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Several low penetration susceptibility risk loci or genes have been proposed in recent years with a possible causative role for familial non-medullary thyroid cancer (FNMTC), though the results are still not conclusive or reliable. Among all the candidates, here fully reviewed, a new extremely rare germline variant c.3607A>G (p.Y1203H) of the DUOX2 gene, has been recently reported to co-segregate with the affected members of one non-syndromic FNMTC family. We aimed to validate this finding in our series of 33 unrelated FNMTC Italian families, previously found to be negative for two susceptibility germline variants in the HABP2 and MAP2K5 genes. Unfortunately, the DUOX2 p.Y1203H variant was not found in either the 74 affected or the 12 not affected family members of our series. We obtained interesting data by comparing the clinico-pathological data of the affected members of our kindreds with a large consecutive series of sporadic cases, followed at our site. We found that familial tumors had a statistically significant more aggressive presentation at diagnosis, though not resulting in a worst outcome. In conclusion, we report genetic and clinical data in a large series of FNMTC kindreds. Our families are negative for variants reported as likely causative, namely those lying in the HABP2, MAP2K5 and DUOX2 genes. The extensive review of the current knowledge on the genetic risk factors for non-syndromic FNMTCs underlies how the management of these tumors remains mainly clinical. Despite the more aggressive presentation of familial cases, an appropriate treatment leads to an outcome similar to that observed for sporadic cases. 
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Introduction

The term familial non-medullary thyroid cancers (FNMTCs) is used to indicate thyroid tumors, arising from follicular cells, which are observed in two or more first-degree relatives in the absence of predisposing environmental factors. FNMTCs account for 3–9% of all thyroid cancer (TC) cases, and show an autosomal dominant pattern of inheritance with incomplete penetrance and variable expressivity (1). FNMTC is further sub-classified in: syndromic FNMTCs (5% of all FNMTCs) in which TC occurs as a minor component (familial adenomatous polyposis, Gardner’s syndrome, Cowden’s syndrome, Werner’s syndrome, McCune-Albright syndrome, Carney complex type 1, DICER1 syndrome) and non-syndromic FNMTCs (95% of all FNMTCs), in which TC is the predominant feature. Among FNMTCs, papillary thyroid cancer (PTC) is the commonest histological subtype (2, 3). Some studies reported that non-syndromic familial PTCs (FPTCs) are more aggressive than sporadic PTCs, in terms of higher rate of multifocal and bilateral tumors, extrathyroidal extension, lymph node metastasis, younger age of onset, and recurrence rate (4–8). Moreover, the phenomenon of “anticipation” with early and more severe manifestations of the disease has been observed in the second generation (9). On the contrary, other studies did not found clinical differences between non-syndromic FNMTCs and sporadic cases (10, 11). FNMTCs are indistinguishable from sporadic NMTC forms by either morphological examination or immunohistochemical staining, implying that FNMTCs cannot be diagnosed until at least one of the patient’s first-degree relatives is diagnosed with a thyroid cancer. Genetic alterations underlying syndromic forms have been at least in part defined (APC in familial adenomatous polyposis and Gardner’s syndrome; PTEN in Cowden’s syndrome; PRKAR1A in Carney Complex type 1; WNR in Werner’s syndrome, DICER1 in DICER1 syndrome; GNAS in McCune Albright syndrome) (1, 3). On the other hand, the genetic susceptibility for non-syndromic FNMTCs is still not well defined. To date, only few susceptibility risk chromosomal loci [MNG1 (14q32), TCO (19p13.2), fPTC/PRN (1q21), NMTC1 (2q21), FTEN (8p23.1–p22), 6q22, 4q32, and 8q24] (1) and susceptibility genes (TTF-1/NKX.2, SRGAP1, FOXE1, SRRM2, HABP2, MAP2K5) (12–17) have been identified by means of linkage analysis, genome-wide association study (GWAS), whole exome (WES) and next-generation sequencing (Table 1). In addition, an imbalance of the telomere–telomerase complex has been reported in the peripheral blood of familial NMTC patients (9). Nevertheless, the reliability of these genetic alterations is controversial and still under investigation. Very recently, Bann and colleagues identified a novel germline variant, c.3607T>A (p.Y1203H) in Dual Oxidase-2 (DUOX2) gene, segregating as an autosomal dominant trait in all affected individuals from a non-syndromic FNMTC family. This variant is extremely rare in the general population (prevalence of 1 out of 138,000 individuals reported in the dbSNP database), consistent with its role as a causative mutation in a rare condition such as FNMTC (34). DUOX2 gene (MIM*606759) maps on chromosome 15 and encodes a protein comprising an extracellular N-terminal peroxidase-like domain, seven transmembrane domains, two cytosolic Calcium-binding sites (EF hand motifs), and an intracellular C-terminal oxidase domain. The maturation factors DUOXA1 and DUOXA2 are essential components for the enzymatic activity of DUOX2, because they form heterodimeric complexes with DUOX2 and allow the translocation of the dimer from endoplasmic reticulum to the membrane (35). The DUOX2 p.Y1203H variant affects an amino acid highly conserved across mammalian, localized in the fifth transmembrane domain of DUOX2 protein. Due to its location, it is unlikely that the variant could impair the enzymatic active site of the protein or the interaction with DUOX2A.


