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Riassunto

Ruolo del marcatori molecolari nel trattamento dei noduli tiroidei

Introduzione.l noduli tiroidei sono una patologia molto comum& solamente in pochi casi essi
rivelano un fenotipo maligno. Insieme all’ecograflagoaspirazione della lesione con ago sottile
€ uno dei principali strumenti utilizzati per corapdere la natura di un nodulo. Il materiale cosi
prelevato viene osservato al microscopio per I'esaitologico, che pero in circa il 22—-30% dei
casi non e sufficiente a raggiungere una diagnefanitiva di benignita o malignita. In questi casi
spesso il ricorso alla chirurgia per una lobectodigagnostica rappresenta I'unica via percorribile.
L’esame istologico sul nodulo rimosso potrebbelare due possibili risultati: se si trattasse di
una lesione benigna, l'intervento chirurgico avelpmtuto essere evitato; se si rivelasse essere
un tumore maligno, sarebbe necessario un altrovenéo per rimuovere l'altro lobo, e ridurre

cosi il rischio di recidive.

Il ruolo dei test molecolari volti ad individuareutazioni somatiche gia a livello del materiale
citologico é stato largamente studiato negli ultanini. Tuttavia, la loro utilita clinica é tuttora

oggetto di dibattito.

Obiettivo dello studioll presente & uno studio prospettico e unicentdbe si propone a) di
stimare la distribuzione delle principali alteradionolecolari riscontrate nelle lesioni tiroidee a
livello delle diverse categorie diagnostiche citptiie e b) di valutare la loro utilita clinica in

fase preoperatoria.

Materiali e metodiSono stati raccolti in totale 680 campioni citolbgl'analisi molecolare per
la valutazione di alterazioni sui geBRAF NRAS HRASe KRASEé stata condotta con PCR
seguita da sequenziamento genomico diretto. L'singtiologica € stata eseguita in cieco da due

citopatologi in maniera indipendente.

Risultati. In totale 630 campioni sono stati considerati Elgrer le successive analisi. Secondo il
sistema di classificazione della citologia tiroidi gruppo SIAPEC, i noduli sono stati ripartiti

nelle categorie diagnostiche come segue: 24 TIRh @agnostico, 4%), 425 TIR2 (benigno,
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Riassunto

67%), 114 TIR3 (indeterminato, 18%), 11 TIR4 (s¢spper malignita, 2%) e 56 TIR5 (maligno,
9%). Complessivamente le alterazioni molecolarB&AF sono state riscontrate in 36 noduli
(5.7%), prevalentemente appartenenti al gruppoTltiRb; le mutazioni a carico dei geRAS
sono state trovate in un totale di 47 noduli (7.586) erano presenti perlopit nei TIR2 (5.9%) e

nei TIR3 (16.7%).

Nel corso dello studio, 180 noduli sono stati ctgicamente rimossi. Di questi 180, 96 sono
risultati tumori maligni (52%). Nel 54% di questiaestata riscontrata almeno una alterazione
molecolare a livello citologico. In particolare, heutazioni diBRAF sono risultate specifiche al
100% per la malignita. Inoltre, queste erano dstesimente associate a fattori di prognosi
sfavorevoli del tumore. Questa associazione notat snvece riscontrata per le mutazioni di
RAS che oltretutto erano presenti in due noduli tegilpoi benigni. Nelle categorie citologiche
TIR2 e TIR3, il rischio di malignita osservato (148hd 45% rispettivamente) era piuttosto
elevato. In ogni caso la presenza di una mutazihriRASsul campione citologico € risultata

altamente indicativa di una neoplasia maligna atitattura follicolare.

Conclusioni.Con questo studio & stata ottenuta una stima affeddella reale frequenza delle
mutazioni a carico dei geBRAFe RASnei noduli tiroidei, e la loro relativa distribazie nelle
diverse categorie citologiche. Valutando i nodaln ¢isultato istologico si & osservato che per i
casi TIR4 e TIR5 la sola analisi citologica & stiffinte ad ottenere una elevata specificita. Nei
noduli indeterminati, invece, un test molecolared mssere utile a definire la natura della
neoplasia, anche se con una specificita non aasdiutonclusione, questo studio dimostra che
un protocollo che affianchi I'analisi molecolaragaella citologica non solo & applicabile come
pratica routinaria, ma dovrebbe essere considestttmtamente in particolare per i noduli
indeterminati.



Abstract

Therole of molecular markersin the management of thyroid nodules

Background.Thyroid nodules are frequently encountered indgheeral population. In spite of

this high incidence, the prevalence of thyroid esramong thyroid nodules is rather low. Fine—
needle aspiration (FNA) cytology is the most widaked tool for determining the nature of a
nodule, together with ultrasound examination. Hosvethis test fails to reach reliable results in
about 25-30% of cases, for which a diagnostic ltumeg represents the only applicable solution.
Whenever the nodule turns out to be benign at logittal examination, the surgical approach
proves to be unnecessary. On the contrary, fobsetwf patients with a diagnosis of malignancy
a second step surgery is required to avoid theafstumor recurrence. The role of molecular
markers in helping clinical decisions and triagjpatients to the appropriate surgical approach
has been investigating for the last ten years. Mewehe real prevalence of the most common

genetic alterations in thyroid nodules as wellhegrtclinical significance is still unclear.

Objectives.This is a prospective single—institution study eihto a) evaluate how the most
frequent molecular alterations are distributed agritve cytological categories of thyroid nodules

and b) assess their preoperative utility in defirtime nature of the nodule.

Materials and method#\ series of 680 FNA biopsies were consecutiveljected and analyzed
for the presence of alterationsBRRAF, NRAS HRASandKRASgenes by using a high resolution
melt analysis followed by direct sequencing. Fdrcakes the cytological diagnosis was made
independently by the same two pathologists inrdblay.

ResultsA total of 630 cases were included in the finalese According to the Italian system for
the classification of thyroid cytology, they weriaghosed as follows: 24 TIR1 (non diagnostic,
4%), 425 TIR2 (benign, 67%), 114 TIR3 (indeterminafl8%), 11 TIR4 (suspicious for
malignancy, 2%) and 56 TIR5 (malignant, 9%). Ouenalolecular alterations iBRAF were
found in 36 cases (5.7%), and were prevalent irbTdRoup;BRAF mutations were also present
in one TIR2 and in one TIR3 nodules. MutationsRAS genes were detected in 47 nodules
(7.5%), with a frequency of 5.9% and 16.7% in TE@ TIR3 respectively.

During project duration, 180 nodules underwent isatgremoval. On histology, 96 nodules
(52%) resulted as malignant lesions. Among the4#% Bad at least one of the tested molecular
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alterations. BRAF mutations were 100% specific for malignancy, aheirt presence was
statistically associated with poor prognostic feetBASgenes did not show any correlation with
tumors features of aggressiveness, on the contwaryof the benign cases weRAS-mutant.
Malignancy rates in TIR2 and TIR3 categories weatber high (14% and 45% respectively). The
preoperative detection dRAS mutations was of great value in predicting follamupatterned
malignant lesions, showing a satisfying positivedictive value.

ConclusionsThis project defined reliable esteems of the peal/alence of the main molecular
alterations in thyroid cytology. Moreover, the doad cohort revealed that for TIR4 and TIR5
cytology alone had enough specificity and sengjtivivhile molecular testing on cytology is
effective in defining the risk of malignancy in etérminate nodules. Therefore, the application

of a such low—cost panel of markers on routineditycytology should be considered.



