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Abstract

:

Thyroid cancer is the most common malignancy of the endocrine system. Fine-needle aspiration (FNA) biopsy of thyroid nodules has become the gold standard procedure, in terms of cost and efficacy, for guiding clinicians towards appropriate patients’ management. One challenge for cytopathologists is to accurately classify cytological specimens as benign or malignant based on cytomorphological features. In fact, with a frequency ranging from 10% to 30%, nodules are diagnosed as indeterminate. In recent years, the mutational landscape of thyroid tumors has been extensively described, and two molecular profiles have been identified: RAS-like (NRAS, HRAS, and KRAS mutations; EIF1AX mutations; BRAF K601E mutation; and PPARG and THADA fusions) and BRAFV600E-like (including BRAFV600E mutation and RET and BRAF fusions). The purpose of this review is to discuss the latest molecular findings in the context of indeterminate thyroid nodules, highlighting the role of molecular tests in patients’ management.
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1. Introduction


Thyroid nodules are very common in the population, especially in women over 50 years of age [1,2]. Their identification is carried out through palpation, serum thyroid stimulating hormone (TSH) measurement, ultrasound (US) examination, and, if necessary, fine-needle aspiration (FNA) [3].



Ultrasound is a low-cost, non-invasive, and repeatable overtime exam that allows for an initial stratification of the risk of malignancy of the thyroid nodule. This classification, proposed by ACR, classifies thyroid nodules as benign, minimally suspicious, moderately suspicious, and highly suspicious for malignancy, based on the standard lexicon (TI-RADS) for ultrasound reporting. US features for the risk stratification are: hypoechogenicity, presence of microcalcifications, anteroposterior diameter larger than transverse diameter (taller-than-wide shape), irregular or lobulated margins. Therefore, thyroid nodules with a frankly benign US classification should not be subjected to FNA procedures [4,5].



With its low cost and high effectiveness, FNA biopsy became a standard procedure for thyroid nodule evaluation, guiding the management of patients toward surgical or conservative treatment. The cytological preparation is evaluated by experienced cytopathologists, who classify thyroid nodules based on one of the most widely established classification systems, e.g., the Italian Consensus for the Classification and Reporting of Thyroid Cytology (ICCRTC) and the Bethesda System for Reporting Thyroid Cytopathology (TBSRTC). These diagnostic systems include six categories, including non-diagnostic specimens and benign, indeterminate, suspicious, and malignant nodules. In most cases, benign and malignant classes show high diagnostic accuracy [6,7]. However, FNA has some limitations; in fact, approximately 70% of nodules are diagnosed as benign and 5–10% as malignant; therefore, the remaining 15–30% are classified as “indeterminate nodules” [8,9]. The differential diagnosis among indeterminate classes, composed mostly of follicular-architecture tumors (benign, pre-malignant, and frankly malignant), is very challenging [10]. Moreover, besides observer-related interpretation variability, in some cases, only one FNA could be fully representative of the nodule. In fact, a second FNA of the same nodule could help the pathologist make a more precise diagnosis. The experience of cytopathologists, added to the collaboration with clinicians, leads to better classification of thyroid nodules [11].



Over the last 10–15 years, the role of molecular analysis in improving the diagnosis and management of indeterminate nodules has been extensively investigated. The goal of this review is to collect and discuss the most recent molecular advances in the field of indeterminate thyroid cytology, highlighting how the application of molecular tests has changed the management of indeterminate nodules.




2. Cytological Classification Systems


Thyroid nodule aspiration is performed with a fine needle (from 23 to 27 gauge) under ultrasound guidance; the aspirated material is smeared on a glass slide or collected in specific solutions for liquid-based preparations; following alcoholic fixation (or simply after air-drying the slides), the May Grunwald Giemsa and/or Papanicolaou stains are recommended [3]. Moreover, the preparation can be observed by experienced cytopathologists, who will assign the appropriate cytological classification (Table 1) according to the observed cytomorphology.



The TIR1 category and Bethesda I both include non-diagnostic samples. In the Italian classification, this kind of sample could be inadequate and/or non-representative; in the first case, technical problems in the sample assembly occurred; in the second case, the cells are absent or insufficient for a definitive diagnosis. According to the third edition of TBSRTC, this classification includes FNA that should show cells well-preserved, well-stained, and easily visualized, but also inadequate samples with obscuring blood, poor cell preservation, and an insufficient presence of follicular cells, which by definition contain non-diagnostic information [7]. The Italian classification also includes the possibility of TIR1C (non-diagnostic cystic), which is the diagnostic class for samples obtained from cystic lesions, showing a cellularity that does not meet the requirements for adequacy. The risk of malignancy (ROM) of TIR1 is difficult to define, while the ROM of TIR1C should be low (variable based on clinical findings). The ROM for Bethesda I, calculated among surgically excised nodules initially classified as non-diagnostic, ranges from 5 to 20% (average, 13%). [6,7]



There are no differences between TIR2 and Bethesda II; both include non-malignant/benign lesions. Thyroid nodules belonging to these categories include colloid goiter, hyperplastic nodules, autoimmune and granulomatous thyroiditis, and other non-neoplastic conditions. Suggested actions are clinical and sonographic follow-up; furthermore, repeat FNA is necessary in cases of nodule growth or structural changes. The ROM of TIR2 should be less than 3%, while the ROM of Bethesda II nodules is in a range from 2 to 7% (average, 4%).



