong immunopositive cases.  
MCPyV status was interpreted according to Moshiri et al. (594); cases were considered 
negative when weak staining was observed in < 1% of tumor cells.  
 
Cell Lines and Cell Culture. 
 
Human MCC cell lines MCC26, MCC13, MKL1, WAGA, and UISO were purchased from 
American Type Culture Collection (ATCC). Human neuroblastoma cell lines, Kelly, NB1, 
SHSY5Y, IMR32, SKNFI and SKNSH were purchased from American Type Culture 
Collection (ATCC) and served as a control in different experiments. All cell lines were 
maintained in RPMI 1640 (Corning) supplemented with 10% fetal bovine serum (FBS) 
(Gibco), 100 U/mL of penicillin, 100 μg/mL of streptomycin (Corning), and 2 mM of L-
glutamine (Corning). Cells were maintained at 37°C in humidified atmosphere with 5% CO2. 
MCC cell lines were transduced with a retroviral vector encoding the GFP-Firefly-Luciferase 
(GFP-FFluc) gene. All cell lines were mycoplasma free. Lorlatinib was obtained from Pfizer. 
Ceritinib (LDK378) was obtained from Selleckchem.  
 
Western Blot. 
 
Whole-cell extracts were obtained using GST-FISH buffer (10 mM MgCl2, 150 mM NaCl, 1% 
NP-40, 2% Glycerol, 1 mM EDTA, 25 mM HEPES pH 7.5) supplemented with Protease 
Inhibitor Cocktail (Roche), 1 mM phenylmethanesulfonylfluoride (PMSF), 10 mM NaF and 1 
mM Na3VO4. Extracts were cleared by centrifugation at 15,000 rpm for 20 min. The 
supernatants were collected and assayed for protein concentration using BCA protein assay 
method (Sigma). Equal amounts of protein lysates were resolved by Criterion gels (BIO-RAD), 
transferred on nitrocellulose membrane (GE Healthcare), and probed with the following 
primary antibodies: rabbit polyclonal β–actin (Sigma, #A5316), rabbit α-actinin (D6F6) XP 
(Cell Signaling Technology, #6487), rabbit ALK (D5F3) XP (Cell Signaling Technology, 
#3633), rabbit phospho-ALK (Tyr1604) (Cell Signaling Technology, #3341), rabbit phospho-
Akt (Ser473) (Cell Signaling Technology, #9271), rabbit Akt (pan) (C67E7) (Cell Signaling 
Technology, #4691), rabbit phospho-STAT3 (Tyr705) (Cell Signaling Technology, #9131S), 
rabbit STAT3 (79D7) (Cell Signaling Technology, #4904S), rabbit phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) (Cell Signaling Technology, #9101) and rabbit p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP (Cell Signaling Technology, #4695T). Membranes 
were developed with ECL solution (GE Healthcare). 
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CAR-T and Plasmid Construction. 
 
The variable regions of the heavy and light chains of the ALK.1, ALK.2, ALK.3, ALK.4, 
ALK.5, ALK.6, and ALK.7 mAbs were obtained by Celldex Therapeutics and cloned as a scFv 
fragment into previously validated CAR formats that include the murine CD8α hinge and 
transmembrane domain, CD28 intracellular costimulatory domain, and CD3ζ intracellular 
signaling domain from a previous validation in mice T cells (data not show). 
The ALK.CAR cassettes were cloned into the retroviral vector SFG. For the human version of 
the ALK.CAR used in this project, murine CD8α, CD28, and CD3ζ were replaced by human 
CD8α, CD28, and CD3ζ, and the ALK scFv was modified to generate a humanized version 
(ALK.CAR) (689). Since Merkel carcinoma cells do not express CD19, we used human 
CD19.CAR-Ts (690) as negative control. After exploring GD2 expression levels in MCC cell 
lines, we also explored the effect of GD2.CAR-Ts. All three constructs were based on the same 
CAR expressing the human CD28 costimulatory endodomain. The scFv specific for CD19 and 
GD2 were previously reported (690,691). 
 
