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Abstract

:

Molecular testing has acquired a relevant role for diagnostic and prognostic stratification of indeterminate thyroid nodules. Besides the available commercial solutions marketed in the United States, various local testing strategies have been developed in the last decade. In this setting, the modern interventional cytopathologist, the physician who performs the both aspirate and the morphologic interpretation plays a key role in the correct handling of fine-needle aspiration (FNA) samples not only for microscopy but also for molecular techniques. This review summarizes experiences with local approaches to the molecular testing of thyroid FNA, highlighting the role of the modern interventional cytopathologist.
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1. Introduction


The updated Bethesda classification system for thyroid cytopathology (TBSRTC) includes molecular testing to refine fine-needle aspiration (FNA) indeterminate diagnoses [1]. Indeed, the American and European Thyroid Associations highlighted the importance of thyroid FNA molecular tests, although no consensus has yet been reached regarding the best molecular strategy [2,3,4]. In fact, advanced thyroid-specific molecular testing strategies are available, showing differences in their negative (NPV) and positive predictive values (PPV). The two most widely adopted commercially available thyroid FNA testing approaches are based on modern and comprehensive technologies either on classifiers, such as the RNA expression signatures to discriminate between benign and malignant nodules, or on the massive parallel sequencing for the detection of a very large number of genomic alterations, such as point mutations, gene fusions and copy number variations. The former includes tests with high NPV and moderate PPV (rule-out tests), whereas the latter may show high PPV (rule-in tests) or both high NPV and PPV [5]. The choice of the “ideal” molecular test is also influenced by the local prevalence of thyroid neoplasms and the resulting difference in malignancy rates in each TBSRTC category [3,6]. These advances and comprehensive thyroid-specific commercially available tests are centralized in North America private laboratories; in countries with universal healthcare system coverage like in Europe, the access to such advanced molecular tests can be prohibitive because of its very high cost and lack of reimbursement policies [7] As an alternative to thyroid-specific comprehensive testing, several centers have introduced sustainable solutions based on either the adoption of commercially available generic cancer panels not specifically designed for thyroid samples or the design and validation of narrow custom panels targeting the most relevant genomic alterations involved in thyroid carcinogenesis.



Comprehensive molecular testing may increase FNA accuracy, but only if special care is taken to ensure high quality in all the various steps inherent to the cytological workflow. Indeed, the relevance of proper nodule sampling under ultrasound (US) guidance, the correct handling of the aspirated material, the rapid on-site evaluation (ROSE), the careful cyto-preparations, the correct microscopic interpretation and standardized and meaningful reporting cannot be overemphasized. In this context, cytopathologists need to acquire increasingly complex skills beyond the traditional ones to ensure the full comprehension of the cytological material not only for the microscopic assessment but also for the advanced molecular technologies. Thus, cytopathologists should learn to interact as a bridge between the referring clinicians and the molecular laboratory staff, configuring a new multidisciplinary hybrid: the interventional molecular cytopathologist. This review summarizes experiences with local approaches to the molecular testing of thyroid FNAs, highlighting the role of the modern cytopathologist.