The TIR3A category includes Low-Risk Indeterminate Lesions (LRIL, Figure 1A), and the corresponding Bethesda III category includes nodules with Atypia of Undetermined Significance (AUS). TIR3A lesions are characterized by a microfollicular pattern in a background of poor colloid amount, but the appearance of microfollicles is not sufficient to suspect a follicular neoplasm. The AUS category contains cases with “nuclear” and “other” atypia. The term “other” refers to cases with architectural atypia, oncocytic atypia, and lymphocytic atypia. For Bethesda III, the new TBSRTC discontinues the term “follicular lesion of undetermined significance” (FLUS). In TIR3A nodules, repeat FNA and clinical follow-up are recommended, while in Bethesda III nodules, molecular testing or lobectomy are also recommended. The ROM of these categories should be less than 10% for TIR3A, compared with 13–30% (average, 22%) of AUS [6,7]. The TIR3A and Bethesda III categories do not show perfect overlapping; the reason is a different interpretation of nuclear atypia. The latter are not included in the TIR3A sub-category, while in the Bethesda system, nodules showing focal and/or mild nuclear atypia can be included in the low-risk indeterminate category (Bethesda III) [12].



The TIR3B category includes high-risk indeterminate lesions (HRIL, Figure 1B), while the Bethesda IV category includes follicular neoplasm (FN). TIR3B specimens show high cellularity, repetitive microfollicular/trabecular arrangement, and poor or absent colloid, suggesting a follicular neoplasm. Moreover, this category also includes mild nuclear alterations typical of papillary carcinoma (PTC), which are too focal or mild for a call of suspicious nodules. The ROM can reach about 30%. The FN category includes follicular-pattered nodules with mild nuclear changes, but true papillae and intranuclear pseudo-inclusion are absent. The ROM ranges from 23 to 34% (average, 30%). The new TBSRTC recommends not using the term “suspicious for follicular neoplasm” (SFN) to avoid generating confusion with the Bethesda V category. Suggested actions for these categories are molecular testing and surgery (mostly diagnostic lobectomy) [6,7].



The risk of malignancy observed in indeterminate categories sometimes deviates, even significantly, from the expected ROM indicated by the classification systems. This discordance could be explained by a “selection bias”: the ROM is calculated considering the histological outcome of nodules; therefore, only patients who underwent surgery are included since the histological diagnosis is known [13]. According to a recent meta-analysis conducted on indeterminate thyroid nodules diagnosed according to the Italian system, the ROM of TIR3A nodules was 12.4%, while in TIR3B, the cancer prevalence was as high as 44.4% [14]. In addition, in clinical practice, more than half of indeterminate nodules are surgically treated, contrary to the indications of classification systems [13,14]. In fact, surgical rates among TIR3A and TIR3B nodules reach up to 48.3% and 75.2%, respectively [14].



The TIR4 and TIR5 categories, as well as Bethesda V and VI, include lesions suspicious for malignancy (SUS) and malignant lesions. Specimens with suspicion of malignancy show low cellularity and normal and atypical cells without obvious malignant features. Surgery is recommended, and the risk of malignancy is very high (60–80% and more than 95% for TIR4 and TIR5, respectively, and an average of 74% with a range of 67–83% in Bethesda V). In nodules diagnosed as malignant lesions, a precise indication of the tumor type (papillary carcinoma and its subtypes, medullary, high-grade follicular-derived thyroid carcinoma, anaplastic carcinoma) is not always possible based on cyto-morphologic appearance. The correlation with clinical data is crucial in these cases. Surgery is recommended since the risk of malignancy could be around 99% for TIR5 and an average of 97% (ranging from 97% to 100%) for Bethesda VI [6,7].



Regarding non-invasive follicular neoplasm with papillary-like nuclear features (NIFTP), surgical diagnosis is necessary. Most NIFTPs are cytologically classified as indeterminate nodules, and only a small part is included among the suspicious and malignant categories. They are not considered benign nor malignant tumors, but a separate histological category [15]. In the new WHO classification of tumors of endocrine organs, NIFTPs are placed in the category of “low-risk neoplasms” [16]. In literature, it is not unusual to calculate the ROM of FNA classes in two ways: including and not including NIFTP among malignant lesions.




3. Biomarkers in Indeterminate Thyroid Nodules


A range from 15 to 20% of thyroid nodules are classified as indeterminate; the histological diagnosis of these nodules includes benign tumors, low-risk, and malignant neoplasms, including follicular and papillary thyroid cancer [3].



In the last 10 years, there has been much interest among the scientific community regarding the molecular landscape of thyroid cancer. In fact, in 2014, the Cancer Genome Atlas Research Network (TGCA) studied the molecular profile of 496 papillary thyroid cancers (PTCs), mainly classical and follicular variants, and delivered two distinct molecular profiles: BRAFV600E-like and RAS-like [17]. As shown in Figure 2, the first included the BRAFV600E mutation and RET/PTC and BRAF fusions, while the second included RAS family (NRAS, HRAS, and KRAS) mutations, EIF1AX mutations, the BRAFK601E mutation, and PPARG and THADA fusions.



The BRAF gene encodes a cytoplasmic serine/threonine kinase (BRAF), while RAS proteins (NRAS, HRAS, and KRAS) are small GTPases, and both are core components of the RAS-RAF-MEK-ERK pathway (MAPK pathway). Under physiological conditions, the MAPK pathway results in the activation of several cytoplasmic and nuclear proteins that promote cell proliferation, differentiation, senescence, and apoptosis; therefore, it regulates important cell functions [18,19]. On the other hand, several oncogenic mutations occurring in BRAF, NRAS, HRAS, and KRAS implicate constitutive MAPK pathway activity, resulting in hyperproliferative developmental disorder and tumorigenesis [20,21].



