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Background

Two recurrent TERT (telomerase reverse transcriptase) promoter mutations, C228T and C250T, have been reported in thyroid carcinomas and were correlated with high-risk clinicopathological features and a worse prognosis. Although far more frequent in the poorly differentiated and undifferentiated thyroid cancer, the TERT promoter mutations play a significant role on PTC recurrence and disease-specific mortality. However, the prevalence varies considerably through studies and it is uncertain if these differences are due to population variation or the methodology used to detect TERT mutations. In this study we aim to compare three different strategies to detect TERT promoter mutations in PTC.



Methods

DNA was isolated from formalin-fixed paraffin-embedded (FFPE) specimens from 89 PTC and 40 paired lymph node metastases. The prevalence of the hot spot TERT C228T and C250T mutations was assessed in FFPE samples using TaqMan SNP genotyping assays. Random samples were tested by Sanger Sequencing and droplet digital PCR (ddPCR).



Results

In general, 16 out of 89 (18%) PTC samples and 14 out of 40 (35%) lymph node metastases harbored TERT promoter mutations by TaqMan assay. Sanger sequencing, performed in random selected samples, failed to detect TERT mutations in four samples that were positive by TaqMan SNP genotyping assay. Remarkably, ddPCR assay allowed detection of TERT promoter mutations in six samples that harbor very low mutant allele frequency (≤ 2%) and were negative by both genotype assay and Sanger Sequencing.



Conclusion

This study observed a good concordance among the methodologies used to detect TERT promoter mutations when a high percentage of mutated alleles was present. Sanger analysis demonstrated a limit of detection for mutated alleles. Therefore, the prevalence of TERT promoter mutations in PTC may be higher than previously reported, since most studies have conventionally used Sanger sequencing. The efficient characterization of genetic alterations that are used as preoperative or postoperative diagnostic, risk stratification of the patient and individualized treatment decisions, mainly in highly heterogeneous tumors, require highly sensitive and specific approaches.
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Introduction

Telomeres are structures located at the end of chromosomes composed of DNA tandem repeat 5’-(TTAGGG)n-’3 sequences associated with a protein sheltering complex. These structures act as a capping system to protect the chromosome, avoiding end-to-end chromosome fusions and its recognition as a site of DNA damage, promoting the maintenance of genome stability (1, 2). In normal healthy cells, with the absence of telomere maintenance mechanisms, the telomeres progressively shorten within each division process.

In normal somatic adult cells, the critical shortening of telomere Length (TL) triggers DNA damage response and induces replicative arrest, cellular senescence or apoptosis (2–4). Although cancer cells can bypass senescence-associated cell cycle arrest beyond their normal lifespan, they continue to replicate until entering in a crisis state, a period with high rates of apoptosis due to gross chromosomal abnormalities and genome instability (1, 2, 4). The scape from this crisis state requires the activation of Telomerase Reverse Transcriptase (hTERT) giving these cells unlimited replicative potential. Therefore, telomere length and telomerase activity are crucial for cancer progression (2, 5, 6). The main mechanism for the maintenance of TL is the expression of the hTERT, encoded by TERT gene (2).

The hTERT expression is up-regulated via genetic mechanisms including TERT amplifications, hTERT structural variants, TERT promoter mutations and epigenetic mechanism such as TERT promoter hipomethylation (7, 8). Recently, two C>T mutations in the promoter of TERT gene, located at -124 and -146 bp upstream of TERT’s translational start site and designated as C228T and C250T, have been described in several cancer types, including thyroid carcinomas (9, 10). These somatic mutations in TERT promoter create de novo consensus binding sites (CCGGAA) for the E-twenty-six (ETS) transcription factor family, providing a mechanism for cancer-specific activation of hTERT expression (3). Recent studies have investigated the role of TERT promoter mutations in cancer diagnosis, prognosis, and predictor of radiotherapy resistance (6, 11).

In thyroid cancer, TERT promoter mutations have been proposed as prognostic markers, associated with decreased disease-free survival (6, 9, 12–14). Additionally, several studies performed in European (15), Asian (16) and in North American populations (10) have suggested that the co-occurrence of TERT promoter mutations and BRAF V600E or RAS mutations contributes to the progression of thyroid cancer and, therefore, have great value in indicating a worse outcome (12, 13, 17–22). The mechanism of this synergistic effect can be explained, at least in part, by the fact that MAPK-induced ETS factors selectively bind to the mutant TERT promoter

Although studies from different countries and geographical regions around the world have consistently found TERT promoter mutations in thyroid cancers and provided evidence of their role in thyroid cancer progression, the prevalence of TERT mutations varies considerably. It is not clear whether the differences in the prevalence observed are due to geographical variation or the method used to detect TERT mutations (21, 23–25). As an example, in PTC cohort, the prevalence of C228T mutation ranges from 7–23% (mean 9.7%) and the C250T mutation ranges from 0–10% (mean 2.1%) (9, 25).