2. The 7-Gene Test


One of the first genomic biomarkers introduced in thyroid cytopathology routine practice has been the BRAF exon 15 p.V600E point mutation. Despite its absolute specificity, high cost-effectiveness and simple detection, BRAF exon 15 p.V600E as a single marker has demonstrated low sensitivity, in particular in the atypia of undetermined significance/follicular lesion of undetermined significance (AUS/FLUS) and follicular neoplasm/suspicious for follicular neoplasm (FN/SFN) categories [8]. A broader strategy is represented by the 7-gene test, which covers the genomic alterations most frequently occurring in thyroid neoplasms, i.e., BRAF exon 15 p.V600E, HRAS, NRAS, KRAS, RET/PTC1, RET/PTC3, PAX8/PPARg. Unfortunately, this assay also exhibits limited sensitivity and specificity ranging from 18–100% and 82–100%, respectively [9]. These discrepant results obtained from different series may be owed to local differences in cancer prevalence and cytopathology practice patterns. However, a consistent association between the genomic alterations detected by the 7-gene test and diagnostic categories identified by TBSRTC has been observed. In particular, BRAF exon 15 p.V600E and RET/PTC (grouped together as BRAF-like mutations), highly specific for malignant outcomes, are most frequently detected in both suspicious-for-malignancy and malignant thyroid FNAs, whereas RAS and RAS-like mutations (PAX8/PPARg and BRAF mutations other than p.V600E alterations), which are usually observed in benign or low-risk follicular patterned neoplasms, are more frequently retrieved in samples diagnosed as AUS/FLUS and FN/SFN [10]. Additionally, when limited molecular testing approaches are employed, gene alteration associated with adverse outcomes, such as TERT promoter mutations, are retrieved in FNAs classified as malignant and featuring “aggressive” cytomorphology (e.g., tall cells) [11]. This close correlation between molecular biomarkers and microscopic features is also observed in the AUS/FLUS sub-categories identified by the morphological qualifiers of atypia. In fact, the sub-categorization of AUS/FLUS can assist in the identification of the indeterminate nodules that require surgical management, that is, AUS/FLUS featuring rare thyrocytes with slight nuclear atypia or extensive but mild alterations [12]. In fact, these cases have shown a higher risk of malignancy (ROM) than the other AUS/FLUS qualifiers (Hurthle cells, architectural atypia) and, in turn, are more frequently associated with the occurrence of BRAF exon 15 p.V600E alteration, supporting from a molecular standpoint the sub-classification of the AUS/FLUS category [13,14,15].




3. From Single Gene Testing to Parallel and Massive Sequencing Analysis


After the introduction of the next-generation sequencing (NGS) platforms, testing strategies have moved away from the traditional method, which allows the sequencing of a limited number of genes, in favor of massive parallel sequencing. However, the custom NGS panels specifically developed to comprehensively cover thyroid-specific genomic alterations by centralized laboratories are proprietary and not commercially available or locally employable (e.g., Thyroseq) [7]. Conversely, cancer-generic NGS panels, featuring the most common genomic alterations found in solid tumors, represent a possible solution for the processing of cytological samples. These panels proved able to generate NGS libraries even when the DNA input obtained from thyroid FNA was suboptimal [16,17,18]. However, their design is not specifically targeted to analyze thyroid FNAs; thus, the presence of non-informative genes undermined their analytical performance, owing to less than optimal thyroid-cancer-specific amplicon coverage [18].



In particular, Le Mercier et al. assessed the performance of the Ion AmpliSeq Cancer Hotspot Panel, a commercial panel not specifically designed for the thyroid, on a small retrospective series of 34 FNAs with available histological follow-up [16]. The authors extracted the DNA from either cell blocks or direct smears, obtaining sufficient material in the majority of cases (29/34, 85.2%). The FNAs were microscopically classified with their own classification system. In particular, these cases were classified as “follicular proliferations”, a heterogeneous category that includes all the indeterminate cases including the AUS/FLUS. The differences between this classification system and TBSRTC hamper a comparison of the results obtained by Le Mercier et al. with other series, though they reached a sensitivity of 71%, specificity of 89%, NPV of 63% and PPV of 92%.



Although a fully comprehensive genomic profile of thyroid FNAs is still only provided by centralized North American laboratories, recent efforts have been made to develop custom NGS panels. These latter have specifically been designed to detect genomic alterations in thyroid nodules with indeterminate cytology. The results have been promising, since these panels have demonstrated a diagnostic efficiency higher than that yielded by the 7-gene testing solutions and by the commercially available cancer-generic NGS panels [19,20,21,22].