RET rearrangements first described in papillary thyroid carcinoma are generally known as “RET/PTC”, of which the most frequently detected are RET/PTC1 and RET/PTC3. RET/PTC1 is a chimeric protein generated by the fusion of the 3′ RET tyrosine-kinase domain and 5′ terminal region of the CCDC6 gene; RET/PTC3 is a fusion transcript generated by the RET and NCOA4 genes. RET/PTC fusions are characterized by a high capability to generate a coiled-coil domain, resulting in the constitutive dimerization and activation of the RET thyrosin-kinase domain, promoting cell growth, differentiation, proliferation, and survival [22,23].



The EIF1AX gene encodes for eukaryotic translation initiation factor 1A. The X-chromosomal (eIF1A) protein and its mutations interfere in global protein translation. EIF1AX mutations, in the same way as RAS mutations, can be detected both in benign and malignant thyroid neoplasms. However, the coexistence of EIF1AX and RAS mutations has been described in poorly differentiated and anaplastic carcinomas, so it seems related to tumor aggressiveness [24].



The PPARG gene encodes the peroxisome proliferator-activated receptor gamma (PPARG) protein, which is a nuclear receptor functioning as a transcription factor. In thyroid cancer, the PPARG gene is rearranged with PAX8, a gene encoding for a transcription factor required for thyroid differentiation. PAX8/PPARG is a chimeric oncogenic protein that promotes cell growth and reduces the rate of apoptosis [25,26].



Finally, the THADA gene encodes thyroid adenoma-associated protein (THADA). In thyroid cancer, it is rearranged with insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3), and this fusion determines high expression of the IGF2BP3 protein, resulting in a deregulated activation of MAPK and PI3K signaling [27,28].



From a morphological point of view, the BRAF-like profile is characterized by papillary architecture with lower expression of the genes related to thyroid differentiation, while the RAS-like profile is characterized by follicular architecture with normal expression of the genes related to thyroid differentiation [29].



Moreover, it is known that, in addition to the above-described mutually exclusive driver mutations, secondary mutations in the TERT promoter and TP53 genes may identify thyroid cancers with a higher risk of tumor recurrence and disease-specific mortality [17,30,31,32].



Telomerase reverse transcriptase protein (TERT) is the catalytic subunit of telomerase. The role of the telomerase enzyme is to lengthen telomers to allow cell replication without loss of genetic material. In thyroid cancer, the presence of TERT promoter mutations determines the creation of new binding sites for a family of transcription factors, ultimately leading to an upregulation of telomerase transcription. Thanks to this mechanism, cells can avoid senescence and death [33].



The TP53 gene encodes for the p53 protein, which plays an important role in cell cycle regulation. In detail, p53 can trigger cell cycle arrest, DNA repair, senescence, apoptosis, and autophagy. For this reason, in cancer, mutations in the TP53 gene usually cause protein loss or non-functioning/truncated protein forms, promoting cell survival and proliferation [34]. Table 2 summarizes the key role of altered biomarkers detectable in indeterminate thyroid nodules.




4. Molecular Testing and Indeterminate Thyroid Nodules


From the TGCA study, the BRAF-like and RAS-like molecular profiles seem to be associated with PTCs, classical subtypes, and follicular subtypes, but subsequently, these two distinct molecular profiles could be extended to other thyroid tumor histotypes. For instance, NIFTP and follicular thyroid carcinoma can be considered RAS-like tumors; moreover, benign tumors can also show a RAS-like molecular profile [35]. The rate of malignancy of RAS-like tumors can vary widely based on geography, institutional, and pathological differences in the threshold for cancer diagnosis [36].



In 2019, the Nikiforov group analyzed 257 indeterminate nodules with ThyroSeq v3 GC, which is a targeted next-generation sequencing test examining selected regions of 112 thyroid cancer-related genes for point mutations, insertions/deletions (INDELs), gene fusions, copy number alterations, and gene expression alterations. They demonstrated that nodules with mutations are malignant in histology, but they are a very small part (<10%) of indeterminate nodules. BRAFV600E is the most common mutation in thyroid cancer, with a high frequency (35–65%) in PTC [37]. Indeterminate nodules have a malignancy risk ranging from 20% to 30%, and less than 5% of these are positive for BRAFV600E [38,39]. The remaining part of indeterminate nodules, negative for the BRAFV600E mutation, remains an area of interest and ongoing study; for the most part, they are benign nodules, follicular adenomas, or tumors with a follicular pattern, thus having a RAS-like mutational profile. The presence of RAS-like mutations confirms the presence of a clonal process but cannot discriminate between benign, malignant, or low-risk lesions, such as NIFTP [40].



In practice, the detection of an indeterminate RAS-like nodule does not necessarily prompt surgical intervention. Based on the clinical characteristics of the patient, a diagnostic lobectomy can be performed, followed by a histological diagnosis, which will determine the definitive management of the patient. According to the histological tumor type, but also the degree of local invasion and possibly lymph node metastasis, a complete thyroidectomy can be considered, and based on the clinical recommendations, radioiodine therapy may be administered. If the nodule is histologically benign or NIFTP, the patient can be considered cured [41].



To address the issue of overtreating patients with indeterminate nodules, the scientific community has mobilized to find molecular tests aimed at better stratifying the risk of malignancy within this cytological category. In the context of indeterminate nodules, there are “rule-in” and “rule-out” molecular tests. The term “rule-in” refers to those tests capable of identifying malignant nodules and suggesting surgical treatment. On the other hand, the term “rule-out” refers to those tests capable of identifying benign nodules and thus suggesting clinical follow-up rather than surgery. A rule-out test should have high sensitivity and negative predictive value (NPV). On the contrary, a good rule-in test should have high specificity and positive predictive value (PPV) [42].