Given that the presence of TERT promoter mutations have important clinical implications on diagnosis, prognosis and treatment of thyroid cancer and that different methods are known to have distinctive sensitivities, in the present study we investigated the prevalence of TERT promoter mutation in a Cohort of PTC using three different strategies.



Materials and Methods


Tumor Samples

The study was performed on available archival formalin-fixed, paraffin-embedded (FFPE) blocks selected from primary PTC (n = 89) and paired lymph node metastases (n = 40) from patients who underwent surgical resection at the Hospital São Paulo, Universidade Federal de São Paulo (UNIFESP). In six PTC cases, two paired lymph node metastases were evaluated (Table 1). All FFPE tissue sections, obtained from the Department of Pathology, UNIFESP, were reviewed by an onsite pathologist (RD) to confirm the diagnosis. For cases with multifocality, the largest tumor focus was used. Essentially, all PTC samples and lymph node metastases showed over 70% of tumor cellularity.


Table 1 | TERT status in primary PTC and its paired lymph node metastasis.





Cell Lines

To test whether TaqMan SNP genotyping assay is able to properly distinguish wild-type allele from mutated alleles, we initially tested human papillary (TPC1) and undifferentiated (8505C) thyroid carcinoma cells that are positive for different TERT promoter mutations and a follicular thyroid carcinoma cell (WRO) that is negative for both TERT promoter mutations as controls (10). The thyroid carcinoma cell lines were maintained at 37°C in a 5% CO2 humidified atmosphere, as described (26). Short tandem repeat (STR) profiling was performed for the cell line authentication and to check for cross-contamination.



DNA Isolation From FFPE Samples and Cell Lines

Tissues dissected from three 10-μm-thick slices of paraffin-embedded tissue specimens were treated with xylene washes at 65°C to remove paraffin with subsequent absolute and 70% ethanol washes to remove xylene. DNA from primary tumor and metastases samples was extracted using the NucleoSpin Tissue Kit (Macherey-Nagel, Duren, Germany), according to the manufacturer’s instructions and quantified in a NanoDrop Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). DNA from cell lines was isolated as previously described (27).



Screening of TERT Promoter Mutations in PTC Using Allelic Discrimination Assay

To identify the two most prevalent TERT promoter mutations (C250T or C228T), we used two TaqMan SNP genotyping assays, which reliably discriminate the mutant from the wild-type alleles (Cat#A44177). The assay Hs000000092_rm detects the TERT C228T (-124bp upstream of the ATG start codon) and includes a mutation-specific TaqMan probe (FAM fluorescence AGGGGAGGGGCTGGGAGGGCCCGGA[A]GGGGCTGGGCCGGGGACCCGGGAGG). The assay Hs000000093_rm detects the TERT C250T (-146bp upstream of the ATG start codon) and includes a mutation-specific TaqMan probe (FAM fluorescence GGAGGGGGCTGGGCCGGGGACCCGG[A]AGGGGTCGGGACGGGGCGGGGTCCG). Each assay includes also a wild-type TaqMan probe directed to the same region (VIC fluorescent AGGGGAGGGGCTGGGAGGGCCCGGA[G]GGGGCTGGGCCGGGGACCCGGGAGG) and PCR primer pairs to amplify the sequence of interest. The PCR reaction mixture for each assay consisted of 30 ng of DNA, 1X TaqMan Genotyping Master Mix and 1X Custom TaqMan TERT mutation assay (C228T or C250T) in a final reaction volume of 20 μl. The PCR reaction was performed on QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific). The cycling condition was 95°C for 10 min, 55 cycles of 95°C for 15 s and 60°C for 1 min. For each sample, the qPCR reaction was performed in duplicate. Allelic discrimination analysis was performed using the 12K Flex software.