Table 1 | Susceptibility genes and variants identified in non-syndromic familial non-medullary thyroid cancer (FNMTC).




In the present study, we aimed to validate the hypothesized role of this DUOX2 p.Y1203H germline variant in our series of FPTC Italian families. We also carried out a review of literature in order to summarize the current knowledge on the genetic risk factors for FNMTCs. Finally, the clinical features and the outcome of our familial cases were compared with those of our consecutive series of sporadic PTC cases.



Patients and Methods


Patients

The presence of DUOX2 p.Y1203H germline variant was evaluated in a series of 33 unrelated Italian FNMTC kindreds, followed-up in our tertiary center for thyroid cancer care during the period 2003–2019. All affected members had a papillary thyroid cancer (FPTC). By definition, all families had a PTC in first-degree relatives and, in particular, 12/33 (36%) families had a parent-child relationship, 19/33 (58%) had a sibling relationship and 2/33 (6%) families had an uncle-nephew relationship. The number of affected members was two in 27 families, three in 4 families, and four in 2 families. Families came from different regions of Italy, North, South, and islands. Tumors were classified and staged according to the thyroid malignancy World Health Organization classification and the 8th edition of TNM staging (36). Patients were diagnosed and treated according to the recent guidelines for the management of thyroid cancer (37, 38). To identify remission or persistent/recurrent disease, ATA guidelines and Italian consensus recommendations were followed (37, 38). Clinico-pathological features at diagnosis and the final outcome, after a mean follow-up of 93 months, were available for all FPTC probands and for additional 10 affected members. None of kindreds analyzed had clinical features consistent with a possible familial cancer syndrome and none of the family members reported had a history of other primary cancers, except one member who was affected with a tongue carcinoma in remission. The clinical data of the FPTC patients were compared with those coming from all the sporadic PTCs (n = 1,186) included in the database of our tertiary Center. An Institutional Review Board approval was obtained for the analysis of the clinical and molecular data, and informed consent was given by all screened subjects.



Genotyping

Germline DNA was extracted from the peripheral blood of 86 family members (74 affected with FPTC and 12 unaffected), using standard methods. The exon 28 of the DUOX2 gene, where the genetic variant c.3607A>G (p.Y1203H) lies, was amplified by PCR and sequenced on ABI PRISM 3100 automated genetic analyzer (Applied Biosystems, Waltham MA, USA) both in forward and reverse directions, as previously reported (39). A subset of 14 thyroid tumor samples from our kindreds were analyzed using the custom PTC-MA assay, based on matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, and previously set up for the simultaneous identification of 13 known hotspot mutations BRAFV600E; AKT1E17K; EIF1AX c.338-1G>C; NRASQ61R and NRASQ61K; HRASG13C, HRASQ61K, and HRASQ61R; KRASG12V and KRASG13C; TERT c.-124C>T and TERT c.-146C>T; and PIK3CAE542K and 7 recurrent fusion genes typical of PTC: RET/PTC1 (RET/CCDC6), RET/PTC2 (RET/PRKAR1A), and RET/PTC3 (RET/NCOA4) and TRK (NTRK1/TPM3), TRK-T1 (NTRK-T1/TPR), and TRK-T3 (NTRK1/TFG) (40, 41).