The currently available molecular tests for indeterminate nodules range from small panels, such as the 7-gene panel, including BRAF, NRAS, KRAS, HRAS, RET/PTC1, RET/PTC3, and PPARG/PAX8, to panels containing a higher number of genes. The 7-gene panel includes the most common alterations detectable in thyroid nodules; thus, it could be a useful “rule-in” test, as it shows high specificity. This test can considerably increase the ROM of indeterminate nodules; in fact, the probability of cancer before and after the test goes from 16% to 67% [43]. In an Italian multicentric study, it was reported that the specificity and PPV of the 7-gene panel were higher in Bethesda IV compared to Bethesda III nodules (90% versus 64% specificity and 80% versus 42.6% PPV) [44]. Independently from the used molecular panel, while BRAFV600E mutations and RET/PTC rearrangements are highly predictive of malignancy (with over 95% ROM), the risk of malignancy for mutated RAS genes ranges between 57% and 87% [45]. In this context, it has been demonstrated that by combining molecular testing results with ultrasound features of nodules (EU-TIRADS system), the risk stratification of indeterminate nodules can be significantly improved [46].



Commercial panels for molecular testing of indeterminate thyroid nodules include Thyroseq v3, Afirma GSC, and ThyGeNEXT. Thyroseq v3 is a wide panel, including 112 genes. It has shown good results in terms of NPV, therefore, as a “rule-out” test, but compared to its previous version, it does not confirm its performance as a “rule-in” test. Afirma GSC is currently the only available diagnostic test that combines next-generation RNA sequencing with the detection of small genomic alterations not detectable by conventional methods. Afirma GSC has improved its “rule-out” testing capabilities compared to the previous version, but its “rule-in” test proprieties have not yet been met [42]. ThyGeNEXT is a NGS panel aimed at sequencing five genes (BRAF, NRAS, HRAS, KRAS, and PIK3CA) and three types of fusions (RET/PTC1, RET/PTC3, and PPARG/PAX8), combined with ThyraMIR, which measures the expression level of 10 microRNAs (miRNAs), increasing the efficiency of ThyGeNEXT.



Molecular tests focused on TERT promoter mutations and TP53 gene mutations are not widely used in the indeterminate nodule category. The reason is that the presence of mutations in these two genes is associated with aggressive histological phenotypes, which are usually not classified in the categories with indeterminate cytology. Therefore, the frequency of TERT promoter and TP53 mutations in indeterminate nodules is very low [47,48].



Over the last few years, miRNA expression profiles have been investigated with the aim of improving the pre-surgical distinction between benign and malignant lesions, even in the presence of RAS-like alterations. MiRNAs are small, non-coding RNAs approximately 19–25 nucleotides in length. The role of miRNA is to regulate gene expression by inactivating or destroying messenger RNA (mRNA). miRNA can act both as oncogenic miRNA (oncomiR) and as tumor suppressor miRNA; in cancer, oncomiR is often upregulated, while the expression of tumor suppressor miRNA can be downregulated [49].



Cipriani et al. performed a retrospective evaluation of 140 FNAs, of which 92.2% had indeterminate cytology, testing the next-generation sequencing panel ThyGeNEXT combined with the miRNA expression algorithmic profile ThyraMIR in case of a wild-type result or positivity for an alteration with weak positive predictive value, i.e., RAS-like alterations. They concluded that thyroid nodules with RAS-like mutations and a negative miRNA profile have a low risk of malignancy and generally represent indolent follicular neoplasms, unless accompanied by other molecular findings such as TERT promoter mutations [29].



Regarding indeterminate thyroid nodules negative for BRAF or RAS mutations, Macerola and colleagues performed a retrospective search of indeterminate FNAs with available histology. Specifically, they analyzed the miRNA expression profile by using the nCounter system directly on cytological slides of nodules corresponding to follicular adenomas (FAs), follicular-variant PTCs, and NIFTPs, with the aim of finding miRNAs able to differentiate benign from malignant follicular-architecture lesions. They discovered a significant downregulation of miR-7-5p and miR-548ar-5p in BRAF- and RAS-negative FVPTCs compared to FAs [50]. The same research group expanded the analysis of miRNA to investigate differences between follicular-patterned tumors positive and negative for RAS mutations. They identified 12 deregulated miRNAs between RAS-mutated and RAS-negative FAs. Additionally, in the comparison between benign and malignant tumors positive for RAS mutations, three particular miRNAs of interest emerged: miR-146b-5p, which showed increasing upregulation from benign nodules to RAS-positive malignant nodules (i.e., miR-144-3p and miR-451a), which were downregulated in malignant RAS-mutated tumors [51].




5. Conclusions


Indeterminate thyroid nodules remain a challenge in cytological practice. Cytological morphology alone cannot resolve the uncertainty around indeterminate thyroid nodules; clinical evaluation is paramount in the management of these patients, but often only a diagnostic surgery followed by a tissue evaluation can define the nature of the lesion. A molecular investigation could help in the pre-surgical management of thyroid nodule patients. The use of simple molecular tools, such as the seven-gene panel, is becoming more and more widespread; moreover, many efforts have been made toward the refinement of the risk of malignancy in nodules carrying RAS-like alterations. The continuous improvement of molecular tests and the efforts to make them more and more accurate and less expensive will likely make them part and parcel of routine indeterminate thyroid nodule evaluation.







Author Contributions


Conceptualization, P.V. and F.B.; investigation, P.V. and E.M.; writing—original draft preparation, P.V., E.M. and A.M.P.; writing—review and editing, P.V., E.M., A.M.P. and R.S.; visualization, all authors; supervision, F.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created during the writing of this review.