TERT Promoter Mutations in PTC by Sanger Sequencing

To endorse the TaqMan SNP genotyping assay results, 46 samples were selected to undergo nested PCR followed by Sanger sequencing. For the first-round, the amplification of the promoter region of the TERT gene containing both the C250T and C228T mutations was carried out using the kit OneTaq Polymerase (New England BioLabs, Ipswich, MA, USA). The PCR reaction was performed using primers designed as follows: sense 5’-AGTGGATTCGCGGGCACAGA-3’ and antisense 5’-CAGCGCTGCCTGAAACTC-3’, yielding a 181 bp fragment. The reaction was performed using 50–100 ng of DNA, under the following steps: 95°C for 3 min, 10 cycles of a three-step program of 95°C for 30 s, 57°C for 30 s and 68°C for 1 min, 25 cycles of a three-step program of 95°C for 40 s, 57°C for 40 s, 68°C for 70 s and final amplification of 68°C for 7 min. Second-round was performed using 1 μl of the product of the first reaction under the following steps: 95°C for 3 min, 35 cycles of a three-step program of 95°C for 30 s, 57°C for 30 s, 68°C for 1 min, and final amplification of 68°C for 7 min. The primers were designed as follows: sense 5’-GTCCTGCCCCTTCACCTTC-3’ and antisense 5’-CAGCGCTGCCTGAAACTC-3’, yielding a 165 bp product. The PCR products from the second-round were analyzed by gel electrophoresis on a 2.0% agarose gel, visualized in the Gel Doc EZ system (Bio-Rad, Hercules, CA, USA), and purified using illustra ExoProStar S (GE Healthcare, Waukesha, WI, USA) prior to sequencing. The second-round purified product was sequenced using the Big Dye TerminatorCycle v3.1 Sequencing Ready Reaction kit in the ABI 3130 sequencer, according to manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA). The electropherograms were analyzed using BioEdit (HALL, 1999) and CLC Sequence Analyzer (CLC bio, Aarhus, Denmark) softwares. All samples were sequenced twice.



Quantification of TERT Promoter Mutations by Droplet Digital PCR (ddPCR)

The ddPCR analysis was performed using the QX100Droplet Digital PCR System (Bio-Rad) and the same custom TaqMan primers and probes for detection of TERT C250T and C228T promoter mutation (ThermoFisher Scientific) described in the allelic discrimination assay section. A known positive and negative DNA was included as control in each ddPCR run. The PCR reaction was performed using 1X ddPCR Super Mix, 1X TaqMan primer/probe for each TERT mutation, restriction enzyme HindIII (3U) and 30 ng of DNA to a final reaction volume of 20 μL. The PCR mixture was loaded into the QX100Droplet Digital PCR chip. The cycling condition was 96°C for 10 min, followed by 55 cycles of 98°C for 30 s and 55°C for 2 min.

The analysis and quantification of wild type and mutated alleles were performed using the QuantaSoft software, version 1.7.4.0917, and two ddPCR package software, version 1.12.0 (28). The threshold for analysis eligibility was the minimum of 10,000 detected droplets. The selection of positive samples was determined first by manual classification by subtracting all negative control detected droplets from samples of their respective plates on QuantaSoft software grid classification. After that, we applied the algorithm of R based package two ddPCR on all samples (28). For that, three positive samples with minimum noise have been selected and used as parameters to classify droplets in all samples under k-Nearest Neighbors (k-NN) algorithm classification. Also, we applied the rain classification parameter, where hard to classify droplets are excluded from analyses by a defined distance.




Results


TERT Promoter Mutation Specificity

TERT TaqMan SNP genotyping assay validation on qPCR was assessed by analyzing DNA samples from three thyroid carcinoma cell lines to ensure there was no cross-reactivity and because these cell lines had approximately 50% of mutant allele frequency. As expected, the papillary thyroid carcinoma cell line (TPC1) harbored the C228T mutation in heterozygosis. The undifferentiated thyroid carcinoma cell line (8505C) presented the C250T mutation in heterozygosis and the follicular thyroid carcinoma cell line (WRO) was wild-type for both TERT promoter mutations.



Prevalence of C228T and C250T TERT Promoter Mutations Using Allelic Discrimination Assay

Overall, 16 out of 89 (18%) PTC samples were positive for TERT promoter mutations. The C228T mutation was found in 13 (14%) PTC samples, while 3 samples (3.4%) harbored the C250T mutation. The two mutations were mutually exclusive. When we compared the metastatic PTC (n=33), which had paired lymph node metastases available, we observed that 8/33 (24%) of primary tumors were positive for TERT promoter mutations, while 14/40 (35%) of paired lymph node metastases harbored TERT promoter mutations. Hence, the lymph node metastases showed a higher rate of TERT mutation (Table 1; Supplementary Table 1).



TERT Mutations by Sanger Sequencing May Lead to False Negative Results

As a high percentage of the DNA isolated from FFPE did not amplify by PCR, 46 samples (33 PTC and 13 lymph node metastases) were used to compare the sensitivity of TaqMan SNP genotyping assays versus Sanger Sequencing (Figure 1). There was an agreement between the results of allelic discrimination assay and Sanger Sequencing for most cases (Supplementary Table 1). However, Sanger sequencing failed to detect TERT promoter mutations in four (8%) samples that were positive by TaqMan SNP genotyping assay. By contrast, only one C228T positive case by Sanger Sequencing was negative by TaqMan SNP genotyping assay. Interestingly, this sample showed an additional mutation downstream to the C228T mutation site, which likely affected the annealing of the TaqMan probe for C228T mutation.




