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Clinical studies have shown similarities in the genetic background and biological functional characteristics between Hashimoto’s thyroiditis (HT) and papillary thyroid carcinoma (PTC), and that HT may increase risks of PTC. Here, we set to determine the gene expression specificity of HT and PTC by screening related genes or co-expressed genes and exploring their genetic correlation. Referencing the Oncomine database, HT-related genes were discovered to be expressed in many different types of thyroid cancer, such as TSHR that is highly expressed in thyroid cancer. An in-depth genetic analysis and verification of 35 cancer and paracancerous tissue pairs from patients with thyroid cancer, and 35 tissues and blood cells pairs from patients with Hashimoto’s thyroiditis was conducted. Gene chip technology research showed that TSHR, BACH2, FOXE1, RNASET2, CTLA4, PTPN22, IL2RA and other HT-related genes were all expressed in PTC, in which TSHR was significantly over-expressed in PTC patients sensitive to radioactive iodine therapy, while BACH2 was significantly under-expressed in these patients. The biologically significant candidate Tag SNP highlighted from HT-related genes was screened by the high-throughput detection method. Somatic mutations in patients with HT and PTC were detected by target region capture technique, and 75 mutations were found in patients with HT and PTC. The upstream regulatory factors of the different genes shared by HT and PTC were analyzed based on Ingenuity Pathway Analysis (IPA), and it was found that HIF-1α and PD-L1 could be used as important upstream regulatory signal molecules. These results provide a basis for screening key diagnostic genes of PTC by highlighting the relationship between some HT-related genes and their polymorphisms in the pathogenesis of PTC.
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Introduction

In recent years, a large amount of evidence has emerged suggesting that Hashimoto’s thyroiditis (HT) may increase the risk of papillary thyroid carcinoma (PTC) (1–3). Studies have found that the atypical hyperplasia of thyroid follicular epithelium in HT may be a precancerous lesion of PTC, given that it coincides with PTC’s expression profiles in terms of cytological and immunological markers (HBME-1, CK19, galectin-3, Cyclin-D1, TTF-1) (4, 5). This provides new evidence for the “Inflammation-mediated Carcinogenesis” of HT-PTC. Exploratory studies on the genetic or histological homogeneity of HT and PTC have found that the common BRAF-V600E mutation in PTC is related to HT (6) where the expression of BRAF protein in HT tissue is 2.2 times higher than that in normal thyroid tissue (7), in addition to being related to tumor size, extraglandular invasion, and pathological type. Such genetic and histological results of HT and PTC suggest that they are similar in some genetic backgrounds and biological functional characteristics, yielding potential discoveries in the occurrence and progression of thyroid cancer. This led us to investigate the specificity of gene expressions of HT and PTC by screening related genes or co-expression genes to explore their genetic correlation.

Our research group used bioinformatics to analyze the Oncomine database and found that HT-related genes (TSHR, BACH2, RNASET2, CTLA4, PTPN22, IL2RA) were expressed in different types of thyroid cancer. Among them, TSHR and RNASET2 were highly expressed in malignant tumors, especially TSHR in thyroid cancer, while BACH2, CTLA4, PTPN22, IL2RA, and other immune-related genes are expressed significantly lower in thyroid cancer. Focusing on these genes, we screened Tag SNP, detected and typed the patients’ Tag SNP using high-throughput detection to analyze their interrelationships, their polymorphisms, and the pathogenesis of PTC. Highlighting key pathogenic genes through this process will provide a molecular diagnostic basis for the screening of high-risk groups.



Materials and Methods


Human Tissues

In total, 35 pairs of thyroid cancer and paracancerous tissues, 35 pairs of tissues and blood cells of patients with Hashimoto’s thyroiditis provided by Zhejiang Cancer Hospital were analyzed. Written informed consent was obtained from all subjects, and this study was approved by the Ethics Committee of Affiliated Zhejiang Cancer Hospital, Hangzhou, China.