1.Introduction

Palpable thyroid nodules are frequently encounténethe general population, occurring in
approximately 5% of women and 1% of men [1,2]. Phevalence of thyroid nodules raises the
19-68% when population is screened with high—résslwltrasound techniques [3,4]. Not all
thyroid nodules represent a relevant entity fromlimical point of view, with a prevalence of
cancer ranging from 7 to 15%, depending on numefactsrs including mainly population, sex,
age and history of radiation exposure [5,6]. One®dule is detected, the main objective of the
clinician is to identify its nature, or in other wis to exclude malignancy. According to the latest
guidelines of the American Thyroid Association (ATAultrasound provides important
information, including gland size, nodule size,dtian and sonographic features (solid or cystic
components, echogenicity, margins, calcificatiorsscularity); moreover, the presence of any
suspicious cervical lymph nodes in the centralaterbl compartments can be assessed. The
results of ultrasound evaluation can be associatdda certain risk of malignancy [7,8], leading
to a further evaluation of the nodule by fine—needspiration (FNA) biopsy. This test for the
examination of thyroid nodules is cost—effectivel &ighly reliable, particularly when performed
under ultrasound guidance [9,10]. However, a d&fimi diagnosis can be made only after
histological examination. Nevertheless, the ainfFNfA cytology is to reduce the rate of surgery
for benign disease, without missing any malignakoy.such reasons the results of FNA biopsies

should be evaluated with all the clinical, laborgtand imaging data [11].

1.1.Follicular—derived thyroid cancer

Thyroid cancer is the most common endocrine malignaand its incidence is increasing.
Thyroid cancer has generally a good clinical praimowith survival rates of more than 95%
after 20 years from diagnosis. However, diseaserrecce and persistence rates are quite high

[12].

Primary thyroid tumors are frequently epitheliahtars originating from follicular cells, and

rather rarely they derive from parafollicular celtesulting in medullary carcinomas [13]. The
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follicular—derived thyroid tumors include benignrifts, such as follicular adenoma (FA),
malignant well-differentiated tumors, mainly pagil thyroid carcinoma (PTC) and follicular
thyroid carcinoma (FTC), and malignant poorly diffietiated (PDTC) and undifferentiated or

anaplastic (ATC) carcinomas.

PTC is the most common form of thyroid cancer, aotiog for 85-90% of all thyroid

carcinoma. Microscopically, conventional PTC hampillary growth pattern, papillae with well—
developed central fibrovascular core lined by layarcells with crowded, oval nuclei (Figure 1a,
1b). Often PTC contain also a variable proportiérfadlicular areas. Tumor cells are usually
cuboidal or columnar, with nuclei containing peaudlicharacteristics such as eosinophilic

inclusions and grooves.

PTC tend to invade lymphatic vessels, leading ¢horeal node metastases. These are extremely
common (50% of more) at initial presentation. Distenetastases to lungs and bones are rare,
occurring in 5-7% of cases [13]. Poor prognostatdies in PTC are older age at diagnosis, male
sex, large tumor size, extrathyroidal growth, pneseof less differentiated or solid areas and

vascular invasion.

Some histological subtypes of PTC are thought tadseciated with poor prognosis, but it is still
controversial. Tall cell variant (TCV) PTC repretsenabout 10% of all PTC (Figure 1c). These
tumors have an extensive papillary pattern, andallysishow extrathyroidal extension. The

prognosis for this variant is less favorable thamncbnventional PTC [12].

Follicular variant (FV) PTC accounts for 15-20%atif PTC (Figure 1d). Its diagnosis is easier
when nuclear features are well recognizable anditumas an infiltrative growth pattern [14].
Encapsulated lesions, without signs of tumor capsulasion, with unclear or imperfect nuclear
features are the most controversial. Several stutbenonstrated a poor diagnostic agreement for
these lesions even among expert thyroid pathok{fl&—17]. Differently from conventional and
TCVPTC, FVPTC are difficult to be diagnosed at ¢gtical examination, because they rarely

show nuclear characteristics of PTC; often FVPT€dden into indeterminate category.
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Figure 1. Histological images of PTC, hematoxylintsin stain. a)PTC nuclear features (X10[)3]; b) classical
PTC (X100)[18]; c) tall cell variant PTC (X20)d) follicular variant PTC (X20).

Form a clinical point of view, FVPTC generally shaw indolent behavior. Anyway, it has been
demonstrated that for FVPTC the invasion of tumapstile represents a key factor in
determining the prognosis [19]. In particular, gsdated non-invasive FVPTC lack any
evidence of lympho—vascular invasion and have dareesely low metastatic potential, being
associated with a favorable outcome [19-22]. Canmsid this, to avoid over—diagnosis and
overtreatment of these indolent tumors, their ssifecation has been recently proposed [23],
with the new nomenclature of “Non-invasive folligaulthyroid neoplasm with papillary—like

nuclear features” (NIFTP) (Figure 2).
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Figure 2. Histological images of a NIFTP, hematoxiyi/eosin stain[24]. a) the thin fibrous capsule is illustrated
(X2); b) the same lesion shows nuclear features typicall@f §X40).

FTC represent 5-15% of all thyroid cancers. Thegwsla follicular differentiation but lack
peculiar nuclear characteristics. At presentatio@ ks usually a solitary and encapsulated tumor,
and its main diagnostic criteria is the invasiortted capsule and/or the vascular invasion. The
latter is an indicator of poor prognosis [25]. Thajority of FTC are minimally invasive, with a
slight invasion of tumor capsule invasion; theyehaicause distant metastasis. On the other hand,
widely invasive FTC is much less common, but ab80% of these tumors cause distant

metastasis, leading to high mortality rate [12].

PDTC and ATC account for approximately 5%—10% gfdid cancers. Patients affected form
these cancers have a mean survival of 3.2 ande@s yafter presentation respectively [26]. They
represent two well distinct entities, but it seeifmat most of them arise from preexisting PTC

[27,28].

1.2.Thyroid cytology
The evaluation of FNA cytology is determined by dfie criteria and follows a system of
diagnostic categories, each one associated wiiffieaesht risk of malignancy.

The most widely used classification systems for ¢lwvaluation of FNA cytology are a) the
Bethesda system (USA) [29] b) the Royal collegé€athology Guidance (UK) [30] and c) the
Italian system for reporting of thyroid cytologylf]L
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A comparison among these three reporting systersilsdwn in Table 1: a close similarity among

these schemes is evident.

SIAPEC- USA Bethesda UK RCPath
AIT2013
TIR 1 Non- L. Non-diagnostic Thyl/Thylc
diagnostic Cystic fluid only Non-diagnostic for
TIR lc Non- cytological
diagnostic diagnosis
cystic Unsatisfactory,
consistent with
cyst
TIR 2 Non- II. Benign Thy2/Thy2c
malignant Non-neoplastic
TIR 3A Low-risk TIL. Atypia of Thy 3a
indeterminate undetermined Neoplasm
lesion (LRIL) significance or follicular possible—atypia/
lesion u.s. AUS/FLUS non-diagnostic
TIR 3B High-risk V. Follicular neoplasm or  Thy 3f
indeterminate suspicious for a Neaplasm
lesion (HRIL) follicular neoplasm possible—
suggesting
follicular
neoplasm
TIR 4 Suspicious V. Suspicious of Thy 4
of malignancy malignancy Suspicious of

malignancy
TIR 5 Malignant VL. Malignant Thy 5 Malignant

Table 1. Comparison among cytology classificatiogystems [11].

Expected risk of malignancy and suggested clirgcdions for the Italian classification system
are summarized in Table 2. The seven cytology ocaiteg) of the Italian classification are

explained in detail in the next few paragraphs.