Acknowledgments


Figure 2 was created by BioRender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vaccarella, S.; Dal Maso, L. Challenges in Investigating Risk Factors for Thyroid Cancer. Lancet Diabetes Endocrinol. 2021, 9, 57–59. [Google Scholar] [CrossRef] [PubMed]

	



Vigneri, R.; Malandrino, P.; Vigneri, P. The Changing Epidemiology of Thyroid Cancer: Why Is Incidence Increasing? Curr. Opin. Oncol. 2015, 27, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.; Randolph, G.W.; Sawka, A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid 2016, 26, 1–133. [Google Scholar] [CrossRef]

	



Tessler, F.N.; Middleton, W.D.; Grant, E.G.; Hoang, J.K.; Berland, L.L.; Teefey, S.A.; Cronan, J.J.; Beland, M.D.; Desser, T.S.; Frates, M.C.; et al. ACR Thyroid Imaging, Reporting and Data System (TI-RADS): White Paper of the ACR TI-RADS Committee. J. Am. Coll. Radiol. 2017, 14, 587–595. [Google Scholar] [CrossRef]

	



Celletti, I.; Fresilli, D.; De Vito, C.; Bononi, M.; Cardaccio, S.; Cozzolino, A.; Durante, C.; Grani, G.; Grimaldi, G.; Isidori, A.M.; et al. TIRADS, SRE and SWE in INDETERMINATE Thyroid Nodule Characterization: Which Has Better Diagnostic Performance? Radiol. Med. (Torino) 2021, 126, 1189–1200. [Google Scholar] [CrossRef]

	



Nardi, F.; Basolo, F.; Crescenzi, A.; Fadda, G.; Frasoldati, A.; Orlandi, F.; Palombini, L.; Papini, E.; Zini, M.; Pontecorvi, A.; et al. Italian Consensus for the Classification and Reporting of Thyroid Cytology. J. Endocrinol. Investig. 2014, 37, 593–599. [Google Scholar] [CrossRef] [PubMed]

	



Ali, S.Z.; Baloch, Z.W.; Cochand-Priollet, B.; Schmitt, F.C.; Vielh, P.; VanderLaan, P.A. The 2023 Bethesda System for Reporting Thyroid Cytopathology. Thyroid 2023, 33, 9. [Google Scholar] [CrossRef]

	



Bible, K.C.; Kebebew, E.; Brierley, J.; Brito, J.P.; Cabanillas, M.E.; Clark, T.J.; Di Cristofano, A.; Foote, R.; Giordano, T.; Kasperbauer, J.; et al. 2021 American Thyroid Association Guidelines for Management of Patients with Anaplastic Thyroid Cancer: American Thyroid Association Anaplastic Thyroid Cancer Guidelines Task Force. Thyroid 2021, 31, 337–386. [Google Scholar] [CrossRef]

	



Tastekin, E.; Canberk, Ş.; Schmitt, F.C. Follicular Growth Pattern Disease on Thyroid Fine-Needle Aspiration Biopsy. Balk. Med. J. 2022, 39, 230–238. [Google Scholar] [CrossRef]

	



Rossi, E.D.; Pantanowitz, L.; Faquin, W.C. The Role of Molecular Testing for the Indeterminate Thyroid FNA. Genes 2019, 10, 736. [Google Scholar] [CrossRef]

	



Scappaticcio, L.; Trimboli, P.; Iorio, S.; Maiorino, M.I.; Longo, M.; Croce, L.; Pignatelli, M.F.; Ferrandes, S.; Cozzolino, I.; Montella, M.; et al. Repeat Thyroid FNAC: Inter-Observer Agreement among High- and Low-Volume Centers in Naples Metropolitan Area and Correlation with the EU-TIRADS. Front. Endocrinol. 2022, 13, 1001728. [Google Scholar] [CrossRef] [PubMed]

	



Crescenzi, A.; Palermo, A.; Trimboli, P. Cancer Prevalence in the Subcategories of the Indeterminate Class III (AUS/FLUS) of the Bethesda System for Thyroid Cytology: A Meta-Analysis. J. Endocrinol. Investig. 2021, 44, 1343–1351. [Google Scholar] [CrossRef] [PubMed]

	



Trimboli, P.; Crescenzi, A.; Giovanella, L. Performance of Italian Consensus for the Classification and Reporting of Thyroid Cytology (ICCRTC) in Discriminating Indeterminate Lesions at Low and High Risk of Malignancy. A Systematic Review and Meta-Analysis. Endocrine 2018, 60, 31–35. [Google Scholar] [CrossRef]

	



Trimboli, P.; Ferrarazzo, G.; Cappelli, C.; Piccardo, A.; Castellana, M.; Barizzi, J. Thyroid Nodules with Indeterminate FNAC According to the Italian Classification System: Prevalence, Rate of Operation, and Impact on Risk of Malignancy. An Updated Systematic Review and Meta-Analysis. Endocr. Pathol. 2022, 33, 457–471. [Google Scholar] [CrossRef] [PubMed]

	



Torregrossa, L.; Poma, A.M.; Macerola, E.; Rago, T.; Vignali, P.; Romani, R.; Proietti, A.; Di Stefano, I.; Scuotri, G.; Ugolini, C.; et al. The I Talian C Onsensus for the C Lassification and R Eporting of T Hyroid C Ytology: Cytohistologic and Molecular Correlations on 37,371 Nodules from a Single Institution. Cancer Cytopathol. 2022, 130, 899–912. [Google Scholar] [CrossRef]

	



WHO Classification of Tumors Editorial Board: Endocrine and Neuroendocrine Tumors, 5th ed.; WHO Classification of Tumors Series; International Agency for Research on Cancer: Lyon, France, 2022; Volume 8.