Below, two of these latter studies that focused on the clinical output of the custom panels along with their analytical performance are discussed in detail [19,23]. Song et al. designed a custom NGS panel, the FSZ-Thyroid NGS panel, covering at least 1000 hotspots in 16 thyroid-cancer-related genes, including the AKT1, BRAF, CTNNB1, EIF1AX, EZH1, GNAS, HRAS, KRAS, NRAS, PIK3CA, RET, SPOP, TERT, TP53, TSHR and ZNF148 genes. This panel was adopted to process a prospective series of 196 indeterminate FNAs (153 AUS/FLUS and 43 FN/SFN) [23]. High-quality nucleic acids were extracted from cells obtained by a dedicated pass. Cells were collected in a preservative solution and stored at 4 °C, obtaining low-quality material in only eight cases (4.1%). As far as clinical validation is concerned, the interpretation of the molecular results was based on the association of a given mutation with a malignant histology. In particular, the authors distinguished between high-risk (e.g., BRAF-like and RAS-like mutations with allelic frequency ≥ 30%), low-risk (e.g., EIF1AX and RAS-like mutations with low allelic frequency) and benign-like genomic alterations. The authors obtained, among the indeterminate Bethesda FNAs, a sensitivity of 73%, specificity of 80%, PPV of 71% and NPV of 82%, by considering the low-risk neoplasms, such as non-invasive follicular thyroid neoplasms with papillary-like nuclear features (NIFT-P) and follicular and well-differentiated tumors of uncertain malignant potential (FT-UMP) as benign nodules. Although one of the strengths of this series is its prospective approach, the indications for surgery were given not only on the basis of cytological and molecular features of the nodules but also taking into account their clinical and US appearances [23].



Sponziello et al. developed a broad NGS custom panel, designed to cover 19 thyroid-cancer-related genes. Remarkably, the design included the detection of a very large number of gene fusions [19]. In addition to DNA and RNA targets, the panel also interrogates the expression levels of miR-146b-5p to increase assay sensitivity. As a matter of the fact, the highest NPV (100%) was obtained by this combined approach on a retrospective series of 40 FNA samples classified as indeterminate with the Italian Reporting System [19]. This custom NGS panel also included quality-control expression genes to provide estimates of each sample’s cellular composition (e.g., follicular thyroid cells, parafollicular cells or parathyroid cells). However, one of the FNAs in their series classified as suspicious by microscopy, which harbored a BRAF exon 15 p.V600E mutation, was a false-positive because the subsequent histology revealed a follicular adenoma. Since the allelic frequency of this mutation was 6%, the authors argued about the presence of a cellular subclone within the nodule [19]. Thus, as shown by the above-reported experience, the implementation of custom NGS panels, specifically designed to include the most relevant thyroid-cancer genes, may represent the first move to offer affordable access to NGS at the local level for patients with undetermined thyroid FNA.




4. Beyond Mutational Panels: Expression Analysis of mRNA and microRNA


Unlike the genomic tests based on the recognition of point mutations in DNA and fusions in RNA, the approach based on expression classifiers is designed to differentiate between benign and malignant nodules through mRNA expression patterns. This approach has the advantage, over mutation analysis, to identify gene signatures that reflect pathway activation generated not only by genomic alterations but also by epigenetic modulation. MicroRNAs (miRNAs), which are small single-stranded noncoding RNA sequences (19–25 nucleotides), whose function is to regulate gene expression, also act as tumor suppressors. In fact, miRNAs deregulation is a common finding in malignant neoplasms, supporting a role for these molecules in carcinogenesis. The assessment of miRNAs has several advantages over that of mRNA, including the high stability during the fixation and processing of cyto-histologic specimens [24].