TIR 1 category includes either inadequate and rapresentative specimens. The inadequacy
usually depends on technical issues, such as rggaantifacts, or on the presence of obscuring
blood. On the other hand, a specimen is considemed-representative when an insufficient
number of cells are collected from the nodule amel $carcity of material does not allow a
reliable evaluation. It has been demonstratedtti@institutional prevalence of TIR1 is strongly
operator—dependent [31,32]; the overall rate of ITjer institution should remain below 10%.
Whenever a specimen with a low cell representatiseris characterized by the presence of a

cystic component, it is classified as TIR1C.
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Code Diagnostic Expected risk of Suggested actions
category malignancy (%)
TIR1 Non-diagnostic  Not defined Repeat US-guided
FNA after at least
1 month
TIRIC Non-diagnostic- Low (variable on Evaluate the
cystic the basis of clinical setting
clinical findings) and/or repeat
FNA
TIR2 Non-malignant/ <3 Follow-up
benign
TIR3A Low-risk <1{? Repeat FNA/
indeterminate clinical follow-up
lesion (LRIL)
TIR3B High-risk 15-30* Surgery
indeterminate
lesion (HRIL)
TIR4 Suspicious of 60-80 Surgery (consider
malignancy frozen section)
TIRS Malignant =05 Surgery

* Expected rate of malignancy for the TIR3 subcategories is mainly
found on clinical experience and is only partially based on the evi-
dence of the published data

Table 2. Italian system for reporting of thyroid cytology [11].

TIR2 category comprises the major part of cytolegpecimens, accounting for approximately
70-80% of cases. This category is consistent wigimign nodules, including adenoma,
colloid/hyperplastic nodules, and thyroiditis. Sifieally, TIR2 samples show a good cell
representativeness with varying proportions ofaidlland normal follicular cells organized as

macrofollicles. The false negative rate for a d@gis of TIR2 is expected to not exceed 3%.

TIR3 category includes 10-25% of nodules andtiiésmost discussed and controversial. Indeed,
TIR3 nodules are characterized by a microfollicytattern, and at histology they might be
consistent with adenomatous hyperplasia, follicaBgnoma but also with follicular carcinoma or
follicular variant of papillary thyroid carcinomahis is the main reason for which these nodules
are often defined as “indeterminate”. The risk @llignancy associated with TIR3 nodules ranges
from 5 to 30%. With the purpose of stratifying tligk rate and reduce that range among TIR3
cases, a subclassification in TIR3A and TIR3B hasnbintroduced in the latest guidelines.
TIR3A cases, defined as low-risk lesions, are dtarzed by an increased cellularity,
microfollicular structures and scant colloid. Thetarally, the malignancy rate among TIR3A
cases should remain below 10%. Samples with hidlulaety, microfollicular pattern and
scant/absent colloid (suggesting for a follicul@oplasm) are diagnosed as TIR3B, as well as

nodules with mild and focal cyto—nuclear atypiaeTisk of malignancy of TIR3B nodules is

14
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estimate to reach 30%. According to the Italiardglines, TIR3A should undergo repeat FNA,
whereas TIR3B should be referred for diagnostigey, similarly to AUS/FLUS and FN/SFN

of Bethesda system.

TIR4 category accounts for about 5% of cases, ambmsistent with a high risk of malignancy,
reported as 60—80%. TIR4 nodules include highlypsated specimens with clear nuclear atypia,

for which, however, the diagnosis of malignancgas fully justifiable.

Finally, TIR5 nodules have a definitive diagnosfsnmalignancy (Figure 3). A TIR5 cytology
corresponds probably to a papillary thyroid caroiap or more rarely to medullary, poorly
differentiated or anaplastic thyroid carcinoma.sTtategory accounts for 4-8% of cases, with an

associated risk of malignancy higher than 95%.

Figure 3. Image of a cytological specimen with diamsis of TIR5.(Papanicolaou stain, X40) [33].

Of note, the reported risk of malignancy associatill each category is an esteem which rarely
is confirmed by real series of cases [34-37]. Iddd¢ke malignant rates are calculated on the

basis of surgical outcomes, and surgical cohogsacessarily biased by selection effects.

Moreover, as FNA cytology fails to reach a defirtidiagnosis in about 25-30% of cases [38],
the indeterminate category has attracted much titterbecause of the necessity to better
characterize these nodules before referring ateswrg his challenge concerns the presence of
subtle cyto—morphological and cyto—nuclear featunsch are shared by several follicular
patterned lesions, including either benign and gnalnt forms, such as hyperplastic nudules,
follicular adenoma, follicular carcinoma, and todli€ular variant of PTC [39]. Indeed, whenever

a nodule proves to be benign at histology, surgary be considered an overtreatment. On the
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other hand, if a diagnostic lobectomy is perfornzed the nodule turns out as malignant, a
completion thyroidectomy may be required to prewbatrisk of recurrence, and patient is sent to
a second-step surgery. To overcome this diagnisstiee, several molecular markers have been

proposed as auxiliary instruments supporting adiohgicytology evaluation.

1.3.Molecular markers and molecular tests for thyrad cytology

In follicular—derived thyroid tumors, the most fremnt molecular alterations occur in the MAP
kinase (MAPK) and PI3K/AKT signaling pathways, imding mainly BRAF and RAS point
mutations, and RET/PTC and PAX8/PPARg translocat{@able 3).

Thyroid tumor Molecular alteration

Papillary thyroid carcinoma BRAF°%E (classical and TCV)
BRAFCE (Fv)
H—, N—, K-RAS
TERTpromoter
RET/PTC
PAX8/PPARg

Follicular thyroid carcinoma BRAR®0E
H—, N—-, K-RAS
TERTpromoter
PAX8/PPARg

Poorly differentiated BRAF/®%F

and undifferentiated thyroic H—, N-, K-RAS

carcinoma TERTpromoter
PIK3CA
EIF1AX

Follicular thyroid adenoma BRAR®0E
H—, N—-, K-RAS
PAX8/PPARg

Table 3. Molecular alterations frequently detectedn thyroid cancer [40-43].

These alterations are mutually exclusive, howelvey bften coexist with additional mutations in
other oncogenes such BEK3CA, EIF1AX and the promoter cfFERTgene, particularly in more
advanced forms. Each molecular alteration detectedytology can reach a certain degree of
sensitivity and specificity. For instand@RAF p.V600E mutation represents the most common

alteration found in PTCs (mainly in conventiongbay, reaching the 45% of frequency [44]. Not
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only this mutation is highly specific for malignandut also it has been associated with a worse
prognosis in terms of lymph node involvement, distaetastases and higher risk of recurrence
[28,45-48]. However, its sensitivity is rather losince aBBRAFwild—type result on cytology can
by no means certainly rule out malignancy [49]. & other hand, mutations RASgenes are
not highly specific nor sensitive, occurring eithier malignant and in benign neoplasms.
Researchers have been discussing for many yearg #im role ofRAS mutations in thyroid

cytology, and the controversy involves especidibirtdetection in indeterminate nodules.

Nowadays, the introduction of innovative and prangstechnologies allows to extensively
explore the molecular characteristics of a tumdudyng gene panels rather than single
alterations. An ideal molecular test applied onolmgy samples should be a) informative,
providing reliable data able to rule in or rule auwalignancy and b) feasible and cost—effective, in
terms of nucleic acids input, costs and time [50].

Several molecular tests have been developed anthemialized for thyroid cytology: some of
them detect mutations and some others analyze ggmession profiles. The performance of
each test in terms of positive and negative pradiofalues (PPV and NPV) is not an intrinsic
property, but should be calculated on the basithefpretest probability of malignancy, which
considerably varies among populations, institutiarmsl cytology categories [51,52]. As a
consequence, the test results obtained by a résemonip should not be extended to other
conditions. Considering this premise, the chareties and performance rates of three molecular
tests among the most applied on indeterminate ithgngology are summarized in Table 4.

17
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Test Afirma ? ThyraMIR/ThyGenX ° TyroSedf
Company Veracyte Interpace Diagnostics University of Pittsburg
Method
ThyGenX: multiplex PCR; Next—generation
detection of mutations in a 7— sequencing platform
gene panelgRAFandRAS detecting mutations in
microarray technology analyzing genes, several geneBRAF, RAS
167—gene mRNA expression rearrangements ®ET/PTCand genesCTNNB1 GNAS
PAX8/PPARYy TP53 TERT, TSHRand
ThyraMIR: miRNA expression others) and rearrangements
analysis (RET, PPARg NTRK ALK)
Sample* 2 dedicated FNA passes 1 dedicated FNA pass 1-2 drops from first pass
Cost* ;
$4875 Afirma GEC/MTC $1675 for ThyGenX alone
$975 Afirma MTC $3300 for ThyraMIR $3200
$475 AfirmaBRAF Y
Sensitivity 83-100% 69% 90%
Specificity 7-52% 86% 93%
PPV 14-57% 71% 83%
NPV 75-100% 85% 96%

Table 4. Test characteristics. The table summarizehe main characteristics of Afirma, ThyraMIR/ThyGenX

and ThyroSeq (v.2) molecular tests.