Statistical Analysis

Relations between discrete variables were evaluated by means of t-test or chi2 test, as appropriate. Statistical significance was defined as P <0.05. All statistical analyses were performed using MedCalc Analyses (Version 18.11.3 of the MedCalc Software, B-8400 Ostend, Belgium).




Results


Clinico-Pathological and Molecular Features

Clinical data were available for all probands and for 10 additional affected family members, for a total of 43 patients (38 females and 5 males), with a median age at diagnosis of 44 years (Table 2). In particular, most patients underwent surgery due to a malignant (67%) or suspicious (5%) cytology, while thyroid carcinoma evidence was incidental in 28% of cases. Mean tumor diameter was 13.9 mm, and the prevalence of papillary microcarcinomas was of 37%. Moreover, the prevalence of multifocal carcinomas, unilateral or bilateral, was 56%, and the prevalent variant of papillary histotype was the classical one (81%). Gross extrathyroidal extension, defined by the 8th edition of TNM staging as the presence of macroscopic tumor extending outside the thyroid gland, was recorded in 35% of cases, while metastatic lymph nodes and lung metastases were found in 26 and 7% of cases, respectively.


Table 2 | Clinico-pathological features at diagnosis of 43 patients with familial papillary thyroid cancer (FPTC).



None of the clinico-pathological parameters analyzed were found to be significantly different among the 27 families with 2 affected members and the 6 families with 3 or more affected members (data not shown).

Clinical data related to the 1186 sporadic PTC followed at our site are reported in Table 3. Interestingly, statistically significant differences were found between FPTC and sporadic PTC cases (Figure 1), with the former presenting with worse prognostic features. In particular, in FPTCs the histological variants other than the classical one were more represented (19 vs 10%, P < 0.0001),


Table 3 | Clinico-pathological features of 1,186 sporadic papillary thyroid cancer patients at diagnosis.






Figure 1 | Clinico-pathological data of the affected members of our Familial Papillary Thyroid Cancer (FPTC) kindreds compared with those of the sporadic PTC cases followed at our site. The P value is reported only for the features with significant differences between familial and sporadic cases.



multifocality was significantly more frequent (56 vs 38%, P = 0.02), T3–T4 tumors were more prevalent (28 vs 8%, P = 0.0003), as well as the AJCC III-IV stage at diagnosis (12 vs 2%, P < 0.0001). Other clinico-pathological features did not differ between the two groups, namely age at diagnosis, gender, tumor size, pre-surgical diagnosis, gross extrathyroidal extension, local and distant metastases, and disease outcome (Figure 1).

Moreover, the prevalence of patients undergoing radioiodine therapy was similar between two PTC groups (63% in FPTC vs 61% in sporadic PTC, P = 0.826), as well as the mean follow-up (92.2 vs 100 months, respectively, P = 0.587).

Among the 33 families studied, 74 patients with FPTC and 12 healthy subjects were submitted to genetic analyses. The molecular analysis of DUOX2 exon 28 did not show the presence of the p.Y1203H germline variant in any affected or healthy family member.

Interestingly, the genetic characterization of the 14 FPTCs, for whom the tumor tissue was available, revealed a BRAFV600E mutation in 4/14 (28.6%) cases, a RET fusion in 2/14 (14.3%) (1 with ret/PTC1 and 1 ret/PTC3), a TERT c.-124C>T mutation in 2/14 (14.3%), while 1/14 (7.1%) tumor harbored both NRASQ61K and TERT c.-146C>T mutations, and 1/14 both BRAFV600E and TERT c.-124C>T genetic variations. Finally, 4/14 (28.6%) cases were wild type for the mutations and fusions tested. Of note, 9/10 patients harboring somatic mutations owned to families with two affected members, while only 1 patient belonged to a family with three affected members.




Discussion

The genetic susceptibility for non-syndromic FNMTCs is still not well defined, with few susceptibility risk chromosomal loci (1) and susceptibility genes (12–17, 31) identified whose reliability is controversial and still under investigation.