Preclinical experiences based on RNA extracted from benchtop FNAs confirmed the feasibility of RNA analysis on cytological material. In particular Mazeh et al. evaluated a narrow panel of miRNAs by real-time polymerase chain reaction (RT-PCR), demonstrating a significantly increased expression of this set of miRNAs in tumor samples [25]. Moreover, the same authors tested a larger number of 279 miRNAs on an NGS platform (HiSeq 2500) and could identify a set of 19 miRNAs showing the most significant differences in their expression levels between malignant and benign nodules. This set of miRNA was further assessed on a group of 35 patients with indeterminate cytological diagnosis, showing 91% sensitivity, 100% specificity, NPV 87% and PPV 100% [26]. Conversely, Giannini et al. adopted a high-throughput nucleic acid hybridization technology (nCounter) to train a set of 34 genes on ex vivo FNAs. The unsupervised hierarchical clustering of this set of genes revealed a significant difference in the expression signatures of FNAs obtained from benign and malignant thyroid nodules [27].



The clinical relevance of different miRNAs was investigated in two studies focusing on follicular-patterned lesions. miRNAs were assessed by RT-PCR on retrospective and prospective FNAs [28,29]. Rossi et al. showed that, among five potential miRNAs candidates, only miR-375 was overexpressed in the majority of malignant lesions [29]. Conversely, Stokowy et al. adopted a minimal classifier that included only two miRNAs, miR-484 and miR-148b-3p. The latter yielded promising results when differentiating follicular adenomas from follicular carcinomas, reaching 89% sensitivity and 87% specificity [28]. Panebianco et al. used a combination of mRNAs and miRNAs to develop a Bayesian-neural-network-based classifier. The authors trained their method on a series of 118 histologically proven benign and malignant FNAs. These latter also included samples carrying a BRAF exon 15 p.V600E mutation as positive control. Their method showed high predictive power, correctly classifying 100% of the malignant FNAs and 69.23% of the benign samples [30].



Lastly, two papers explored on indeterminate thyroid FNAs the usefulness of a diagnostic algorithm that included additional markers besides the miRNA and mRNA expression assessment, in particular BRAF exon 15 p.V600E mutation [31,32], galectin-3 immunocytochemistry [31] and the ratio of mitochondrial to nuclear DNA [32]. In particular, Paskaš et al. demonstrated that a decision-tree model based on the assessment of BRAF mutations, galectin-3 immunostaining and miR-221/miR-222 expression levels provided a sensitivity of 73.5%, a specificity of 89.8%, a PPV of 80.6% and an NPV of 85.5%, reaching an accuracy of 75.7% [31]. Conversely, Titov et al. assessed HMGA2 gene expression, miRNA- 146b, -221 and -375 levels, along with the ratio of mitochondrial to nuclear DNA and BRAF mutational status, in 122 FNAs diagnosed as indeterminate (Bethesda III and IV), showing 89.2% sensitivity, 92.9% specificity, 84.6% PPV and 95.2% NPV, results that were comparable to those of commercial, centralized tests, such as Afirma and Thyroseq [32].



Taken together, these experiences showed the feasibility of miRNA and mRNA evaluation on thyroid FNAs. However, these results were too heterogeneous to be directly comparable, because each study adopted different sets of miRNAs and mRNAs whose expression cut-offs were established on training sample series with different compositions in terms of benign and malignant histological entities.




5. Interventional Molecular Cytopathology


Besides molecular testing, optimal sample collection, cytopreparation, interpretation and reporting are key. It is widely held that when FNA is performed directly by cytopathologists the percentage of non-diagnostic specimens is limited. Similarly, when the FNA is taken by a surgeon or by a radiologist, proper smear preparation and adequacy assessment ensured on-site by a cytopathologist or cytotechnologist also limit the number of inadequate specimens. The interventional cytopathologist is the physician who performs at the same time the aspirate and the morphologic interpretation. In a commentary published in 1988, Grohs described the interventional cytopathologist as the “single operator-interpreter system; the practitioner obtains the history and performs the physical examination, aspirates the specimen, prepares the smears, and interprets the aspirate in light of all the information obtained” [33]. Indeed, the role of the interventional cytopathologist had already been shaped in the 1950s–1960s of the past century at the Karolinska Institute in Sweden, where physicians like Frazen, Zajiceck, Lowagen and Pier Esposti advocated that the entire process of aspiration and cytological interpretation should be managed by the same person, because this approach results in higher diagnostic accuracy [34]. Recently, the palpation approach has been largely substituted by US-guidance to improve the aspiration of subclinical thyroid nodules [35,36,37]. In this regard, is still debated if the interpretation of US features by the interventional cytopathologist should be integrated in the FNA reporting system to “refine” the microscopic interpretation [38]. Furthermore, the incorporation of US teaching in the training of cytotechnology students has also been proposed [39].



