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Introduction 

Thyroid cancer is the fastest growing cancer diagnosis in the US [1, 2] with a total of 44,670 

new cases and 1,690 deaths expected in 2010 (www.cancer.gov/cancertopics/types/thyroid). 

From nuclear disasters such as Chernobyl in 1986, it is clear that radiation exposure is a 

significant risk factor for thyroid cancer [3] but, the majority of thyroid cancers appear to be 

sporadic in nature.  Thyroid cancers encompass a variety of lesions that range from benign 

adenoma to malignant tumors. They also span the spectrum from, well-differentiated, poorly 

differentiated or undifferentiated (anaplastic). More than 95% of thyroid cancers are derived 

from thyroid follicular cells, while 2-3% of thyroid tumors (medullary thyroid cancers) are derived 

from the calcitonin producing C-cells. 

A number of genetic alterations have been shown to be involved in the development of follicular 

cell-derived cancers. These point mutations and translocations occur in genes for several 

important signaling pathways, in particular the mitogen-activated protein kinase (MAPK) 

pathway, and are required for transformation of well-differentiated follicular cell-derived thyroid 

cancers, i.e. papillary thyroid cancer (PTC) and follicular thyroid cancer (FTC) [4, 5], as 

described in Figure 1.  

 
 

Figure 1:   Mutations and translocations involved in the pathogenesis of papillary and follicular thyroid carcinomas, 

respectively. Variants of papillary and follicular carcinomas are not represented. 

http://www.cancer.gov/cancertopics/types/thyroid
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Epidemiology 

Papillary thyroid cancer (PTC) is the most common form of thyroid cancer, representing 

approximately 80% of all thyroid malignancies. PTC is usually indolent and curable but this 

cancer can spread early to local lymph nodes and disease persistence and/or recurrence are 

common and associated with increased mortality [6-8].  Follicular thyroid cancer (FTC) is the 

second most common thyroid cancer, representing approximately 15% of all thyroid 

malignancies. This cancer can develop from a pre-existing benign follicular adenoma or directly 

and it is characterized by hematogenous spread. Poorly differentiated (PDC) and anaplastic 

(ATC) thyroid cancers are rare, representing 2-5% of all thyroid cancers [4, 5].  These are very 

aggressive tumors that can develop de novo or from the progression of pre-existing papillary or 

follicular carcinomas. All the cancers described above are derived from the transformation of 

follicular cells. 

The most common genetic abnormalities found in PTC are the point mutations of BRAF and 

RAS genes as well as RET/PTC rearrangements. These mutations are found in more than 70% 

of PTCs and tend to be mutually exclusive. The more common genetic alterations in FTCs are 

RAS point mutations or PAX8/PPARγ rearrangements, respectively, which are also usually 

mutually exclusive. RAS and PAX8/PPARγ rearrangements are found in ~80% of FTC. RAS 

and to a lesser extent PAX8/PPARγ translocations, are also associated with follicular adenoma, 

with frequencies of 20-40% and of 2-10%, respectively [4, 5]. Up to 20% of PTCs and up to 30% 

of FTCs do not carry any of the mutations or translocations described above and therefore 

cannot be detected using an assay based on these gene alterations alone.  

 

Clinical Overview 

Although thyroid cancer is relatively rare, thyroid nodules are very common, present in 5% to 

7% of the US adult population, representing 10 to 18 million individuals [26]. Because the vast 

majority of thyroid nodules are benign and because most cases of thyroid cancer are curable by 

surgery if detected early, it is challenging to identify those nodules that are malignant among the 

vast majority of nodules that are benign [27]. Fine-needle-aspiration (FNA) combined with 

cytological evaluation is currently the standard preoperative diagnostic tool for thyroid cancer. 

However, in 10-40% of cases, the cytological diagnosis remains indeterminate for malignancy 

[28]. Since 2008, the general category of indeterminate FNAs has been divided into three 

subcategories, that is follicular lesion of undetermined significance (FLUS), follicular or 

oncocytic (Hürthle cell) neoplasm, and suspicious for malignancy, with a predicted probability for 

malignancy of 5-10%, 20-30%, and 50-75% for each subcategory, respectively [29]. 

A number of studies have now shown that molecular testing of FNA biopsies, especially for 

BRAF, but also for a combination of markers, including BRAF, RAS, RET/PTC and 

PAX8/PPARγ, is not only feasible but, can significantly improve the accuracy of the preoperative 

FNA diagnosis from cytology [7, 8, 30-38]. Recent large prospective studies have confirmed the 

ability of genetic markers (BRAF, RAS, RET/PTC and PAX8/PPARγ) and protein markers 

(galectin-3) to improve the preoperative diagnostic accuracy for patients with indeterminate 

thyroid nodules [32-34, 39-41].  Furthermore, the use of molecular markers (e.g.,  
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BRAF, RAS, RET/PTC, and PAX8/PPARγ) is now formally recommended in the 2009 Revised 

ATA Management Guidelines for Patients with Thyroid Nodules and Differentiated Thyroid 

Cancer (Recommendation rating: C) [42]. In one of the prospective studies using BRAF, RAS, 

RET/PTC and PAX8/PPARγ as a marker panel for testing FNAs [34], the sensitivity of malignant 

diagnosis in FNA thyroid nodules increased from 44% to 80%, when comparing cytology alone 

to cytology combined with molecular testing for the markers described above. The presence of 

any mutation was a strong predictor of malignancy, as 31 (97%) out of 32 of mutation-positive 

nodules were diagnosed as malignant after surgery while only one nodule (3%) out of 32 was a 

RAS-positive follicular adenoma [34]. In the indeterminate group of FNA samples, in particular, 

molecular testing helped identify 15 (70%) out of 21 malignant nodules after surgery, strongly 

indicating that molecular testing may help to improve the diagnosis of indeterminate FNAs [34]. 