Retrovirus Production for CAR-T Transduction. 
 
For the preparation of retroviral supernatants used for the transduction of human T cells, 2 × 
106 293T cells were seeded in 10 cm cell culture dish and transfected with the plasmid mixture 
of the retroviral vector, the Peg-Pam-e plasmid encoding MoMLV gag-pol, and the RDF 
plasmid encoding the RD114 envelope, using the GeneJuice transfection reagent (Merck 
Millipore), according to the manufacturer’s instructions. Supernatants containing the retrovirus 
were collected 48 and 72 hours after transfection and filtered with 0.45 µm filters. 
 
Transduction and Expansion of Human T Cells. 
 
Apheresis leukoreduction collars from healthy donors were obtained from the Boston 
Children’s Hospital Blood Donor Center, Boston, MA. On day 0, lymphocytes were isolated 
with Ficoll-Paque Plus density separation (GE Healthcare), T cells isolated with EasySep 
Human T Cell Isolation Kit (Stemcell) and activated with Dynabeads Human T-Activator 
CD3/CD28 (Gibco), according to the manufacturer’s instructions. On day 2, T lymphocytes 
were transduced with retroviral supernatants using retronectin-coated plates (Takara Bio Inc., 
Shiga, Japan). Briefly, non-tissue culture treated 24-well plates are coated overnight with 7 
μg/mL retronectin (500 μL/well) in the cold room, washed once with 1 mL medium, coated 
with 1 mL of the retroviral supernatant per well, and centrifuged at 2,000 g for 90 min. After 
removal of the supernatant, 5 x 105 activated T cells are plated and centrifuged at 1,000 g for 
10 min. Three days later, T cells are collected and expanded in complete medium (45% RPMI-
1640 and 45% Click’s medium (Irvine Scientific), 10% FBS (Gibco), 2 mM GlutaMAX 
(Gibco), 100 unit/mL of penicillin and 100 μg/mL of streptomycin (Corning)) with rhIL-7 (10 
ng/mL; PeproTech) and rhIL-15 (5 ng/mL; PeproTech), changing medium every 2-3 days. On 
day 12-14, cells are collected for in vitro and in vivo experiments. T cells were cultured in 
rhIL-7/IL-15 depleted medium for two days prior to being used in in vitro functional assays. 
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Co-culture Experiments with hCAR-T and Bioluminescence Imaging Analysis. 
 
GFP-Firefly-Luciferase tumor cells were seeded in black 96-well plates at a concentration of 5 
x 104 cells/well 24 hours before co-culture. T cells were added to the culture at different ratios 
(E:T of 1:1, 1:5, 1:10) without adding exogenous cytokines. Remaining luciferase activity was 
subsequently measured on day 3 by bioluminescence imaging using IVIS Spectrum in vivo 
imaging system (PerkinElmer). Percentage residual tumor cells was calculated by the following 
equation: Percentage = [(target cells total flux [p/s] / (target cells only total flux [p/s])] × 100. 
 
Flow Cytometry. 
 
We performed flow cytometry with following antibodies: anti-human disialoganglioside GD2, 
Clone 14.G2a, Alexa Fluor® 647 (RUO) (562096, BD Pharmigen) and anti-human HLA-
ABC-PE, Clone W6/32, Alexa Fluor® 700 (RUO) (Biolegend, 307604) according to the 
manufacturer’s instructions. Samples were acquired with BD FACSCelesta flow cytometer 
using the BD Diva software (BD Biosciences). A minimum of 10,000 events were acquired for 
each sample, and data were analyzed using FlowJo 10. 
 
In Vivo Mouse Studies. 
 
Female 6 - 8 weeks old NOD/SCID/IL2Rγ−/− (Strain #:005557, NSG) mice were purchased 
from Jackson Laboratories. All the mice were housed in the Animal Core Facility at Boston 
Children’s Hospital. All mouse experiments were performed under protocols approved by the 
Institutional Animal Care and Use Committee (IACUC) of Boston Children’s Hospital. 
 
Merkel Cell Carcinoma Metastatic Models. 
 