Figure 1 | TERT promoter mutations in PTC specimens. (A) Amplification plot and (B) Electropherogram of a PTC case positive for the C228T TERT mutation using allele specific TaqMan assay and Sanger Sequencing, respectively; (C) amplification plot and (D) electropherogram of a PTC case positive for the C250T TERT mutation, using allelic specific TaqMan assay and Sanger Sequencing, respectively. The amplification curve of Wild type and mutated allele are represented in blue and red, respectively. The arrows indicate the point C>T mutations at C228 and C250 position.





ddPCR Shows Better Performance for Detecting TERT Mutations

We next tested 20 primary PTC and 10 paired lymph node metastases that were negative for TERT mutations to assess TERT mutational status using the droplet digital PCR (ddPCR) assay. The analysis of samples that were found to be wild type for these mutations by TaqMan SNP genotyping assay and Sanger Sequencing unveiled six cases (2/20 primary PTC and 4/10 lymph node metastases) that were positive for TERT mutation by ddPCR. Therefore, ddPCR detected TERT promoter mutation in additional 6/30 samples (20%) (Figure 2, Tables 1 and 2).




Figure 2 | TERT promoter mutations detected by all assays used. Representative analysis of concordant mutations detected by (A) allelic specific TaqMan assay, (B) Sanger Sequencing and (C) droplet digital (dd)PCR. All assays detected TERT C228T mutation. A high abundance (41%) of fluorescent probe that detected TERT C228 mutation (blue) and wild-type probe (green) were observed, as exemplified by the count of droplets within each specific probe. A representative case with discordant result is shown (D) Allelic specific TaqMan assay and (E) Sanger Sequencing results where TERT C250T promoter mutation was not detected, while it was detected by (F) ddPCR. A low rate of mutated alleles (1.5%) is observed. The amplification curves in allelic specific TaqMan assay of wild type and mutated allele are represented in blue and red, respectively. The arrows indicate the regions expected to have the point mutations. The 2D amplitude plots of ddPCR analysis show the fluorescence associated with wild type probes (green), mutated (blue) or both alleles (orange).




Table 2 | TERT mutation status across different strategies.



Although we did not test all samples by ddPCR, it showed better performance in detecting TERT promoter mutation. Importantly, ddPCR used the same custom TaqMan primers and probes used for qPCR allelic discrimination assay. In view of the percentage of false negative results and considering that ddPCR is a digital technology that enables an absolute measure of target DNA with high precision, we took into consideration the percentage of the mutated alleles. The TERT mutant allele frequencies in the six false negative samples measured by ddPCR were 0.5, 2, 0.92, 1.5, 0.68, and 0.96% (Supplementary Table 1).

As control, we additionally selected five samples (two PTC and three lymph node metastases) that were positive for TERT mutations according to TaqMan SNP genotyping assays. Remarkably, the three cases that tested positive by both Sanger Sequencing and TaqMan SNP genotyping assay were positive for TERT mutation by ddPCR at allele frequencies of 33, 41, and 44% (Figure 3). Two cases that were positive only by Taqman SNP genotyping assays, had allele frequencies of 24 and 26% by ddPCR (Supplementary Table 1).




Figure 3 | TERT promoter mutation detected by ddPCR in Primary PTC and paired lymph node metastasis. Results showed that mutant allele abundance was lower in the (A) primary PTC (41%) than in the (B) paired lymph node metastasis (44%). In other cases, the mutant allele abundance was higher in the (C) primary tumor than in the (D) paired metastasis (33 vs. 24%). The 2D amplitude plots of ddPCR analysis show the fluorescence associated with wild-type probes (green), mutated (blue) or both alleles (orange).



Although some primary tumors have discordant results with their respective metastasis, most of them are multifocal PTC (9/13; 70%) (Table 1; Supplementary Table 1), and only the largest tumor focus was analyzed for each primary tumor. This explains, at least in part, the discordant results observed between primary tumor and paired lymph node metastasis.




Discussion

Detecting mutations in the promoter region of TERT has been a puzzling task because of the high GC content of this region (nearly 80%). Therefore, specific and efficient PCR amplification of this target region is challenging. Moreover, the amplified region comprises two mutations that are separated by 22 bp and the sequences adjacent each mutation are almost identical to each other, which facilitate the formation of secondary structures and prevents DNA polymerase to copy these regions. In fact, due to this challenging task, our study has several limitations. We were not able to evaluate all samples using Sanger Sequencing.

As TERT promoter mutations are rule-in markers of thyroid malignant features and key prognostic markers, and as the occurrence of a mutation is a robust predictor of recurrences and worse outcome, a methodology that can reliably detect low frequency mutations in routine preoperative or even postoperative diagnosis becomes increasingly important.