*Information from a review by Nishinfs0]

®data obtained from a comparison among severalestumhi indeterminate cytology performed by Afirma
[50,51,53,5657]

®rom Labourier et al[58]

“from Nikiforov et al. [59]
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2.Aim

The landscape in which the present study is plasedarious and multi-sided. The value of
cytological examination in the assessment of tliyroodules is incomparable, nevertheless
molecular biology finds easily its place as ancgjlldiscipline aimed to overcome some important
limitations of cytology. The common goal is to pide patients with an effective preoperative
screening, thus giving a global idea of the patipl@ble to guide diagnosis, surgical approach
and therapy. This need becomes more evident wherogical specimens obtained by FNA

biopsy yield a diagnosis of indeterminate.

Advances in the understanding of molecular mechasignderlying thyroid tumorigenesis [60]
led to the development of molecular tests for thd/mytology. Several studies demonstrated the
importance of an integrated approach, combinirtgeeiggenotyping and gene expression analysis.
This strategy is frequently precluded because efdtarcity of nucleic acids obtainable from
cytology specimens. In addition, such methodologies generally very expensive, and their
efficiency depends on a series of factors which @geuliar of each specific population and

institution.

Therefore, in order to define the prevalence aedctimical role of the more frequent molecular
alterations found in thyroid nodules, this projeitns to molecularly characterize a rather

homogeneous, consecutive series of cytologicalisees from thyroid nodules.

The molecular test is performed by a cheap teclgyolmcommonly used in laboratories of
molecular pathology, a real-time PCR followed bghhresolution melting analysis and direct
sequencing. The molecular alterations analyzedraialy point mutations in genes belonging to
the MAPK signaling pathwayBRAF, HRAS NRASandKRAS Moreover, in a subset of cases,

mutational status of the promoterTdRTgene is evaluated.

The project is designed to have some importantacharistics of strength, never found in

previous studies:
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prospective, consecutive, non—selected seriessalscén order to obtain a real picture of
the prevalence of molecular markers;

homogeneity of samples collection, since FNA idqganed by the same operator;
homogeneity in cytology diagnoses, because micpscevaluation is performed
independently by the same two cytopathologists,raedical reports written accordingly;
molecular analysis performed blindly;

analysis performed on needle rinse material fromAFbbtained independently from

slides preparation without waste of diagnostic mialte
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3.Materials and methods

3.1.Patients population

A total of 680 samples have been consecutivelyect#d from patients with thyroid nodules
undergoing routine FNA biopsy at the Unit of Endoctogy 1 of the Azienda Ospedaliero
Universitaria Pisana (Pisa, Italy) between June32&Xid September 2014. No selection criteria
have been adopted, all FNA biopsies were perfortmethe same operator. Information about
size and location were collected for each nodudewall as patients age and sex. Cytological
diagnosis was formulated independently and blifdljowing the Italian system [11]. During
this project, a subgroup of nodules have been ilgiexcised: information about histological
outcome [61] and clinical-pathological charact@sshave been collected, with the last update in

September 2016.

3.2.Samples collection and DNA purification

After nodule aspiration and slides preparation,taathl material has been recovered by rinsing
the syringe with phosphate—buffered saline (PBlashfng repeatedly the fluid into a 1.5 ml
clean tube. Samples have been processed by a emtdfagation (5x18 rpm for 15 minutes),
and supernatant was discarded. Cell pellets wemespended in a preservative and hemolytic
solution (ThinPrep PreservCyt Solution, Hologic .InMarlborough, MA, USA) in order to
remove blood components. Then, tubes were cengdfiagain (5x10rpm for 15 minutes), and
supernatant was removed. Cell pellets were immelgiased for DNA purification or stored at —
20°C until DNA extraction. DNA was purified usingl&amp DNA Mini kit (Qiagen, Hilden,
Germany), following the manufacturer’s instructio@ell pellet was resuspended in PBS, 200
before adding proteinase K and lysis buffer. Felation volume was set at 46 DNA quality
and quantity were evaluated by a spectrophotongit@noDrop 1000, Thermo Fisher Scientific,
Wilmington, DE, USA). Whenever the DNA concentratias higher than 10nd/ samples

underwent dilution with nuclease—free water.
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3.3.Molecular analysis.

All samples have been analyzed for the presenserofitic molecular alterations BRAF (exon
15), NRAS(exon 3),HRAS (exon 3) andKRAS(exon 2) genes. A real-time PCR was set—-up
using a pre—prepared reaction mix (Hot StarTaq &tabtix, Qiagen), a DNA-binding dye
(EvaGreen, Biotium Inc., Fremont, CA, USA) and sfieprimer pairs (Table 5). For all samples
reactions were performed usingl DNA. After PCR reaction, products were evaluabgdhigh
resolution melt (HRM) analysis. Melt curves of sdmspwere compared with that of known
positive and negative controls, included in eaghegxnental session together with a no template
control. For samples with altered melt curves, RE&iucts were purified and analyzed by direct

sequencing on a AbiPrism 3130 Genetic Analyzer (iggBiosystem, Foster City, CA, USA).

Gene [Ref Ensemble], exon Primer pairs

BRAF[ENSG00000157764] F:5—TCCTTT ACT TAC TAC ACC TCA GAT -3’
exon 15 R: 5— AGT GGA AAA ATA GCC TCA AT -3’
NRAS[ENSG00000213281] F:5-TGG TGAAACCTG TTT GTT GG -3

exon 3 R: 5- TGG CAA ATA CAC AGA GGA AGC -3

HRAS [ENSG00000174775] F: 5—- GGA AGC AGG TGG TCATTG AT -3

exon 3 R: 5—- AGT ACA GGT GAACCCCGT GA -3
KRAS[ENSG00000133703] F:5—TCATTATTT TTATTA TAA GGC CTG CTG -3
exon 2 R

15— AGA ATG GTC CTG CAC CAG TAA -3’

Table 5. Primer pairs.

In a subset of cases (cases with TIR3, TIR4, TIRBlogy and nodules of any category with
BRAFor RASmutations) the analysis of the promoteT&RTgene was also performed by PCR

followed by direct sequencing [62].

3.4.Statistical analysis.

The presence of statistical correlations amongcthvesidered parameters was evaluated using

Statistica Software (Dell Software, Round Rock, TOGA) proceeding as followg2 test to
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compare categorical variables; t-test to compasniifative variables (after assessment of the

normal distribution of the continuous variablegptBtical significance was set at p—value <0.05.

The performance of the molecular test was calcdlfie TIR3 nodules considering the following

parameters:

a) true positive (True P): cases positive for a matatind histologically malignant;
b) false positive (False P): cases with mutationskadgn at histology;
c) true negative (True N): cases without mutationstzemgn at histology;

d) false negative (False N): cases without mutatiowsraalignant;

using the following formulae (where the prevalefleeev) is calculated as the ratio between the

malignant cases and all the cases):

S itivit (S )_ TrueP x 100
ENSIVLY WENS) = (True P + False N)
True N
Specificity (Spec) = 100

X
(True N + False P)

Positi dicti lue (PPV) Sens x Prev 100
= X
osttive predictive vaiue (Sens x Prev) + [(1 — Spec) X (1 — Prev)]

Negati dictive value (NPV) = Spec x (1 — Prev) x 100
egative predictive vatue "~ [Spec x (1 — Prev)]+ [(1— Sens) x Prev]
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4. RESULTS

4.1.Cytological diagnosis, population

Twenty—nine out of 680 FNA biopsies were negatiwadhnode aspirates; nine nodules had a
cytological pattern compatible with lymphocytic thiditis; three were diagnosed as lymphoma
and one as schwannoma. Eight cases were TIR1CalDubese 50 cases have been excluded
from the original series. The remaining 630 nodulesn 536 patients, formed the final series of
cases. There were 120 men (22.4%) and 416 womeBJ {sex ratio 1:3.5); mean age was 48.7

years.