Six - eight weeks old female NSG mice were injected i.v. with the tumor cell lines FFluc-
MKL1 (2 × 106 cells/mouse) and FFluc-Waga (2 × 106 cells/mouse). Tumor growth was 
monitored by bioluminescence imaging using IVIS Spectrum in vivo imaging system 
(PerkinElmer). Animals were imaged 10 minutes after Luciferin injection to ensure consistent 
photon flux. Mice were euthanized when the investigators detected signs of discomfort or as 
recommended by the veterinarian.  
 
Quantification and Statistical Analysis. 
 
The two-tailed unpaired or paired t-test were used to measure differences between two groups. 
One-way ANOVA and Tukey post hoc tests were used for multiple group comparisons. P value 
< 0.05 indicates a significant difference (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
Graph generation and statistical analyses were performed using the GraphPad Prism v8 
software (GraphPad Software Inc.). 
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RESULTS 
 
 
Expression of ALK in Merkel cell carcinoma in human tissues and correlation with 
polyoma virus 
 
We observed the positive immunoreaction in 135/155 (87.1%) MCCs, while 20/155 (12.9%) 
showed absence of staining (Figure 1). In detail, 33 cases (21.3%) showing ALK positive 
immunoexpression were labeled as low, 42 (27.1%) as moderate and 60 (38.7%) as high ALK-
positive cases (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. ALK immunoexpression in human samples of Merkel cell carcinomas.   

Figure 2. ALK immunoexpression according to different categories, namely, absence of staining, 
low, moderate, and high.  
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We found 105/155 (67.7%) MCPyV-positive samples, while 50/155 (32.3%) were MCPyV-
negtive. Furthermore, there was a positive correlation between ALK immunoexpression and 
MCPyV status, being majority of ALK positive cases also positive for MCPyV staining 
(p=0.0001) (Figure 3).  
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Figure 3. Graph representing positive correlation between ALK and MCyPV status. 
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ALK pathway in Merkel cell carcinoma cell lines 
 
The expression of proteins, namely, ALK, ERK and STAT3 and their phosphorylated forms 
were determined by means of Western blot analyses. The expression levels are shown in Figure 
4. Specifically, ALK expression was found in MKL-1 and WAGA cell lines, while MCC26, 
MCC13, and UISO did not show ALK expression. The phosphorylated form of ALK was not 
found in any of these cell lines. All cell lines showed high levels of expression of STAT3, 
phosphorylated form of STAT3 and ERK. Regarding phosphorylated form of ERK, UISO was 
the cell line demonstrating complete absence, WAGA very low expression, while the 
remaining cell lines (MCC26, MCC13 and UISO) were showing relatively high expression.  
Kelly, SHSY5Y and NB1 served as control cell lines.  
  

Figure 4. Western blot analyses of ALK pathway.  
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Immunohistochemical analysis of ALK in Merkel cell carcinoma cell lines 
 
The expression of ALK in cell lines was also confirmed by means of immunohistochemical 
analyses. MKL1 and WAGA showed homogenous and intense immunoexpression in virtually 
all cells. MCC26 and MCC13 demonstrated complete absence of staining, while rare positive 
cells were found in UISO cell line (Figure 5). 
  

Figure 5. Hematoxylin and eosin staining and ALK immunoexpression of Merkel cell carcinoma cell lines, 
namely, WAGA (a/b, 400x), MKL1 (c/d, 400x), MCC26 (e/f, 400x), MCC13 (g/h, 400x), and UISO (k/l, 400x).  



 
 

 163 

 
Based on the ALK expression, by means of Western-blot and immunohistochemical analyses 
for further experimental purposes MKL1, WAGA were included as the test cell lines and 
MCC26 was considered a negative control.  
 