Up to now, most studies used Sanger sequencing for detecting TERT promoter mutations (10, 15, 29), which requires a mutant allele frequency of at least 20% to generate a positive signal. In this study we focused on detection of TERT mutation using TaqMan allelic specific amplification. We next compared the results to that obtained from Sanger Sequencing and ddPCR analysis. Both TaqMan allelic specific amplification by qPCR and ddPCR technique detected mutations that were missed by Sanger sequencing. One likely reason for the differences in PCR-based sensitivity may be amplicon length and the mutant allele fraction (MAF).

We found that there is a good concordance among the three methodologies when the samples show a high percentage (>30%) of mutated alleles. TaqMan allelic specific genotyping assays presented an improved performance when compared to Sanger sequencing, as it detected TERT mutations in cases with <30% of mutated alleles (Supplementary Table 1). Nonetheless, one limitation of the TaqMan assay is that it did not provide additional information about DNA sequence. While Sanger examines the entire sequence, is not quantitative and shows lower sensitivity. As far as we know, one study in medulloblastoma reported a TaqMan-based genotyping assay to detect recurrent TERT promoter mutations (30).

Analogous to TaqMan assays, the ddPCR assay is limited to individual mutation. However, digital methods have been shown to improve specificity and sensitivity of mutation detection through partition of the template DNA into 10,000–20,000 individual PCR reactions in one single sample (31).

In this study, we showed that ddPCR is highly sensitive and provides absolute quantification by direct counting positive wells, therefore may be a better choice to detect the presence of low-abundance recurrent mutations using either the invasive or noninvasive methods for the diagnosis or prognosis of cancer. The discrepancy between allelic discrimination assay and ddPCR results is likely related to the detection of lower allelic fraction mutations by ddPCR. The divergence between the primary tumor and their respective lymph node metastases is presumably linked to tumor heterogeneity. It has been shown that TERT promoter mutations confer an aggressive feature to the tumor, and it is likely that even cells with very low allelic fraction mutation for TERT will have replicative advantage. Therefore, early detection of TERT mutation may be of great importance for diagnosis, prognosis, and treatment decisions.

Similar to our findings, few studies have used ddPCR to identify the prevalence of TERT promoter mutation in blood and urinary cell-free tumor DNA and FFPE specimens to monitor melanoma (32–34), urothelial cancer (35), glioma (36), and thyroid (37). In thyroid, ddPCR was used to investigated TERT promoter mutations in follicular thyroid tumors of uncertain malignant potential (38). Several cases showed spatial heterogeneity, in which different regions of the primary tumor displayed either the C228T or the C250T mutation. ddPCR showed that C228T and C250T might co-occur in the same regions of the tumor. Ultimately, the authors detected sub-clonal mutations occurring in <10% of the tumor that Sanger sequencing reported as wild type (37). Yet, a much lower limit of detection (<0.1) was previously reported (25, 38, 39). The same is true for other emerging technologies that also show higher sensitivity than Sanger Sequencing, such as next generation sequencing (NGS), that have been used to identify genetic alteration in genes other than TERT and that have been associated with aggressive thyroid tumors subtype (40). Nevertheless, there is lack of data in the literature regarding the relevance of low percentages of mutations detected using either NGS or ddPCR in key genes associated with PTC progression and, therefore, their prognostic value.

Of note, ddPCR is a promising platform to absolute quantification of copy number alteration, a distinct mechanism that results in TERT upregulation and increased activity and that has been documented in thyroid carcinomas (13, 41).

Altogether, we believe that the prevalence of TERT promoter mutation in PTC is likely higher than previously reported, since specimens with a percentage of mutated alleles lower than 20% are probably not detected by Sanger sequencing assay. This study emphasizes the use of ddPCR into clinical practice, mainly in the context of aggressive and advanced thyroid carcinomas. Importantly, more studies are necessary to evaluate the percentage of mutated TERT promoter alleles and its correlation with the disease status in patients.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement 

The studies involving human participants were reviewed and approved by Review Boards and Research Ethical Committees of UNIFESP (1309/11). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

Conceptualization, VC, LB, GO, and JC. Data acquisition, VC, LB, LP, RD, and AB. Data analysis and interpretation, VC, LB, LP, AB, GO, and GAC-G. Original draft preparation, VC and LB. Review and editing, AB, GO, and JC. Supervision and funding acquisition, JC. All authors contributed to the article and approved the submitted version.