Nodules were distributed among the cytological gaties as follows: 24 TIR1 (4%), 425 TIR2
(67%), 114 TIR3 (18%, 79 TIR3A and 35 TIR3B), 1R (2%) and 56 TIR5 (9%) (Figure 4).

TIRS TIR1

Figure 4. Cytological diagnosis of the 630 nodules.

4.2.Molecular analysis.

All the 680 cases have been evaluated with mole@nalysis. The 50 nodules that have been
subsequently excluded from this project were witdetfor all the considered markers, except for

one sample, which was inadequate.

Examples of altered melting curves and electropgraros obtained by direct sequencing are

reported in Figures 5 and 6.
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Figure 5. HRMA curves.a) Normalized fluorescence decreases as temperatneasesThe black arrow indicates a
sample showing eurve with al altered melting profileb) the same condition seen with the derivative gréfghe it is
more evident that the sample with the altered c(slack arrow) has two populations of PCR prodwudgth different
melting properties. This image represents the HRIM/NRAScodon 61
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Figure 6. Sequencing lectopherograms. a) The sequence &RAFcodons 599601 does not show alteratio b) the
codon 600 oBRAFwith the substitution AT (p.V600E) c¢) wild—type sequence ®iRAScodon 61d) substitution
G>A in NRAScodon 61 (p.Q61R e) wild—type sequence ?iRAScodon 61 and) substitution G>A in codon 6

(p-Q61R)

Among the remaining 630 nodu, BRAF mutations were found in 36 cis (5.7%),NRAS
mutations in 36 (5.7)HRAS mutations in 7 (1.1%) ankRASmutations in 4 cases (0.6%All
mutations inBRAF gene were p.V600E, except for one p.K601E (in aZTi®dule) and on
T599R+V600E complex mutation (in a TIR5 nodule).eTprevaler mutationfound in NRAS
codon 61was the p.Q61R, in 32 cases, followed by the p.Q6dHKour cases. In codon 61 of
HRASthere were threp.Q61R and foup.Q61K mutations. Mutation iIKRAS codons 12/13
were: two p.G12V, onp.G12D and one p.G13D.
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According to the cytological categoRAF mutations were prevalent in TIR5 group, as well as
mutations iNRASgenes were more frequent in TIR3 category. Thelte®f genotyping are

schematized in Figure 7 and reported in detailabld 6.

Figure 7. Distribution of the detected molecular akrations according to the cytological categories.

On TIR3, TIR4 and TIR5 nodules the genotype anslygs extended also to the promoter of
TERTgene.TERTpromoter mutation was found in eight cases out84f (4.4%). All these cases
had the C228T substitution (C>T at —124 bases ftmmATG start site); they were one TIR3A,
one TIR4 (also mutated fAdRASpP.Q61R), and six TIR5 (three of which were alsotated
BRAF p.V600E). Later, the analysis ®ERTpromoter was extended also to the nodules mutated
for BRAF or RASgenes, independently from their cytological cldss, no further mutations in

TERTpromoter have been found among these cases.

BRAF = NRAS HRAS KRAS  All RAS  wild-type

Cyology [ oe)  n6) . n()  nG) ok
I]LR214 141 14 0 0 1(41) 22(91.7)
MRS 102 22(52) 3(07) 0 25(9) 399 (939)
RS 1(09) 11(97) 435 435 19(167) 94(824)
TR 3(27.3) 2(18.2) 0 0 2(182) 6 (54.5)
15,56 30(536) 0 0 0 0 26 (46.4)
A 36(5.7) 36(.7) 7(L1) 4(0.6) 47(75) 547 @6.

Table 6. Cytological group of all cases and their nlecular status.
*BRAFp.K601E mutation
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4.3.Follow—-up and histology.

During this project, a total of 40 patients (8.9t)derwent repeat FNA, obtaining the following
results: 32 nodules with the same cytological regdt TIR2, ten TIR3A, one TIR3B); four

nodules with a worse diagnosis (two from TIR2 t&k3A, one from TIR3A to TIR3B and one

from TIR3A to TIR4); four nodules with a better gresis (from TIR3A to TIR2).

Moreover, 180 nodules out of 630 have been sutgiaicised (28.6%). After histological

examination, the 180 nodules have been diagnoséaiaws: 86 benign nodules (48%), among
which 24 follicular adenoma (27.9%) and 62 nodutesiodular goiter (72.1%), and 94 cases
(52%) diagnosed as malignant, 71 PTC (75.5%), KNE (9.6%), one ATC (1.1%) and 13

metastatic lesions from PTC (13.8%).

In the group of 86 benign nodules, microcarcinorhase been found during histological

examination in 20 cases (23.3%) (Table 7).

Characteristics of microcarcinomas n, (%)
Site extra—nodule 16 (80%)
parenchyma
in nodule 4 (20%)
Histology FVPTC 11 (55%)

CVITCVPTC 8 (40%)
MTC 1 (5%)

Multifocality multifocal 5 (25%)
unifocal 15 (75%)

Extrathyroidal yes 4 (20%)
invasion no 16 (80%)
Lymphnode yes 2 (10%)
metastasis no 18 (90%)

Table 7. Clinical pathological characteristics ofnicidental microcarcinomas.

Of these microcarcinomas, three were found incalnin the contralateral lobe; 13 were found
in the parenchyma of the same lobe of the nodale;fvere detected in the context of the nodule.
Mean size of unifocal carcinomas was 4.4 + 3.1 nffour microcarcinomas showed

extrathyroidal infiltration, and two caused regibnade metastases.

Tables 8 and 9 indicate how malignant and benigiotes were distributed among cytological

categories.
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Surgical cohort Malignant outcome Benign outcome

Cytology n, (%) n, (%) n, (%)
lls 8 (33.3) 2/8 (25) 6/8 (75)
n=24 ’
TIR2
=425 57 (13.4) 8/57 (14) 49/57 (86)
TIR3
e 56 (49.1) 25 (44.6) 31 (55.4)
TIR4
n=11 10 (90.9) 10/10 (100) 0
TIRS
n=56 49 (87.5) 49/49 (100) 0
All
n=630 180 (28.6) 94/180 (52.2) 86/180 (47.8)
Table 8. Surgical outcome of 180 nodules.
Cytology
Histology TIRL  TIR2 TIR3 TIR4 TIR5 All
n=8 n=57 n=56 n=10 n=49 n=180
BENIGN (n=86)
Nodule in goiter 6 42 14 0 0 62 (72.1%)
Follicular Adenoma 0 7 17 0 0 24 (27.9%)
MALIGNANT (n=94)
PTC 0 8 18 7 38 71 (75.5%)
FTC 0 0 7 2 0 9 (9.6%)
ATC 0 0 0 1 0 1 (1.1%)
Metastasis 2 0 0 0 11 13 (13.8%)

Table 9. Histological outcome according to cytologal categories.

All the nodules belonging to TIR4 and TIR5 groupsl fa malignant outcome. Considering the
histological diagnoses, the observed risk of mali@y in TIR2 and TIR3 categories was 14%
and 45% respectively. Of note, almost all PTC iRdland TIR3 categories were FVPTC. The
distribution of PTC variants among TIR2, TIR3, TIRAd TIR5 nodules is showed in Table 10.
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Cytology
PTC Variant TIR2 TIR3 TIR4 TIRS5 All
n=8 n=18 n=7 n=38 n=71
Classical 1 2 4 3¢ 37 (52.1%)
Follicular 7 14 2 3 26 (36.6%)
Tall cell 0 0 0 4 4 (5.6%)
Others 0 2° 1° 1° 4 (5.6%)

Table 10. Distribution of PTC variants according tocytological category.