 
GD2 expression in test and control cell lines 
 
GD2 expression was determined by means of flow cytometry. The expression levels are shown 
in Figure 6. In detail, all 3 test cell lines, WAGA, MKL1 and MCC26 showed low GD2 levels, 
comparable to negative control (SKNFI neuroblastoma cell line). IMR32 neuroblastoma cell 
line served as a high-GD2 control cell line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 6. GD2 expression levels as determined by flow-cytometry.   
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MCC cell lines are characterized by a various levels of HLA class-I expression 
We analyzed test (MKL1 and Waga) and control (MCC26) cell lines for their HLA class-I surface 
expression with an HLA-A, -B and -C detecting antibody (clone W6/32) by flow cytometry 
revealing differential expression levels of HLA class-I. Waga and MKL1 showed low to no 
expression, respectively, while MCC26 demonstrated high HLA class-I surface expression 
(Figure 7).  
 
  

Figure 7. HLA class-I surface expression levels as determined by flow cytometry. 
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Human ALK.CAR-Ts efficiency against human Merkel cell carcinoma cells 
 
MCC cell lines were co-cultured at different T cell to tumor cell ratios (1:1, 1:5, 1:10) with 
control untransduced T cells (UT), CD19.CAR-Ts (negative control), GD2.CAR-Ts, and 
ALK.CAR-Ts, alone and in combination with lorlatinib.  
ALK.CAR-Ts efficiently eliminated most of the MKL1 and WAGA cells at the T cell to tumor 
cell ratio of 1:1, with or without the combination with lorlatinib (Figure 8A/B). 
  

Figure 8. Co-culture experiment using T cell to tumor ratio 1:1, employing untransduced T 
cells (UT), CD19.CAR-Ts (negative control), GD2.CAR-Ts, and ALK.CAR-Ts alone (A) and 
in combination with lorlatinib (B).  
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 At higher T cell to tumor cell ratios, namely 1:5 (Figure 9) and 1:10 (Figure 10), variable killing 
effect was observed. ALK.CAR-Ts were still efficient against WAGA at the ratio 1:5 with or 
without lorlatinib, however killing effect was considerably low at 1:10 ratio, and only 
combination with lorlatinib gave significant effect.  In case of MKL1, at 1:5 ratio only 
ALK.CAR-Ts combined with lorlatinib gave significant killing effect. No significant effect was 
seen in other modalities. No ALK.CAR-T killing was observed in MCC26. 
There was a modest killing activity observed in case of GD2.CAR.Ts across cell lines at ratio 
1:1 (Figure 8), with or without combination with lorlatinib. This effect was not sustained at 
higher ratios (Figure 9 and 10). 
 
  

Figure 9. Co-culture experiment using T cell to tumor ratio 1:5, employing untransduced T cells 
(UT), CD19.CAR-Ts (negative control), GD2.CAR-Ts, and ALK.CAR-Ts alone (A) and in 
combination with lorlatinib (B). 

Figure 10. Co-culture experiment using T cell to tumor ratio 1:10, employing untransduced 
T cells (UT), CD19.CAR-Ts (negative control), GD2.CAR-Ts, and ALK.CAR-Ts alone (A) 
and in combination with lorlatinib (B). 
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Effect of ALK inhibitors, lorlatinib and ceritinib, in MCC cell lines  
 
We performed 4-hour-treatment of WAGA, MKL1 and MCC26 with ALK-inhibitors, namely, 
lorlatinib (concentration 10nM and 100nM), and ceritinib (concentration 200nM).  
As determined by western blot analysis, no effect of lorlatinib nor ceritinib on ALK pathway 
was observed (Figure 11), suggesting that ALK is expressed but likely not active in MCC cell 
lines. NB1 and Kelly neuroblastoma cell lines served as a control cell lines.  
 