Funding

The study was supported by research grants from The São Paulo State Research Foundation (FAPESP, 2014/06570-6). VC (2016\25127-1), GAC-G (2018/13203-0), AUB (2012/06221-6), and GO (2012/17545-7) were recipients of fellowship grants from FAPESP. JC is a recipient of a scholarship of Research Productivity from CNPq (304534/2018-8). We acknowledge the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), for their financial support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.643151/full#supplementary-material



References

1. Turner, K, Vasu, V, and Griffin, D. Telomere Biology and Human Phenotype. Cells (2019) 19:73. doi: 10.3390/cells8010073

2. Jafri, MA, Ansari, SA, Alqahtani, MH, and Shay, JW. Roles of telomeres and telomerase in cancer, and advances in telomerase-targeted therapies. Genome Med (2016) 8:69. doi: 10.1186/s13073-016-0324-x

3. Bell, RJA, Rube, HT, Xavier-Magalhães, A, Costa, BM, Mancini, A, Song, JS, et al. Understanding TERT promoter mutations: A common path to immortality. Mol Cancer Res (2016) 14:315–23. doi: 10.1158/1541-7786.MCR-16-0003

4. Maciejowski, J, and De Lange, T. Telomeres in cancer: Tumour suppression and genome instability. Nat Rev Mol Cell Biol (2017) 18:175–86. doi: 10.1038/nrm.2016.171

5. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: The next generation. Cell (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

6. Meng, Z, Matsuse, M, Saenko, V, Yamashita, S, Ren, P, Zheng, X, et al. TERT promoter mutation in primary papillary thyroid carcinoma lesions predicts absent or lower 131i uptake in metastases. IUBMB Life (2019) 71:1030–40. doi: 10.1002/iub.2056

7. Yuan, X, Larsson, C, and Xu, D. Mechanisms underlying the activation of TERT transcription and telomerase activity in human cancer: old actors and new players. Oncogene (2019) 38:6172–83. doi: 10.1038/s41388-019-0872-9

8. Leão, R, Apolónio, JD, Lee, D, Figueiredo, A, Tabori, U, and Castelo-Branco, P. Mechanisms of human telomerase reverse transcriptase (hTERT) regulation: Clinical impacts in cancer. J BioMed Sci (2018) 25:22. doi: 10.1186/s12929-018-0422-8

9. Liu, R, and Xing, M. TERT promoter mutations in thyroid cancer. Endocr Relat Cancer (2016) 23:R143–55. doi: 10.1530/ERC-15-0533

10. Liu, X, Bishop, J, Shan, Y, Pai, S, Liu, D, Murugan, AK, et al. Highly prevalent TERT promoter mutations in aggressive thyroid cancers. Endocr Relat Cancer (2013) 20:603–10. doi: 10.1530/ERC-13-0210

11. Liu, R, and Xing, M. Diagnostic and prognostic TERT promoter mutations in thyroid fine-needle aspiration biopsy. Endocr Relat Cancer (2014) 21:825–30. doi: 10.1530/ERC-14-0359

12. Liu, R, Zhang, T, Zhu, G, and Xing, M. Regulation of mutant TERT by BRAF V600E/MAP kinase pathway through FOS/GABP in human cancer. Nat Commun (2018) 9:579. doi: 10.1038/s41467-018-03033-1

13. McKelvey, BA, Umbricht, CB, and Zeiger, MA. Telomerase Reverse Transcriptase (TERT) Regulation in Thyroid Cancer: A Review. Front Endocrinol (2020) 11:485. doi: 10.3389/fendo.2020.00485

14. Bu, R, Siraj, AK, Divya, SP, Kong, Y, Parvathareddy, SK, Al-Rasheed, M, et al. Telomerase reverse transcriptase mutations are independent predictor of disease-free survival in Middle Eastern papillary thyroid cancer. Int J Cancer (2018) 142:2028–39. doi: 10.1002/ijc.31225

15. Vinagre, J, Almeida, A, Pópulo, H, Batista, R, Lyra, J, Pinto, V, et al. Frequency of TERT promoter mutations in human cancers. Nat Commun (2013) 4:1–6. doi: 10.1038/ncomms3185

16. Liu, X, Qu, S, Liu, R, Sheng, C, Shi, X, Zhu, G, et al. TERT promoter mutations and their association with BRAF V600E mutation and aggressive clinicopathological characteristics of thyroid cancer. J Clin Endocrinol Metab (2014) 99:E1130–6. doi: 10.1210/jc.2013-4048

17. Yang, X, Li, J, Li, X, Liang, Z, Gao, W, Liang, J, et al. TERT promoter mutation predicts radioiodine-refractory character in distant metastatic differentiated thyroid cancer. J Nucl Med (2017) 58:258–65. doi: 10.2967/jnumed.116.180240

18. Song, YS, Yoo, SK, Kim, HH, Jung, G, Oh, AR, Cha, JY, et al. Interaction of BRAF-induced ETS factors with mutant TERT promoter in papillary thyroid cancer. Endocr Relat Cancer (2019) 26:629–41. doi: 10.1530/ERC-17-0562

19. Poma, AM, Macerola, E, Torregrossa, L, Elisei, R, Santini, F, and Basolo, F. Using The Cancer Genome Atlas data to refine the 8th edition of the American Joint Committee on Cancer staging for papillary thyroid carcinoma. Endocrine (2020). doi: 10.1007/s12020-020-02434-x