3six classical PTC had tall—cell areas
bsolid variant
‘macrofollicular variant

From a molecular standpoint, 51 out of 94 maligmadules (54.3%) had at least one mutation,
while there were only two mutated cases (botiKiRASgene, p.G12D and p.G13D, and both
were TIR3) among the 86 benign nodules (2.3%). Pptesence of any type of mutation in
cytology specimens was highly predictive of maligntumors (p—value 0.00001). EithBRAF
mutations alone (p—value 0.00001) d&@lSfamily mutations alone (p—value 0.0002) had atgrea
power in predicting malignancy. Sensitivity, spaii and predictive power of the molecular

test are discussed in detail in the next paragraph.

In cases that turned out as malignant, mutatione distributed among cytological categories as

shown in Table 11.

Cytology
Molecular marker TIR1 TIR2 TIR3 TIR4 TIR5 All
n=2 n=8 n=25 n=10 n=49 n=94

BRAF 1 0 1 3 26 31
NRAS 0 4 6 2 0 12
HRAS 0 1 2 0 0 3
KRAS 0 0 1 0 0 1
TERT promoter 0 0 1 1* 5** 7
wild—type 1 3 14 5 20 43

Table 11. Molecular alterations in malignant casesef the surgical cohort and their distribution among
cytological groups.

*TERTpromoter mutation coexisted wiNRASmutation
**two out of 5 cases had coexistencel&RTpromoter an@RAFmutations
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Among the 52 TIR2 cases that underwent surgerpdiles resulted as malignant, and they were
7 FVPTC and one cystic CVPTC. Five out of 7 FVPT@ad aRASmutation (71%). Moreover,

amongRASpositive cases, two were invasive FVPTC and 4qotesi multiple foci.

For TIR3 category, 56 nodules have been removetlitlaere were 31 benign and 25 malignant
tumors on histology. The 25 carcinomas includeceseWTCs and 18 PTCs: two conventional
PTCs, 14 FV, two solid variant PTCs. Two FTCs duseven had &ASmutation (29%), and
one hadTERTpromoter mutation (14%RASmutations have been found also in seven out of 18

PTCs (39%), and all of them were FV. Moreover, ohthe two CVPTCs haBRAFmutation.

All TIR4 nodules of the surgical cohort resultedraalignant: seven PTC, two FTC and one
ATC. The latter had the coexistenceT®RTpromoter andNRASp.Q61R mutations. Three out
of four CVPTC hadBRAF p.V600E mutation (75%) and the macrofolliculariaat PTC had
NRASmutation.

In the same way, all TIRS nodules that underwemgisal removal were malignant tumors.
Eleven out of 49 cases resulted as metastaticnigsfour of these haBRAF mutation (36.4%).
Almost all TIR5 nodules turn out as CVPTC (30 casesd 17 of them (57%) welRAF
mutated. In addition, all TCVPTC (100%) and ondiltisitive FVPTC (33%) had th&RAF
p.V600E mutation.

FVPTCs deserve a particular mention. Overall, engtirgical cohort there were 26 FVPTCs:

- Sinfiltrative (19.2%) (two TIR3B, one TIR4 and tWdR5 at cytology);

- 7 encapsulated with invasion of tumor capsule @§.&our TIR2 and three TIR3A at
cytology);

- 14 encapsulated non-invasive (53.9%) (three TIRRt&1R3A, one TIR3B, one TIR4
and one TIR5 at cytology).

Given the advent of NIFTP as a new pathologicaltegnthe 14 encapsulated non—invasive
FVPTCs have been carefully revised by two pathstsgindependently. Only four of them
(28.6%) met the cyto—nuclear requirements for thgrbsis of NIFTP. The mutational status of

all FVPTCs is schematized in Figure 8.
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B TRz Y BRAFmutation
! TiR3a A RAS mutation

H mra
. . . . . . Z Encapsulated invasive FVPTC I:l TIRS
. . . Z .[ .j ! g .:| : _ Ig . D EnpSUIatEd nom-invasive FVPTC

NIFTP NIFTP NIFTP NIFTP

Figure 8. Relationship between invasiveness, cytglical group and molecular markers in FVPTCs Among
the non—invasive encapsulated tumors, four carefiratl as NIFTP (black arrows).

4.4 Statistical analysis and test performance

Clinical-pathological characteristics of the matighnodules are reported in detail in Table 12,
together with the results of the statistical analyhe 13 metastatic lesions have been excluded
from this evaluation. Moreover, three groups haeerbmade upBRAF mutant,RAS genes
mutant HRAS NRASand KRASconsidered all together) and wild-type cases;,tsatistical
comparisons have been performed betv&RAF mutant and wild—type and betweRASmutant

and wild-type.

BRAF mutant nodules were generally smaller (mean tusies 21.1 mm) than wild—type (mean
26 mm) andRASmutant tumors (mean 30.3 mm). Patients’ age wgtsehiin nodules witBRAF
mutations, but there were not statistical diffeencMutations INRAS genes were not
significantly associated with pathological chardstees of tumors, whileBRAF mutations
correlated with: infiltration of tumor capsule (@tve 0.03), invasion of thyroid parenchyma (p—
value 0.0005), invasion of thyroid capsule (p—vadu@00001), infiltration of perithyroidal soft
tissue (p—value 0.0003), multifocality (p—value 2).@&nd regional lymphnode involvement at

presentation (p—value 0.004).
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BRAF All RAS
Clinical—pathological characteristics p— Al Eases
mut  wt p—valueé mut owt 0 (n=81)
Age (mean) [years] 43.6 40.2 ns 39.9 40.2 ns 41.3+14.8
Sex Male 11 12 ns | 5 18 ns | 23 (28.4%)
Female 15 43 11 47 - 58 (71.6%)
Tumor size(mean) [mm] 21.1 26.0 ns 30.3 26.0 ns 25.3+16.9
Tumor capsule invasion  Yes 25 39 0.03 -9 55 ns 64 (79.0%)
No 1 16 7 10 17 (21.0%)
Thyroid parenchyma invasior Yes 23 22 0.001 4 41 - 45 (55.6%)
No 3 33 12 24 36 (44.4%)
Thyroid capsule invasion ~ Yes 23 15 3 35 . 38 (46.9%)
No 3 40 13 30 43 (53.1%)
Extrathyroidal extension  Yes 17 9 0.000 1 25 ns 26 (32.1%)
No 9 46 15 40 55 (67.9%)
Multifocality =~ Yes 20 28 0.02 9 39 o 48 (59.3%)
No 6 27 7 26 33 (40.7%)
Lymphnode metastases Yes 15 11 0.004 1 25 ns 26 (32.1%)
No 11 44 15 10 55 (67.9%)

Table 12. Statistical analysis. Associations betwe¢he main clinical pathological tumor characteristcs and
mutations in BRAF or RAS genes.

Since only seven cases hda&RT promoter mutations, this molecular marker has lmetn
considered as a parameter in the statistical asaRatients witif ERTpromoter mutant nodules
were considerably older (mean age 57.3 years) tither ones. Moreover, alERT mutant
tumors had pathological features of aggressivernessept for one FTC (a TIR3 nodule on
cytology, without known concomitant mutations), athiwas minimally invasive and did not
caused metastases. In the entire surgical coholit, ane nodule had a coexistence TERT
promoter andRASmutations: it was an ATC. In addition, two nodulesl eithelTERTpromoter
and BRAF mutations: they both were CVPTCs; one of these patients developed disease

recurrence after 18 months from initial surgery.