 
  

Figure 11. Western blot analyses of ALK pathway performed after 4-hour-treatment of WAGA, 
MKL1 and MCC26 with ALK-inhibitors, lorlatinib (concentration 10nM and 100nM), and ceritinib 
(concentration 200nM). NB1 and Kelly neuroblastoma cell lines served as a control cell lines.  
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Merkel cell carcinoma metastatic model  
 
We developed metastatic models of Merkel cell carcinoma by injecting Ffluc-transduced 
MKL1 and WAGA cell lines with relatively high ALK expression, i.v. into 
NOD/SCID/IL2Rγ−/− (NSG) mice. We monitored tumor growth by bioluminescence imaging 
using IVIS Spectrum in vivo imaging system (PerkinElmer) at day 8, 15, 22, 29 (for both cell 
lines) and day 54 for WAGA cell line, since the i.v. inoculation (Figure 12).   
In this model, tumor deposits emerged on day 22, to be clearly detected on day 29 since 
inoculation. MKL1 (panel A) and WAGA (panel B) were detected at lymph nodal and lymph 
nodal/liver level, respectively (Figure 12).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 12. Representative images of tumor growth monitoring (day 8, 15, 22 and 29 from inoculation for 
MKL1 as well as day 54 for WAGA) of Ffluc-transduced MKL1 (panel A) and WAGA (panel B) cell lines, i.v. 
into NOD/SCID/IL2Rγ−/− (NSG) mice, as detected by bioluminescence imaging using IVIS Spectrum in vivo 
imaging system (PerkinElmer).  
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Three out of four MKL1-inoculated mice died on day 46, and the remaining mouse was 
euthanized. Tumor masses was detected at the level of liver and both ovaries (all mice), while 
one mouse demonstrated spleen tumor also.  
 
Regarding WAGA-inoculated mice, one died on the day 46, showing only a small ovary mass. 
Second mouse died on the day 54, however necropsy was not performed.  
The remaining 3 mice died on the day 59 demonstrating tumor enlargement of the ovaries in 
all of them, and several liver mases in two mice.  
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DISCUSSION  
 

Merkel cell carcinoma is a rare and aggressive skin cancer with a neuroendocrine 
phenotype.  
Infection with MCPyV, ultraviolet radiation exposure and immunosuppression are the main 
factors associated with the pathogenesis of this disease. Surgery is the first-line treatment for 
localized MCC, followed by adjuvant radiation and/or chemotherapy (692).  
 

Insights into the critical role of the immune system in tumorigenesis paved the way for 
development of several immunotherapeutics, such as checkpoint inhibitors, cancer vaccines 
and adoptive T cell therapy. To date, in the advanced form of MCC, chemotherapy is still 
considered to be the standard treatment. However, the therapeutic landscape for metastatic 
MCC is evolving rapidly (393) and recent advances in the development of well-tolerated 
immunotherapy agents (693) have the potential to provide effective treatment options for these 
patients (613). 
 
Molecular alterations leading to heightened ALK activation have been implicated in several 
cancers including non-Hodgkin’s lymphoma, rhabdomyosarcomas, renal cell carcinoma, 
thyroid cancer, neuroblastoma, and NSCLC (694). ALK‐targeted therapies are currently used 
in clinical practice and are endorsed in multiple clinical oncology guidelines.  
In our study, positive ALK immunohistochemical reaction was observed in 87.1% of human 
MCCs tissue samples. A significant correlation between ALK expression and viral status was 
detected, with MCPyV positive MCCs being significantly more likely to show positive and 
higher ALK expression compared to MCPyV negative cases (p=0.0001). This relatively high 
ALK expression and positive correlation with MCPyV status was reported in various papers 
(676,682).  
In line with literature data (682), we didn’t observe ALK phosphorylation in MCC cell lines, 
as assessed by western blot analyses, nor the effect of ALK inhibitors, lorlatinib and ceritinib. 
Our results suggest that ALK is expressed but likely not active in MCC cell lines.  
On the other hand, literature data report presence of phospho-ALK by IHC in approximately 
50% of human tissue sample of MCC. The authors hypothesized that the in vivo MCC tumor 
microenvironment could promote activation of ALK via an unknown mechanism. However, 
the cell line models lack the tumor microenvironment that consist of different cell types 
surrounding the cancer cells such as epithelial cells, fibroblasts, lymphocytes, lymphovascular 
network and extracellular matrix, as well as all the immanent cytokines, growth factors and 
other molecules (682).  
 

CARs are recombinant receptors for cell surface antigen redirected the specificity and 
activity of T lymphocytes and other types of the immune cells (695).  
To the best of our knowledge, this is the first study that explored the efficacy of ALK- and 
GD2.CAR-Ts in MCC cell lines.  
 