20. Pestana, A, Batista, R, Celestino, R, Canberk, S, Sobrinho-Simões, M, and Soares, P. Comprehensive assessment of tert mRNA expression across a large cohort of benign and malignant thyroid tumours. Cancers (Basel) (2020) 12:1846. doi: 10.3390/cancers12071846

21. Landa, I, Ganly, I, Chan, TA, Mitsutake, N, Matsuse, M, Ibrahimpasic, T, et al. Frequent somatic TERT promoter mutations in thyroid cancer: Higher prevalence in advanced forms of the disease. J Clin Endocrinol Metab (2013) 98:E1562–6. doi: 10.1210/jc.2013-2383

22. Luo, Y, Jiang, H, Xu, W, Wang, X, Ma, B, Liao, T, et al. Clinical, Pathological, and Molecular Characteristics Correlating to the Occurrence of Radioiodine Refractory Differentiated Thyroid Carcinoma: A Systematic Review and Meta-Analysis. Front Oncol (2020) 10:549882. doi: 10.3389/fonc.2020.549882

23. Yu, P, Tan, L, Shi, X, Ma, B, Wei, W, Wang, Y, et al. Effect of ARMS-qPCR on detection sensitivity of earlier diagnosis of papillary thyroid cancers with worse prognosis determined by BRAF V600E and TERT promoter mutation coexisting. J Clin Oncol (2020) 30:549882. doi: 10.1200/jco.2020.38.15suppl.6588

24. Bullock, M, Ren, Y, O’Neill, C, Gill, A, Aniss, A, Sywak, M, et al. TERT promoter mutations are a major indicator of recurrence and death due to papillary thyroid carcinomas. Clin Endocrinol (Oxf) (2016) 85:283–90. doi: 10.1111/cen.12999

25. Ylli, D, Patel, A, Jensen, K, Zhao-Zhang, L, Mendonca-Torres, MC, Costello, J, et al. Microfluidic droplet digital PCR is a powerful tool for detection of BRAF and TERT mutations in papillary thyroid carcinomas. Cancers (Basel) (2019) 11:1916. doi: 10.3390/cancers11121916

26. Williamson, T, Mendes, TB, Joe, N, Cerutti, JM, and Riggins, GJ. Mebendazole inhibits tumor growth and prevents lung metastasis in models of advanced thyroid cancer. Endocr Relat Cancer (2020) 27:123–36. doi: 10.1530/ERC-19-0341

27. Oliveira, MNL, Hemerly, JP, Bastos, AU, Tamanaha, R, Latini, FRM, Camacho, CP, et al. The RET p.G533C mutation confers predisposition to multiple endocrine Neoplasia type 2A in a Brazilian kindred and is able to induce a malignant phenotype in vitro and in vivo. Thyroid (2011) 21:975–85. doi: 10.1089/thy.2010.0190

28. Chiu, A, Ayub, M, Dive, C, Brady, G, and Miller, CJ. twoddpcr: an R/Bioconductor package and Shiny app for Droplet Digital PCR analysis. Bioinformatics (2017) 33:2743–5. doi: 10.1093/bioinformatics/btx308

29. Estrada-Flórez, AP, Bohórquez, ME, Vélez, A, Duque, CS, Donado, JH, Mateus, G, et al. BRAF and TERT mutations in papillary thyroid cancer patients of Latino ancestry. Endocr Connect (2019) 8:1310–7. doi: 10.1530/EC-19-0376

30. Remke, M, Ramaswamy, V, Peacock, J, Shih, DJH, Koelsche, C, Northcott, PA, et al. TERT promoter mutations are highly recurrent in SHH subgroup medulloblastoma. Acta Neuropathol (2013) 126:917–29. doi: 10.1007/s00401-013-1198-2

31. Olmedillas-López, S, García-Arranz, M, and García-Olmo, D. Current and Emerging Applications of Droplet Digital PCR in Oncology. Mol Diagnosis Ther (2017) 21:493–510. doi: 10.1007/s40291-017-0278-8

32. Forthun, RB, Hovland, R, Schuster, C, Puntervoll, H, Brodal, HP, Namløs, HM, et al. ctDNA detected by ddPCR reveals changes in tumour load in metastatic malignant melanoma treated with bevacizumab. Sci Rep (2019) 9:17471. doi: 10.1038/s41598-019-53917-5

33. Calapre, L, Giardina, T, Robinson, C, Reid, AL, Al-Ogaili, Z, Pereira, MR, et al. Locus-specific concordance of genomic alterations between tissue and plasma circulating tumor DNA in metastatic melanoma. Mol Oncol (2019) 13:171–84. doi: 10.1002/1878-0261.12391