For TIR3 group, the performance of molecular testsvealculated in terms of specificity,
sensitivity, PPV and NPV, considering that in tlheggcal cohort the prevalence of malignancy
among TIR3 nodules was 44.6%. Specificity was 94&msitivity 44%, PPV and NPV were
85.5% and 67.6%, respectively. A graph representiogy PPV varies according to the
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prevalence has been buusing the values densitivity and specificity observ in TIR3 group

(Figure 9).

PPV
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Figure 9. Molecular test performance The curve indicates how PPV varies according tgtiegalence o
malignancy in the studied population.

Moreover, i order to make a comparison between the perforenahthe present molecular t
and that of ThyroSeq and Afirma commercial 1 on indeerminate nodul¢, a comparative PPV
graph wasobtained by usin(data of sensitivity and specificity alre: available in previous

studies (Figure 10).
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Figure 10. Comparison of molecular tests performanceThe curves indicates ho®PV varies according to ti

prevalence of malignancy in the studied populatiba;blue curve refers to ThyroSeq re<[59]; the red curve

belongs to the test proposed in the prestudy (showed also in Figure 9); the lighlue curve represents the
performance reported for Afirma tg50].
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Considering the prevalence of malignancy in TIRGugr observed in this study, the PPV would

have been of 90% with ThyroSeq and 49.5% with Adirm
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5.Discussion

The preoperative evaluation of thyroid nodules espnts a real clinical challenge. Indeed,
thyroid nodules are frequently detected in the ganmopulation, but only 5% of all nodules turn
out as malignant [63]. The challenge for a clinicia therefore to determine the best clinical
strategy for each patient, avoiding either overd ander—diagnosis. The FNA biopsy allows the
stratification of about 60-80% of nodules, whicin dae effectively classified as benign or
malignant [38]. The remaining nodules are diffictdt be approached, and often a diagnostic

lobectomy represents the only practicable solyiidih.

Recently, many studies investigating thyroid cargmmetics led to the application of molecular
biomarkers in the clinical management of this nedulThe role of molecular tests as ancillary
instruments in the perioperative decision makinpdsoming increasingly accepted [65,39,66].
One of the main limitations to the application bése molecular tools is the high cost [67,68],
which sometimes involves controversy related td-esffectiveness issues. Another crucial point
limiting a wide use of molecular tests on thyroidatogy is the fact that the performance of each
test is deeply influenced by the prevalence of gmalhcy within a specific cytology category in

each different institution.

In this project a total of 630 thyroid nodules haween evaluated for a panel of molecular
markers by using a quite cheap technique, nameaiyardard direct sequencing. The main aim
was to describe the prevalence of each geneticaitie in a non—selected series of cases, and
then to investigate whether and how these alterattmuld support the clinical management of

thyroid nodules.

Taking into consideration the results of cytologjeeamination (Figure 4), the frequency of each
category observed among the 630 nodules is perfectine with the ranges indicated by the
Italian group in the paper introducing the lategblogy classification [11]. Indeed, the incidence
of TIR1 nodules is much lower than 10%, benign logy represents about 70% of cases and

TIR3 nodules are below 20%. Also the nodules diagdas suspicious (TIR4) are below 5%, as
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indicated by the Italian group. The indicated rafgemalignant nodules is 4-8%, and in this

series it reaches 9%.

From a molecular standpoint, the general frequasfcBRAF mutation was to 5.7% aridAS
genes were mutated in 7.5% of cases. This is densiwith Moses and collaborators [69], which
reported an overall frequency of 5.8% ®RAF mutations and 5.3% fdWRASmutations in a
series of 400 thyroid nodules. It is not easy tal fin the published literature data obtained from
non-selected series of FNA biopsies, and in pdaticthere are few information about how
mutational rates are distributed among cytologiedtgories. For instand8BRAFmutations have
been found in 81% of malignant, 59% of suspicioodutes and in none follicular neoplasm by
Collet et al. [70]; in 69% of malignant and in 1%5of suspicious/indeterminate nodules by

Pizzolanti et al. [71].

Interestingly, the onlBRAFmutation found in a TIR2 nodule was a p.K601E;ghtent did not
undergo surgery, according to the low—risk assediatith this specific mutation and in absence
of other clinical indications [72,73]. Indeed, thiedule does not represent necessarily a false
negative of cytology, sincBRAF p.K601E mutation has been found also in benigmoilly
tumors [42,74]. As a consequence, a conservatipeoaph con be considered for cytologically

benign lesions harboring this molecular alterafit 74].

In the present studygASmutations showed an incidence of 5.9% in TIR2 26d% in TIR3
nodules. Up to our knowledge, this is the first ramal of the prevalence &XASmutations in

these specific cytological groups obtained in thetext of a truly unselected cohort of patients.

Among the 40 patients who underwent repeat FNA syippthe majority (80%) maintained the
same cytological diagnosis; the 10% of patients dnddwngraded diagnosis, while another 10%

had a worsened pathological condition.

During this study, 180 nodules have been surgicadiyoved: after histological analysis, 86

(48%) turned out as benign and 96 (52%) as malignan

Literature data report that microcarcinomas areaetl after surgery for benign thyroid disease
with an incidence of about 12-13% [75]; Glrleyilaktreported a prevalence rate of 9.4% in 395

patients undergoing thyroidectomy [76]; Askitis &t found 33 microcarcinomas reviewing a
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cohort of 228 patients treated with surgery foriaas benign thyroid diseases (14.5%) [77]. In
the present study, microcarcinoma have been in@tlgfiound at histological examination in 20
out of 86 benign nodules (23.3%). The majority atnocarcinomas were PTCs (95%) and
presented as unifocal lesion (75%) in the extrasl@garenchyma (80%) (Table 7). Even if
microcarcinomas were indolent and patients underaemery because of a benign nodule, 4 out
of 20 microcarcinomas (20%) had extrathyroidal siga, and two of them caused also regional
lymphnode metastases. Previous studies on incideiteocarcinomas conducted retrospectively
showed lower incidences of extrathyroidal invasianwell as lower rates of local lymphnode

involvement [76].

Evaluating the correlations between cytology aredohdgy in the surgical cohort, all suspicious
and malignant cases were malignant on final higtol8esides this, in TIR2 group the malignant
outcome was higher than expected (14%); this ibalsty due to the presence of clinically
suspicious conditions that unbalanced the decisainglinicians toward a surgical approach,
independently from the cytological diagnosis. Tisisue constitutes a bias that likely causes a
misrepresentation of the real risk of malignancynid among benign cytology. Similarly, the
malignancy rate among cytologically indeterminadeluies reached the 45%: comparable results
have been obtained by other researchers [34-37A7Bhlanced strategy could be to render the
risk of malignancy observed for each category aange, where the lowest value is obtained
considering all non—operated nodules as benign, thadhigher one is the malignancy rate
obtained from the surgical cohort. In this way, ttek of malignancy observed would be of 2—

14% for TIR2 and 22-45% for TIR3.

Another important point of discussion is that tlastvmajority of malignancies hidden into TIR2
and TIR3 categories were follicular—patterned naspl, namely FTC and FVPTC. Moreover, the
eight TIR2 nodules that resulted as malignant veereen FVPTCs and one CVPTC, which was
likely misdiagnosed on cytology because of an esitencystic componenRASmutations were
detected in five out of seven FVPTCs (71.4%), timagcating a high correlation betwe&AS
positivity and this specific histological type, pseviously reported [79]. Indeed, it has been
demonstrated that FNA cytology has a lower serisitthan RAStesting in detecting FVPTC,

independently from their histological subtype (nionasive, invasive or infiltrative) [80].
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Considering the indeterminate group, the 25 noddi@gnosed as malignant were CVPTC (two,
8%), FVPTC (14, 56%), solid variant PTC (two, 8%)FIC (seven, 28%RASmutations were
detected in two FTCs (29%) and in seven FVPTCs |5@¥s0 in these cases, the detection of
RAS mutations on cytology was predictive of FTC or AP histotypes. The only tw&®AS
positive indeterminate cases that proved benignh@tology were KRAS-mutant. This is
consistent with previous findings demonstratingt tkRAS mutations detected on cytology are

less likely to label malignant lesions thidr andNRASmutations [81].