In the present study, our large series of Italian unrelated FNMTC kindreds, in which we previously excluded a role for HABP2 and MAP2K5 germline variants (27, 32, 33), has been found not to harbor the DUOX2 p.Y1203H variant, recently described in a non-syndromic FNMTC family (34). Mutations in the DUOX2 gene, whose protein function is to generate hydrogen peroxidase required for thyroid hormone synthesis in the follicular cells, are involved in the development of congenital hypothyroidism, and are typically found in the N-terminal extra cellular peroxidase-like domain and in the EF hand domains, where they compromise the enzymatic activity of the protein. On the contrary, only few mutations have been described in transmembrane domains (35). The p.Y1203H variant has a transmembrane localization and the derived mutant protein could be mislocalized, thus resulting in the dysregulation of H2O2 metabolism. Thus, since hydrogen peroxidase could be involved in tumorigenesis through oxidative DNA stress, cell signaling and proliferation, regulation of gene expression, and cell senescence and apoptosis (42), the variant was considered of potential interest. Moreover, functional studies demonstrated that the mutated DUOX2 protein is functionally active and capable of producing H2O2, with an increase production rate of reactive oxygen species (ROS) at plasma membrane level than the wild type (34). Unfortunately, the possible causative role suggested for this variant (34), has not been confirmed in our series of 33 unrelated kindreds.

Among other candidate genes, some involved in thyroid morphogenesis (FOXE1 and TTF-1/NKX.2), or coding for a protein implicated in the regulation of the small G-protein CDC42 (SRGAP1), or involved in the RNA splicing machinery (SRRM2) have been proposed. Still, for the HABP2 gene recently indicated as tumor suppressor, and for the MAP2K5 gene, encoding a protein kinase that belongs to the MAP kinase family, a possible pathogenic role has been suggested. Unfortunately, none of the variants identified in these genes has not been further validated, mainly due to their absence in series of different ethnicity (18, 20–23, 32, 33), or due to the lack of co-segregation with affected members (24–27, 31), or due to their presence even in sporadic PTCs or in healthy controls (15, 24, 26, 28–31). These shortcomings could be the consequence of poor characterization of the kindreds, to ethnic differences, or to the inclusion of families with two affected members. Indeed, the presence of only two affected members in a family does not necessarily imply the hereditary origin of a TC. It has been calculated that in the presence of two affected members, the probability for a sporadic origin is 47% and for a familial origin is 53%, rising to 99.9% in the case of three affected members (43). The possible misclassification as hereditary PTCs can be applied to our series too, since the majority of our kindreds includes just two affected members. The finding of a high prevalence of somatic mutations (mainly BRAFV600E, followed by mutations in TERT or ret/PTC rearrangements, and some double mutations in TERT and in NRAS or BRAF), mainly in families with only 2 affected members, could favor the sporadic origin of the PTCs present in some families, rather than their familial origin. Nevertheless, it is worth to note that we found a somatic mutation BRAFV600E also in the proband from a FPTC family composed by three affected members. In accordance with other Authors (2, 14, 34, 44), we can speculate that some of our FNMTC patients could have inherited a defective gene, not yet identified, which predispose the genome to the acquisition of somatic mutations in genes typically involved in thyroid tumorigenesis.

We obtained interesting data by comparing the clinico-pathological data of the affected members of our kindreds with a large consecutive series of sporadic PTCs followed at our site. We found that familial cases were more frequently multifocal, with a higher frequency of T3-T4 tumors and a higher AJCC stage, though the outcome did not differ with respect to sporadic cases. The higher aggressiveness of familial with respect to sporadic forms of PTC is debated, though most studies reported more advanced features at diagnosis in FPTCs (4–8, 43). Nevertheless, consistent with our findings, no differences in the outcome are reported in the majority of published series (2, 4, 8, 11, 43).

In conclusion, we report genetic and clinical data in a large series of FPTC kindreds. Our families are negative for variants previously reported as likely causative, namely those lying in the HABP2, MAP2K5, and DUOX2 genes. To confirm a possible pathogenic role for these and other susceptibility genes, careful replication studies are certainly needed. Moreover, alternative mechanisms of inheritance, such as epigenetic factors, likely warrant further investigation.

The extensive review of the current knowledge on the genetic risk factors for non-syndromic FNMTCs, here reported, underlies how the management of non-syndromic FNMTCs remains mainly clinical. FPTCs have a more aggressive clinical presentation, though, when recognized and treated appropriately, do not associate with a worst outcome with respect to sporadic cases.
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