Chemicals and Reagents

VariantBaits™ Target Enrichment Library Prep Kit (VBS95-1023-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Purification Beads (NO. VBS95-0518-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Probe (NO. VBS95-7336-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Amplification Kit (NO. VBS95-1229-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Wash Kit (NO. VBS95-0128C01-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Hybridization Kit (NO. VBS95-0128C02-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Adapter & Block Oligo A (NO. VBS95-0128C03A-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); VariantBaits™ Target Enrichment Adapter & Block Oligo B (NO. VBS95-0128C03B-96D01; LC-Bio Technology, Co., Ltd. Hangzhou, China); DynabeadsMyOne Streptavidin T1 Magnetic Beads (NO. 65602; Invitrogen, US); High Sensitivity DNA Kit (NO. 5067-4626; Agilent, US); Qubit 1x dsDNA HS Assay Kit (NO. Q33230; Invitrogen, US); Platinum™ SYBR™ Green qPCR SuperMix-UDG (NO. 11733038; Invitrogen, US); Nuclease-Free Water (NO. AM9930; Ambion, US); Pipette head, 10 μL,200 μL,1000 μL, (Axygen,US); Eppendorf Tube,200 µL,600 µL,1.5 mL,2.0 mL (Axygen,US).



Analysis of HT-Related Genes in Oncomine Database

Using international Oncomine data, it was confirmed that there were significant differences in HT-related genes among different differentiated thyroid cancer tissues.



Gene Chip Verification

The expression of HT-related genes in PTC and its sensitivity to radioiodine therapy were studied using gene chip technology (Affymetrix HTA2.0) to verify the differential expression of the genes being focused on HT and PTC and to further analyze the correlation between HT-related genes and PTC.



Analysis of Candidate Tag SNP

HaploView was used to select the candidate Tag SNP of HT-related gene (MAF > 0.5 position D > 0.8), and the bilateral 1000bp base of the gene was extended to screen for non-coding domain Tag SNP. Bioinformatics software (SNP Function Portal, SNP Hunter) was used to verify Tag SNP with biological functions such as transcriptional regulation, translation, and expression.



Somatic Cell Target Region Sequencing


Analysis of Research Principle

This project uses the target region capture technique to analyze and count 35 pairs of thyroid cancer patients’ cancer and paracancerous tissues, as well as 35 pairs of Hashimoto’s thyroiditis patients’ tissues and blood cells to detect somatic mutations. It is fast with high accuracy and coverage, allowing it to become a commonly used technique in clinical and basic research that is suitable for the analysis of disease and cancer samples with large sample sizes, yielding higher accuracy in the detection of SNV, Indel, and other mutations (Supplementary Figure S1).



DNA Extraction and Quality Control

The concentration of DNA was determined by Qubit fluorescence quantitative instrument, the total amount of DNA was 200ng-1µg, the concentration was not lower than 10 ng/µL, OD260/280 ≥1.8, OD260/230 ≥1.5. The main band of electrophoresis was intact and there was no obvious degradation.



Construction of the Genomic Library

The genomic DNA was randomly segmented to an average length of 150-200bp, and the ends of the segmented DNA were flattened using terminal repair enzyme. Nucleobases of adenine (and others as required) were added to the 3’ ends of the flat terminal DNA, then the sequencing connector was connected to both ends of the DNA by ligation. The ligated product was amplified by PCR to obtain the genomic DNA library.



Hybridization and Capture

The constructed genomic library was hybridized with the target region-specific probe at 65°C for 24 hours. After the hybridization reaction was completed, the product was captured by streptavidin magnetic beads that was then amplified by PCR and purified by magnetic beads to obtain the final capture library.

(The process of building a VariantBaits™ Target Enrichment System database is shown in Supplementary Figure S2)



Sequence Analysis and Gene Screening

After the original sequencing sequence (Sequenced Reads) was obtained, the joint sequence, polyN, polyA, and other sequences were filtered, and the filtered valid reads sequencing data were passed through BWA (Burrows-Wheeler Aligner) (8). The results in BAM format were compared to the reference genome (9) before being put through SAMtools (10) to be put into order, and the repetitive sequences were marked with Picard. After labeling the repeat sequences, the CIGAR values provided by the BWA comparison results were re-aligned by INDEL, and the base quality values were corrected using Base Recalibration in the GATK software. The vep tool was used to annotate the structure of the mutation site and further sort out the candidate regions that caused the disease.

According to the position of single nucleotide polymorphism in the gene, it can be divided into gene non-coding region SNP, gene spacer region SNP (inter-gene region), and gene coding region SNP. Single nucleotide polymorphisms (SNP) that are not in the coding region of the gene may still affect gene splicing, transcriptional binding, messenger RNA degradation, or RNA sequences in the non-coding region. The location of the mutation has a great impact on subsequent functions.