Of note, diminished HLA class-I expression on cancer cells is one of the major immune 
escape mechanisms both spontaneously and in response to immunotherapy (696,697).  In fact, 
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we demonstrated low/absent surface expression of HLA class-I in MCPyV-positive cell lines, 
namely, WAGA and MKL1, respectively. In contrast to MCC26 cell line (MCPyV-negative 
cell line) that showed high expression of HLA class-I, as detected by HLA-A, -B and -C 
antibody. These results are in line with so far reported in the literature (669).  In a recent study 
by Gavvovidis et al (670), the authors described the isolation and characterization of four HLA-
A2-restricted T cell receptors (TCRs) specific to two epitopes derived from Merkel cell 
polyomavirus-encoded T-antigens (MCV Tags). Genetically modified T cells expressing these 
TCRs consistently recognized peptide-pulsed T2 cells and HLA-A2-positive target cells 
transduced with cDNA encoding MCV Tags. They also showed reactivity of one of the TCRs 
against HLA-A2+ MCPyV positive tumor cell lines in vitro and confirmed its potential to 
destroy large established tumors in vivo, suggesting a potential therapeutic approach. 
 

This reasoning led to the development of chimeric antigen receptor-modified T (CAR 
T)-cells to overcome the HLA restriction, the effective presentation of target epitopes, and the 
lack of a broad TCR gene repertoire (698).  MCC cell lines were co-cultured at different T cell 
to tumor cell ratios (1:1, 1:5, 1:10) with control UT, CD19.CAR-Ts (negative control), 
GD2.CAR-Ts, and ALK.CAR-Ts, alone and in combination with lorlatinib.  
ALK.CAR-Ts efficiently eliminated most of the MKL1 and WAGA cells at the T cell to tumor 
cell ratio of 1:1, with or without the combination with lorlatinib. On the other hand, at higher T 
cell to tumor cell ratios, namely 1:5 and 1:10, variable killing effect was observed. ALK.CAR-
Ts were still efficient against WAGA at the ratio 1:5 with or without lorlatinib, however killing 
effect was considerably low at 1:10 ratio, and only combination with lorlatinib gave significant 
effect.  In case of MKL1, at 1:5 ratio only ALK.CAR-Ts combined with lorlatinib gave 
significant killing effect. No significant effect was seen in other modalities. As expected, no 
ALK.CAR-T killing effect was observed in MCC26, that was considered as negative control.  
 

The GD2 expression in MCC was not reported so far in the literature. However, it’s 
expression in other neuroendocrine tumor models, such as neuroblastomas, small cell lung 
carcinomas and variety of embryonal cancers including brain tumors, retinoblastoma, Ewing’s 
sarcoma, rhabdomyosarcoma, osteosarcoma has been described (699–701).  
In normal tissues, GD2 expression on is largely limited to neurons, skin melanocytes, and 
peripheral pain fibers (702), making it well suited for targeted antitumor therapy. GD2 remains 
the most frequently targeted antigen for neuroblastoma immunotherapy (703).  
In line with relatively low GD2 expression levels reported in our study, as determined by flow 
cytometry, there was a modest killing activity observed in case of GD2.CAR.Ts across cell lines 
at ratio 1:1, with or without combination with lorlatinib. However, this effect was not sustained 
at higher ratios. 

Of note, successful development of metastatic MCC mice model, determining the 
anatomical layout of tumor growth and identifying the possible treatment period based on 
tumor visualization by IVIS imaging system will elucidate the effectiveness and mechanisms 
of CAR.T treatment in the future experiments.  
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CONCLUSIONS 
 
In conclusion, to the best of our knowledge, this is the first study to explore the potential 
therapeutic use of ALK- and GD2.CAR-Ts in MCC cell lines.  Overall, our study has revealed 
several insights into the molecular background of MCCs, identifying specific alterations of 
immunity and tumor microenvironment that favor tumor escape, and that might be useful when 
developing novel treatment options for these patients.  
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