In another study [40], the sensitivity of malignant diagnosis in FNA increased from 60%, when 

cytology was used alone, to 90% when cytology was combined with molecular testing for BRAF, 

RAS, RET, TRK, and PPARγ mutations [40].  Similarly to the previous study, the presence of a 

mutation was a strong predictor of malignancy, as mutations were associated with cancers in 

91% of the cases (61 out of 67 mutation-positive cases) and with benign follicular adenoma in 

9% of the cases (6 out of 67 mutation-positive cases). Prospective evaluation of the clinical 

utility of preoperative testing for these markers is on-going.  

 

Improved diagnosis from molecular testing of thyroid FNA biopsies 

 

 

 

 

 

 

 

 

 

 

Markers 

BRAF: The BRAF mutation (V600E) is the most common mutation in PTC, occurring with a 

prevalence of ~45% (range 27%-87%) [8, 9].  It is mostly found in conventional PTC and the tall 

cell variant of PTC and less frequently in the follicular variant of PTC. BRAF point mutation is 

not found in follicular thyroid cancer and benign thyroid nodules. BRAF V600E mutation leads to 

the constitutive activation of the BRAF protein kinase of the MAPK pathway. Recent studies 

have established BRAF V600E as a marker of disease aggressiveness, disease recurrence, 

and poor prognosis [8, 10-15], although these findings have not been confirmed in some other 

studies [16, 17]. Other BRAF activating point mutations have been described at positions 598,  

599, and 601, but these mutations are very rare compared to the activating mutation at position 

600. BRAF V600E is the target for research of new therapies [18, 19].  

Positive Result/s  Probability of Malignancy 

Cytology  44-60% 

Cytology plus Molecular testing  80-90%  

BRAF testing  99.8%  

Table 1: Percentages above are based on a combination of publications [ 5, 7, 34, 40]. 
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RET/PTC rearrangements: Rearrangements of the RET gene, called RET/PTC 

rearrangements, are the second most common genetic alteration described in PTC. They occur 

in ~20% of sporadic PTC, although their prevalence has been shown variable among studies, 

mostly due to variations in the geographical distribution, the different methodologies used for its 

detection and tumor heterogeneity [20] . These rearrangements are specific for PTC and PTC 

variants, such as the oncocytic (Hürthle cell) variant, and are usually not found in benign 

tumors. RET/PTC rearrangements are more prevalent in radiation-induced PTC. At least 11 

different RET/PTC rearrangements have been described to date, the two most common in 

sporadic (i.e. non-radiation induced) PTC being RET/PTC1 (60-70% of positive cases) and 

RET/PTC3 (20-30% of positive cases).   

RAS: Point mutations within RAS genes involve codons 12, 13, and 61 of NRAS, HRAS and 

KRAS, with mutations of NRAS and HRAS at codon 61 and of KRAS at codon 12/13 being the 

most common. Mutant RAS proteins constitutively activate the MAPK and PI3K/AKT pathways. 

In contrast to the other markers, RAS mutations are not restricted to a particular histological 

subtype of thyroid tumor. RAS mutations are found in ~ 10-15% PTCs (higher in follicular 

variant of PTC) but are more prevalent in FTC, where they are associated with 40%-50% of the 

cancers. RAS mutations are also found in ~35% of poorly differentiated and ~50% of anaplastic 

thyroid cancers, where the presence of RAS mutations seems to correlate with more aggressive 

tumor behavior and poor prognosis [4, 21, 22]. RAS mutations are also found in 20%-40% of 

follicular adenoma, but it remains unclear whether these tumors represent pre-invasive follicular 

carcinomas.  

PAX8/PPARγ rearrangements: PAX8/PPARγ rearrangements are found in 30-40% of 

conventional FTC and in ~5% of oncocytic carcinomas [10, 23]. Tumors associated with 

PAX8/PPARγ usually carry a favorable prognosis. Tumors with PAX8/PPARγ rearrangement do 

not usually carry any RAS mutation, suggesting that the development of FTC involves two 

independent pathways associated with either PAX8/PPARγ translocation or RAS mutation [23]. 

PAX8/PPARγ rearrangements are also found in 2-10% of follicular adenomas, and in the 

follicular variant of PTC [23-25] . PAX8/PPARγ translocations have been reported in a very low 

percentage (0%-1%) of PTC [24]. 

 

Conclusion 

Currently, the best preoperative tool for thyroid cancer is the cytological examination of FNA 

biopsies from thyroid nodules. Unfortunately, FNA cytology lacks specificity and in up to 40% of 

cases, the diagnosis of thyroid nodules remains indeterminate [39].  The markers described in 

this paper are well characterized and have been demonstrated to improve the diagnosis of 

thyroid nodules when used in conjunction with traditional cytology.  
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