34. McEvoy, AC, Pereira, MR, Reid, A, Pearce, R, Cowell, L, Al-Ogaili, Z, et al. Monitoring melanoma recurrence with circulating tumor DNA: A proof of concept from three case studies. Oncotarget (2019) 10:113–22. doi: 10.18632/oncotarget.26451

35. Pritchard, JJG, Hamilton, G, Hurst, CD, Fraser, S, Orange, C, Knowles, MA, et al. Monitoring of urothelial cancer disease status after treatment by digital droplet PCR liquid biopsy assays. Urol Oncol Semin Orig Investig (2020) 38:737.e1–737.e10. doi: 10.1016/j.urolonc.2020.05.012

36. Muralidharan, K, Yekula, A, Small, JL, Rosh, ZS, Kang, KM, Wang, L, et al. TERT promoter mutation analysis for blood-based diagnosis and monitoring of gliomas. Clin Cancer Res (2020) 27:169–78. doi: 10.1158/1078-0432.ccr-20-3083

37. Hysek, M, Jatta, K, Hellgren, LS, Stenman, A, Larsson, C, and Zedenius J, JCC. Spatial distribution patterns of clinically relevant TERT promoter mutations in follicular thyroid tumors of uncertain malignant potential (FT-UMPs): advantages of the digital droplet PCR (ddPCR) technique. J Mol Diagn (2020) 23:212–21. doi: 10.1016/j.jmoldx.2020.10.016

38. Hosen, I, Forey, N, Durand, G, Voegele, C, Bilici, S, Avogbe, PH, et al. Development of Sensitive Droplet Digital PCR Assays for Detecting Urinary TERT Promoter Mutations as Non-Invasive Biomarkers for Detection of Urothelial Cancer. Cancers (Basel) (2020) 12:3541. doi: 10.3390/cancers12123541

39. Corless, BC, Chang, AG, Cooper, S, Syeda, M, Shao, Y, Osman, I, et al. Development of Novel Mutation-Specific Droplet Digital PCR Assays Detecting TERT Promoter Mutations in Tumor and Plasma Samples. J Mol Diagn (2019) 21:274–85. doi: 10.1016/j.jmoldx.2018.09.003

40. Landa, I, Pozdeyev, N, Korch, C, Marlow, LA, Smallridg, RC, Copland, JA, et al. Comprehensive genetic characterization of human thyroid cancer cell lines: a validated panel for preclinical studies. Clin Cancer Res (2019) 25:3141–51. doi: 10.1158/1078-0432.CCR-18-2953

41. Cancer Genome Atlas Research Network. Integrated genomic characterization of papillary thyroid carcinoma. Cell (2014) 159:676–90. doi: 10.1016/j.cell.2014.09.050



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 da Costa, Bim, Pacheco e Silva, Colloza-Gama, Bastos, Delcelo, Oler and Cerutti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-12-643151-g001.jpg
2281

v

AGCCCCCTCCGGG

casot

v
Ac ¢ c[NNINJC c 6GGT

- e






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Advances in Detecting Low Prevalence Somatic TERT Promoter Mutations in Papillary Thyroid Carcinoma

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Tumor Samples

          



          		

            Cell Lines

          



          		

            DNA Isolation From FFPE Samples and Cell Lines

          



          		

            Screening of TERT Promoter Mutations in PTC Using Allelic Discrimination Assay

          



          		

            TERT Promoter Mutations in PTC by Sanger Sequencing

          



          		

            Quantification of TERT Promoter Mutations by Droplet Digital PCR (ddPCR)

          



        



        



        		

          Results

        

          		

            TERT Promoter Mutation Specificity

          



          		

            Prevalence of C228T and C250T TERT Promoter Mutations Using Allelic Discrimination Assay

          



          		

            TERT Mutations by Sanger Sequencing May Lead to False Negative Results

          



          		

            ddPCR Shows Better Performance for Detecting TERT Mutations

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement 

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
False negative
Faise Positive

Concordant samples.

Total positve in the ddPCR

Allele Discrimination
(Tagman Analysis)
6
o
5
1"

‘Sanger Sequencing

1"





OEBPS/Images/fendo-12-643151-g003.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo.2021.643151_cover.jpg
, frontlers
n Endocrinology

Advances in Detecting Low
Prevalence Somatic TERT
Promoter Mutations in Papillary
Thyroid Carcinoma





OEBPS/Images/fendo-12-643151-g002.jpg
+ =
Ascccclirceess 4=






OEBPS/Images/table1.jpg
57
57

78
74
76
78"
78"

Primary PTC

cozeT

Grssall
s§ssssfss

2501
501
c228T
cozeT

9
EEEERTERE]

8
g

§§§§§§§§§§§§§§

coz8T

BBLERLBLLEBRUBRRBN

Lymph node metastasis

9
§55555s%

§ss

O P Dasal WOLSS 2 h100 O SIeliaIRe e Sl