	



Agrawal, N.; Akbani, R.; Aksoy, B.A.; Ally, A.; Arachchi, H.; Asa, S.L.; Auman, J.T.; Balasundaram, M.; Balu, S.; Baylin, S.B.; et al. Integrated Genomic Characterization of Papillary Thyroid Carcinoma. Cell 2014, 159, 676–690. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, M.R.M.; Baig, M.; Mohamoud, H.S.A.; Ulhaq, Z.; Hoessli, D.C.; Khogeer, G.S.; Al-Sayed, R.R.; Al-Aama, J.Y. BRAF Gene: From Human Cancers to Developmental Syndromes. Saudi J. Biol. Sci. 2015, 22, 359–373. [Google Scholar] [CrossRef]

	



Rojas, A.M.; Fuentes, G.; Rausell, A.; Valencia, A. The Ras Protein Superfamily: Evolutionary Tree and Role of Conserved Amino Acids. J. Cell Biol. 2012, 196, 189–201. [Google Scholar] [CrossRef]

	



Cope, N.; Candelora, C.; Wong, K.; Kumar, S.; Nan, H.; Grasso, M.; Novak, B.; Li, Y.; Marmorstein, R.; Wang, Z. Mechanism of BRAF Activation through Biochemical Characterization of the Recombinant Full-Length Protein. ChemBioChem 2018, 19, 1988–1997. [Google Scholar] [CrossRef]

	



Prior, I.A.; Lewis, P.D.; Mattos, C. A Comprehensive Survey of Ras Mutations in Cancer. Cancer Res. 2012, 72, 2457–2467. [Google Scholar] [CrossRef]

	



Romei, C.; Elisei, R. RET/PTC Translocations and Clinico-Pathological Features in Human Papillary Thyroid Carcinoma. Front. Endocrinol. 2012, 3, 54. [Google Scholar] [CrossRef] [PubMed]

	



Santoro, M.; Moccia, M.; Federico, G.; Carlomagno, F. RET Gene Fusions in Malignancies of the Thyroid and Other Tissues. Genes 2020, 11, 424. [Google Scholar] [CrossRef] [PubMed]

	



Simões-Pereira, J.; Moura, M.M.; Marques, I.J.; Rito, M.; Cabrera, R.A.; Leite, V.; Cavaco, B.M. The Role of EIF1AX in Thyroid Cancer Tumourigenesis and Progression. J. Endocrinol. Investig. 2019, 42, 313–318. [Google Scholar] [CrossRef] [PubMed]

	



Asya, O.; Yumuşakhuylu, A.C.; Bağcı, P.; Kaya, H.; Gönen, A.; Gündoğdu, Y.; Muradov, T.; Şahin, A.; Oysu, Ç. Relationship of PPARG Overexpression with Prognostic Parameters in Papillary Thyroid Carcinoma. Acta Otorhinolaryngol. Ital. 2022, 42, 34–40. [Google Scholar] [CrossRef]

	



McIver, B.; Grebe, S.K.G.; Eberhardt, N.L. The PAX8 / PPARγ Fusion Oncogene as a Potential Therapeutic Target in Follicular Thyroid Carcinoma. Curr. Drug Targets Immune Endocr. Metab. Disord. 2004, 4, 221–234. [Google Scholar] [CrossRef] [PubMed]

	



Panebianco, F.; Kelly, L.M.; Liu, P.; Zhong, S.; Dacic, S.; Wang, X.; Singhi, A.D.; Dhir, R.; Chiosea, S.I.; Kuan, S.-F.; et al. THADA Fusion Is a Mechanism of IGF2BP3 Activation and IGF1R Signaling in Thyroid Cancer. Proc. Natl. Acad. Sci. USA 2017, 114, 2307–2312. [Google Scholar] [CrossRef]

	



Skibiel, C.; Ren, S.; Reid, L. Clinicopathologic Features of Thyroid Neoplasm with THADA-IGF2BP3 Fusion. Am. J. Clin. Pathol. 2021, 156, S53–S54. [Google Scholar] [CrossRef]

	



Cipriani, N.A.; Johnson, D.N.; Sarne, D.H.; Angelos, P.; Reeves, W.; Antic, T. The Significance of RAS-Like Mutations and MicroRNA Profiling in Predicting Malignancy in Thyroid Biopsy Specimens. Endocr. Pathol. 2022, 33, 446–456. [Google Scholar] [CrossRef]

	



Poma, A.M.; Macerola, E.; Proietti, A.; Vignali, P.; Sparavelli, R.; Torregrossa, L.; Matrone, A.; Basolo, A.; Elisei, R.; Santini, F.; et al. Clinical–Pathological Features and Treatment Outcome of Patients With Hobnail Variant Papillary Thyroid Carcinoma. Front. Endocrinol. 2022, 13, 842424. [Google Scholar] [CrossRef]

	



Jin, A.; Xu, J.; Wang, Y. The Role of TERT Promoter Mutations in Postoperative and Preoperative Diagnosis and Prognosis in Thyroid Cancer. Medicine (Baltimore) 2018, 97, e11548. [Google Scholar] [CrossRef]

	



Macerola, E.; Poma, A.M.; Vignali, P.; Basolo, A.; Ugolini, C.; Torregrossa, L.; Santini, F.; Basolo, F. Molecular Genetics of Follicular-Derived Thyroid Cancer. Cancers 2021, 13, 1139. [Google Scholar] [CrossRef] [PubMed]

	