All'in all, as schematized in the diagram in Figlide theRASmutant indeterminate nodules had
a considerably higher probability to hide a carttamn RASwiltype cases. Indeed, malignancy
rates observed in the two group are outstandindfigrent: in the mutant arm, the indeterminate
nodules hiding malignancy on histology were nineafull (82%), in contrast to what observed

in wild—type arm, where 14 out of 43 nodules (33%¢Je malignant.

TIR3
n=114

BRAF V600E
TERT prom C228T n=1
n=1

n=112

I
RAS testing

mutation wildtype
n=19 n=93

no surgery surgery no surgery
n=9 n=43 n=50

‘ benign ‘ malignant
n=29 n=14

FVPTC FTC FVPTC FTC CV+SVPTC
n=7 n=7 n=4 n=3

surgery
n=11

benign ‘ malignant
n=2 n=9

Figure 11. Diagram showing the results obtained foRAS testing in indeterminate nodulesOn the top, the nodule
harboringBRAFmutation and the one witfFERTpromoter mutation; the remaining 112 nodules Hzaen divided
into RASmutated (on the left) arRASwild-type (on the right).
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In our cohort, only four out of 14 encapsulated +iowasive FVPTCs (28.6%) met the cyto—

nuclear characteristics for the diagnosis of NIKFRure 8). This is consistent with the findings

by Jiang et al, who reclassified only eight caseBl&TPs among 25 FVPTC potentially suitable

(32%) [82]. Moreover, all NIFTP were indeterminaiedules at cytology (three TIR3A and one

TIR3B). To date, the molecular landscape of NIFBs been barely investigated; we found that
two out of four NIFTP had RASmutation.

The role of alterations iRASgenes in thyroid cytology has been largely disedsturing the last
decade [83]. In particular, they are detected 4306 of FVPTC and FTC, but their specificity
for malignancy is considered quite low, becaRgESmutations are also present in 20-25% of
benign thyroid neoplasms [84]. The main issues s the role ofRAStesting in thyroid

cytology are the following:

RASmutations have a widely recognized oncogenicirolmiman cancers;

- several studies demonstrated tHRAS positive nodules on cytology have a high
probability to turn as malignant after surgery [@585], as shown also in the present
study;

- RAS mutations occur more frequently in malignant thgrtumors than in follicular
adenoma,;

- thyroid nodules harboringRAS mutations that prove benign on histology are nyainl
follicular adenomas, which are likely to progres$TC or FVPTC [86];

- the RAS mutational rates reported for PDTC and ATC are 0¥4D% and 10-20%
respectively: it is reasonable hypothesize thay theginate from well—differentiated

tumors acquiring additional oncogenic alteratighas leading to tumor progression.

All these points suggest that a surgical approacRASpositive nodules may represent the best

strategy to avoid disease progression and localement.
However, there are also evidences that promoteghesite strategy:

- given thatRASmutated nodules are more likely to result as malig tumors, these are

usually low-risk lesions, without aggressive bebgvalso in the present studRAS
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mutations did not show statistical correlations hwipathological features of
aggressiveness (see Table 12);

- RASmutated tumors maintain generally a normal exjwassf thyroid iodide—handling
genes [60];

- arecent study by the group of Alexander [87] uliwled the low—risk nature of a series
of cytologically benign, non—exciseRAS positive nodules that showed an indolent

behavior during a long—term radiographic follow-ager 8 years).

A recent commentary by Mingzhao Xing summarizes rtfan findings obtained in the latest
publications about the clinical role &AStesting in cytology [84]. He concludes, also oe th
basis of the results by Alexander's group, tR&#S positive benign nodules can be safely
managed with a non—surgical approach. On the dthrd, RAS-mutant indeterminate nodules
should undergo hemithyroidectomy, and then, if toldal molecular tests are negative (and here

Xing cites Afirma test), they can be conservativiellowed.

Of note, the results by the group of Alexander lzased on the observation of only five cases
[87]. Moreover, the statements by Xing are pastiah contrast with the current literature
affirming the importance of tumor capsule invasama parameter strongly affecting the risk of
recurrence observed in FVPTC [23,88]. Two studiesdacted by our group on miRNA and
MRNA expression in follicular—patterned thyroid s clearly demonstrate that a phenotypic
signature exists discriminating infiltrative—likenbors from adenoma-like oneRAS mutated
tumors (as well aBRAF p.K601E—mutant) are grouped among the infiltraiike lesions,
independently from their histological identity [88,90]. This leads to the hypothesis tR#&S-
mutant FVPTC have intrinsically a phenotype prametogression, and it is unknown whether
(and how long) it will remain silent or it will fle up. Long—term follow—up of large series of

molecularly characterized nodules will be neededetmonstrate this hypothesis.

In addition, the results obtained from the prestutly deny that a conservative strategy could
have been suitable for patients health. Indeed,ammf five RAS-mutant TIR2 nodules resulted
as invasive FVPTCs, and four showed multiple tufiezi: invasiveness and multifocality are
both parameters increasing the risk of diseasanawe [88,91]. Moreover, of the seven FVPCT

which wereRAS-mutant indeterminate nodules, only two have beetassified as NIFTP, and
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thus, on the basis of current knowledge [23], #raaining five patients would have taken benefit

from completion thyroidectomy after the initial highyroidectomy.

In conclusion, the genotype analysis conducted targe series of thyroid cytology specimens

revealed that:

a)

b)

9)

h)

the general prevalence BASmutations in TIR2 and TIR3 nodules was 5.9% aféd®.
respectively;

BRAF mutation was found in 27.3% of TIR4 and in 53.684 1R5 nodules; in addition,

it was detected in one TIR2 (p.K601E) and in orteiarminate nodule;

TERT promoter mutations, tested only in TIR3, TIR4 afn&5 specimens, showed a
rather low frequency (4.4%); despite this low migtzdl rate, its detection helped to
identify a TIR3 malignant nodule;

among the 180 nodules that were surgically remo8€d48%) were diagnosed as benign
and 94 (52%) as malignant;

all TIR4 and TIR5 nodules turned out as malignanh@tology; the risk of malignancy
observed in TIR2 (14%) and TIR3 (45%) categoriess veaceedingly high due to
clinical/surgical selection biases;

more than a half of malignant tumors had a predjyeraetection of a genetic alteration
(54.3%); the presence of any mutation was stroag$pciated with a malignant outcome,
andBRAFmutations played a key role in this evaluation;

as expectedBRAF mutations were associated with clinical-patholabifeatures of
tumor aggressiveness, on the contrary R&S mutations no correlations have been
observed,;

malignant lesions hidden into TIR2 and TIR3 growgre mainly follicular—patterned
lesions, namely FTC and FVPTC; the preoperativedien of RASmutations was of
great value in predicting these pathologies (Fidure showing a high specificity;

in TIR3 category the mutational panel gave prongisiesults in supporting clinical

decisions, mainly in terms of PPV (Figure 9).

To sum up, this study shed light on the possibfdiegtion of a basic molecular panel in routine

cytology evaluation, and it showed encouraging Itesven using a cheap technology. Indeed,
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making a comparison between the performance ofrthi@ational panel proposed in the present
project in indeterminate nodules and two well-kna@mmercial molecular tests (Figure 10), it
becomes evident that it can represent an effectivé valuable tool supporting cytology
assessment. A rough cost—effectiveness analydiidtits that a thorough molecular evaluation
of all TIR2 specimens would not be worthwhile; tiidrue also for TIR4 and TIR5 nodules, for
which cytology alone showed high specificity. Foese categories, clinical indication could still
represent the main criteria for performing molecwdaalysis on well selected cases. On the
contrary, molecular testing could be convenient aelimcally useful for indeterminate nodules
that still constitute a real clinical challenge atebterve a characterization as complete as possible

in order to provide patients with the best clinitabtment.
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