In the molecular cytopathology era, cytopathologists must embrace the new challenges of the next-generation pathology, in order to integrate the results obtained from the new deep-sequencing technologies with the clinical vocation of cytopathology, thus interfacing with both the molecular laboratory and referring clinicians. Cytopathologists can achieve this goal by performing FNAs by themselves or by assisting other physicians on-site, ensuring diagnostic material, not only for microscopy and traditional ancillary techniques such as immunocytochemistry, but also for the molecular characterization of FNAs [40,41].



In fact, cytopathologists’ contributions are fundamental to obtain not only fewer inadequate specimens for microscopy but also to obtain more adequate samples for molecular tests. In Table 1, a preliminary set of unpublished data from thyroid FNAs tested with the 7-gene assay at the University of Naples Federico II [10] demonstrated that the number of FNAs inadequate for molecular testing was significantly higher among the samples taken by non-cytopathologists.



Interestingly, a recent study showed that sample adequacy for microscopy and molecular tests might be influenced by different factors. In fact, although microscopic adequacy seems to benefit from ROSE performed either by a cytotechnologist or cytopathologist, the adequacy of FNAs for molecular testing could also be related to the adoption of longer, thin needles by which a higher number of cells are entrapped and subsequently rinsed in the nucleic acid preservative solution [42]. When the on-site presence of the cytopathologist is not warranted, telepathology tools allow for an adequacy check of the specimens, increasing the success rate of molecular testing performed on cytopathology samples [43].



Among the new skills that a wannabe interventional molecular cytopathologist needs to acquire is the additional responsibility of effective communication with patients. In fact, although indeterminate thyroid FNA diagnoses carry a moderate to low ROM, patients may perceive these diagnoses as very worrisome, asking for a radical and often unnecessary surgical procedure [44]. In particular, it has been demonstrated that the anxiety of patients with a non-definitive FNA diagnosis persists long after the FNA procedure [45].



Besides the traditional skill of ROSE of the aspirated material to check adequacy by microscopy, a rapid on-site molecular evaluation (ROME) is also feasible, thanks to the availability of automated RT-PCR assays [46]. In fact, the interventional molecular cytopathologist can easily put the needle rinse material into a cartridge in which the RT-PCR process is miniaturized and fully automated, obtaining results in less than 2 h. With this fully automated approach, the interventional molecular cytopathologist could obtain a same-day cytological and molecular diagnosis that may reassure the patients, especially in peripheral FNA clinics where more limited financial resources are only sufficient to reimburse a preliminary screening based on less comprehensive and simpler assays [46,47].



Thus, thanks to the development of custom molecular panels together with the availability of automated assays, affordable testing solutions for thyroid FNAs can be introduced in local settings near patients’ homes, moving the practice of interventional cytopathology into the modern era by integrating the traditional skills of FNA sampling, smearing and microscopic interpretation with expertise in molecular biology.
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Table 1. Comparison of inadequate FNAs for molecular test between different proceduralists (interventional-cytopathologist and non-cytopathologist) at our Institution [10].






Table 1. Comparison of inadequate FNAs for molecular test between different proceduralists (interventional-cytopathologist and non-cytopathologist) at our Institution [10].





	
Proceduralist

	
Inadequate/Total FNAs

	
%

	
p-Value






	
Interventional-cytopathologist

	
129/1278

	
10%

	
0.0037




	
Non-cytopathologist

	
171/1186

	
14.4%
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