McKelvey, B.A.; Umbricht, C.B.; Zeiger, M.A. Telomerase Reverse Transcriptase (TERT) Regulation in Thyroid Cancer: A Review. Front. Endocrinol. 2020, 11, 485. [Google Scholar] [CrossRef] [PubMed]

	



Marei, H.E.; Althani, A.; Afifi, N.; Hasan, A.; Caceci, T.; Pozzoli, G.; Morrione, A.; Giordano, A.; Cenciarelli, C. P53 Signaling in Cancer Progression and Therapy. Cancer Cell Int. 2021, 21, 703. [Google Scholar] [CrossRef] [PubMed]

	



Marotta, V.; Bifulco, M.; Vitale, M. Significance of RAS Mutations in Thyroid Benign Nodules and Non-Medullary Thyroid Cancer. Cancers 2021, 13, 3785. [Google Scholar] [CrossRef]

	



Kakudo, K. Different Threshold of Malignancy for RAS-like Thyroid Tumors Causes Significant Differences in Thyroid Nodule Practice. Cancers 2022, 14, 812. [Google Scholar] [CrossRef]

	



Steward, D.L.; Carty, S.E.; Sippel, R.S.; Yang, S.P.; Sosa, J.A.; Sipos, J.A.; Figge, J.J.; Mandel, S.; Haugen, B.R.; Burman, K.D.; et al. Performance of a Multigene Genomic Classifier in Thyroid Nodules With Indeterminate Cytology: A Prospective Blinded Multicenter Study. JAMA Oncol. 2019, 5, 204. [Google Scholar] [CrossRef]

	



Jinih, M.; Foley, N.; Osho, O.; Houlihan, L.; Toor, A.A.; Khan, J.Z.; Achakzai, A.A.; Redmond, H.P. BRAF V600E Mutation as a Predictor of Thyroid Malignancy in Indeterminate Nodules: A Systematic Review and Meta-Analysis. Eur. J. Surg. Oncol. EJSO 2017, 43, 1219–1227. [Google Scholar] [CrossRef]

	



Trimboli, P.; Treglia, G.; Condorelli, E.; Romanelli, F.; Crescenzi, A.; Bongiovanni, M.; Giovanella, L. BRAF-Mutated Carcinomas among Thyroid Nodules with Prior Indeterminate FNA Report: A Systematic Review and Meta-Analysis. Clin. Endocrinol. (Oxf.) 2016, 84, 315–320. [Google Scholar] [CrossRef]

	



Giordano, T.J. Genomic Hallmarks of Thyroid Neoplasia. Annu. Rev. Pathol. 2018, 13, 141–162. [Google Scholar] [CrossRef]

	



Wong, R.; Farrell, S.G.; Grossmann, M. Thyroid Nodules: Diagnosis and Management. Med. J. Aust. 2018, 209, 92–98. [Google Scholar] [CrossRef]

	



Silaghi, C.A.; Lozovanu, V.; Georgescu, C.E.; Georgescu, R.D.; Susman, S.; Năsui, B.A.; Dobrean, A.; Silaghi, H. Thyroseq v3, Afirma GSC, and microRNA Panels Versus Previous Molecular Tests in the Preoperative Diagnosis of Indeterminate Thyroid Nodules: A Systematic Review and Meta-Analysis. Front. Endocrinol. 2021, 12, 649522. [Google Scholar] [CrossRef] [PubMed]

	



Bardet, S.; Goardon, N.; Lequesne, J.; Vaur, D.; Ciappuccini, R.; Leconte, A.; Monpeyssen, H.; Saguet-Rysanek, V.; Clarisse, B.; Lasne-Cardon, A.; et al. Diagnostic and Prognostic Value of a 7-Panel Mutation Testing in Thyroid Nodules with Indeterminate Cytology: The SWEETMAC Study. Endocrine 2021, 71, 407–417. [Google Scholar] [CrossRef] [PubMed]

	



Bellevicine, C.; Migliatico, I.; Sgariglia, R.; Nacchio, M.; Vigliar, E.; Pisapia, P.; Iaccarino, A.; Bruzzese, D.; Fonderico, F.; Salvatore, D.; et al. Evaluation of BRAF, RAS, RET/PTC, and PAX8/PPARg Alterations in Different Bethesda Diagnostic Categories: A Multicentric Prospective Study on the Validity of the 7-gene Panel Test in 1172 Thyroid FNAs Deriving from Different Hospitals in South Italy. Cancer Cytopathol. 2020, 128, 107–118. [Google Scholar] [CrossRef] [PubMed]

	



Paschke, R.; Cantara, S.; Crescenzi, A.; Jarzab, B.; Musholt, T.J.; Sobrinho Simoes, M. European Thyroid Association Guidelines Regarding Thyroid Nodule Molecular Fine-Needle Aspiration Cytology Diagnostics. Eur. Thyroid J. 2017, 6, 115–129. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, C.; Muzza, M.; Pogliaghi, G.; Palazzo, S.; Vannucchi, G.; Vicentini, L.; Persani, L.; Gazzano, G.; Fugazzola, L. The Thyroid Risk Score (TRS) for Nodules with Indeterminate Cytology. Endocr. Relat. Cancer 2021, 28, 225–235. [Google Scholar] [CrossRef] [PubMed]

	



Hysek, M.; Hellgren, L.S.; Stenman, A.; Darai-Ramqvist, E.; Ljung, E.; Schliemann, I.; Condello, V.; Larsson, C.; Zedenius, J.; Jatta, K.; et al. Digital Droplet PCR TERT Promoter Mutational Screening in Fine Needle Aspiration Cytology of Thyroid Lesions: A Highly Specific Technique for Pre-operative Identification of High-risk Cases. Diagn. Cytopathol. 2023, 51, 331–340. [Google Scholar] [CrossRef]

	



Policardo, F.; Tralongo, P.; Arciuolo, D.; Fiorentino, V.; Cardasciani, L.; Pierconti, F.; Carlino, A.; Curatolo, M.; Pontecorvi, A.; Fadda, G.; et al. P53 Expression in Cytology Samples May Represent a Marker of Early-stage Cancer. Cancer Cytopathol. 2023, 131, 392–401. [Google Scholar] [CrossRef]

	



Boufraqech, M.; Klubo-Gwiezdzinska, J.; Kebebew, E. MicroRNAs in the Thyroid. Best Pract. Res. Clin. Endocrinol. Metab. 2016, 30, 603–619. [Google Scholar] [CrossRef]

	



Macerola, E.; Poma, A.M.; Proietti, A.; Rago, T.; Romani, R.; Vignali, P.; Ugolini, C.; Torregrossa, L.; Basolo, A.; Santini, F.; et al. Down-Regulation of miR-7-5p and miR-548ar-5p Predicts Malignancy in Indeterminate Thyroid Nodules Negative for BRAF and RAS Mutations. Endocrine 2022, 76, 677–686. [Google Scholar] [CrossRef]

	



Macerola, E.; Poma, A.M.; Vignali, P.; Proietti, A.; Torregrossa, L.; Ugolini, C.; Basolo, A.; Matrone, A.; Elisei, R.; Santini, F.; et al. MicroRNA Expression Profiling of RAS-Mutant Thyroid Tumors with Follicular Architecture: MicroRNA Signatures to Discriminate Benign from Malignant Lesions. J. Endocrinol. Investig. 2023. [Google Scholar] [CrossRef]








[image: Diagnostics 13 03008 g001] 





Figure 1. Cytologic images of indeterminate thyroid nodules. (A): microscopic image of a low-risk indeterminate lesion (TIR3A): groups of follicular cells organized in micro-follicular structures. The microfollicles are composed of cells without nuclear and/or cytoplasmic atypia (200 original magnification). (B): microscopic image of a high-risk indeterminate lesion (TIR3B): group of follicular cells with mild nuclear atypia. Some nuclei show hyperchromasia, and some nuclei have an elongated appearance. No elements strongly indicative of papillary carcinoma (i.e., nuclear presudo-inclusions and/or nuclear grooves) are present (200 original magnification). 
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Figure 2. Schematic representation of BRAFV600E-like and RAS-like molecular profiles. On the left, the BRAFV600E-like molecular profile is characterized by the BRAFV600E mutation and RET/PTC and BRAF fusions. On the right, the RAS-like molecular profile is characterized by NRAS, HRAS, KRAS, EIF1AX, and BRAFK601E mutations and PPARG and THADA fusions. Created with BioRender.com accessed on 4 July 2023. 
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Table 1. Comparison between ICCRTC and TBSRTC.
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The Italian Consensus for the Classification and Reporting of Thyroid Cytology (ICCRTC)

	
The Bethesda System for Reporting Thyroid Cytopathology (TBSRTC)






	
Class

	
Diagnostic category

	
Risk of malignancy (%)

	
Class

	
Diagnostic category

	
Risk of malignancy (%)




	
TIR1

	
Inadequate and/or non-representative

	
Not defined

	
I

	
Non-diagnostic samples

	
13




	
TIR1C

	
Non-diagnostic cystic

	
Low




	
TIR2

	
Non-malignant/benign lesions

	
<3

	
II

	
Benign lesions

	
4




	
TIR3A

	
Low-risk indeterminate lesions

	
<10

	
III

	
Atypia of undetermined significance (AUS)

	
22




	
TIR3B

	
High-risk indeterminate lesions

	
30

	
IV

	
Follicular neoplasm (FN)

	
30




	
TIR4

	
Suspicious for malignancy

	
60–80

	
V

	
Suspicious for malignancy

	
74




	
TIR5

	
Malignant lesions

	
>95

	
VI

	
Malignant lesions

	
97











 





Table 2. Key role of the most frequent biomarkers altered in indeterminate thyroid nodules.
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Gene

	
Protein

	
Role of Molecular Markers Alterations






	
BRAF

	
BRAF

	
Mutations in these proteins implicate constitutive MAPK pathway activity, resulting in hyperproliferative developmental disorder, leading to tumorigenesis.




	
RAS family:

	
NRAS



	
HRAS



	
KRAS






	
RAS family:

	
NRAS



	
HRAS



	
KRAS









	
CCDC6::RET

	
RET/PTC1

	
This rearrangement results in a constitutive dimerization and activation of the RET thyrosin-kinase domain, promoting cell growth, differentiation, proliferation, and survival.




	
NCOA4::RET

	
RET/PTC3




	
EIF1AX

	
eIF1A

	
Mutations in this eukaryotic translation initiation factor 1A interfere with global protein translation.




	
PAX8::PPARG

	
PAX8/PPARG

	
This rearrangement generates a chimeric oncogenic protein, which promotes cell growth and reduces the rate of apoptosis.




	
THADA::IGF2BP3

	
THADA/IGF2BP3

	
This rearrangement implicates a high expression of the IGF2BP3 protein, resulting in a deregulated activation of MAPK and PI3K signaling.




	
TERT promoter

	
TERT

	
TERT promoter mutations implicate an upregulation of telomerase transcription, avoiding senescence and apoptosis.




	
TP53

	
p53

	
Mutations in TP53 genes cause protein loss or non-functioning/truncated protein forms, promoting cell survival and proliferation.
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