Screened differential gene files were uploaded to the IPA (Ingenuity Pathway Analysis) platform for biological correlation analysis of genes: I The biological correlation network between genes was established based on the “Build-Path Explorer” module, and II was based on the “Core Analysis-Upstream Regulator” module. The upstream regulatory factors of genes were analyzed, and the regulatory mechanism network was established.





Results


Expression of HT-Related Genes in Thyroid Cancer

Using the bioinformatics method to analyze Oncomine database, it was found that HT-related genes (TSHR, BACH2, RNASET2, CTLA4, PTPN22, IL2RA) were also expressed in thyroid cancer, of which TSHR was especially highly expressed while immune-related genes such as BACH2, CTLA4, PTPN22, and IL2RA significantly decreased, as shown in Figure 1.




Figure 1 | Expression of HT-related genes in papillary thyroid carcinoma. HT-related genes TSHR, BACH2, RNASET2, CTLA4, PTPN22 and IL2RA were expressed in thyroid cancer. Compared with normal tissues, immune-related genes BACH2, CTLA4, PTPN22, and IL2RA decreased significantly in thyroid cancer.



Gene chip technology (Affymetrix HTA2.0) was used to study the expression of HT-related genes in patients’ PTC tissues and their sensitivity to radioiodine therapy. The results showed that TSHR, BACH2, FOXE1, RNASET2, CTLA4, PTPN22, IL2RA, and other HT-related genes were all expressed in PTC. Other than RNASET2, there were differences in the expression of other genes in tumor tissues of patients sensitive to radioiodine therapy and radioiodine resistance patients. Among them, the expression of TSHR was significantly higher in sensitive patients (p=0.005), and the expression of BACH2 was significantly lower in sensitive patients (p=0.037), as shown in Figure 2. These results suggest that the above HT-related genes are expressed in PTC tissues and are of significance.




Figure 2 | Analysis of whole gene expression profile in tumor tissues of radioiodine resistance and sensitive patients treated with radioactive iodine (A) Heat map of differential genes in tumor tissues of patients with resistance to radioactive iodine therapy and patients sensitive to radioactive iodine therapy. TSHR, BACH2, FOXE1, RNASET2, CTLA4, PTPN22, IL2RA, and other HT-related genes were all expressed in PTC. (B) Differential expression of HT-related genes in tumor tissues of radioiodine resistance and sensitive patients treated with radioactive iodine. Other than RNASET2, there were differences in the expression of other genes in tumor tissues of patients sensitive to radioiodine therapy and radioiodine resistance patients. Among them, the expression of TSHR was significantly higher in sensitive patients (p=0.005), and the expression of BACH2 was significantly lower in sensitive patients (p=0.037).





Candidate Tag SNP of HT Related Genes

We used HaploView to select the candidate Tag SNP of HT-related gene (MAF>0.5; D>0.8) and extended the bilateral 1000bp bases of the gene as the screening of non-coding domain Tag SNP. A total of 2125 Tag SNP were screened. Bioinformatics software (SNP Function Portal, SNP Hunter) was used to verify Tag SNP with transcriptional regulation, translation and expression, and other biological functions. Biologically significant Tag SNP screening of TSHR, IL2RA, RNASET2, CTLA4, and PTPN22 genes have been completed totaling 16 candidate Tag SNPs. The Tag SNP of FOXE1 and BACH2 genes reached 952 and 1089 respectively, and the screening work is still in progress, as shown in Figure 3 and Table 1.




Figure 3 | Linkage Disequilibrium Plot map of related gene Tag SNP. (A) TSHR; (B) IL2RA; (C) RNASET2; (D) CTLA4.




Table 1 | Candidate Tag SNP of related genes with biological significance.





Specific Mutations in Patients With HT

This study included 35 pairs of inflammatory tissues from HT patients and their control samples, as well as 35 pairs of PTC patients and their paracancerous tissues. The aim was to identify disease-related sites. A total of 100 somatic mutations occurred in all HT and PTC patients, including a total of 1741 mutations in SNP and InDel. The main types of mutations were synonymous, nonsense, exon, and intron shear site, missense, frameshift, intron, 5 ‘regulatory region, and 3’ tail intergene region mutations.

The statistics of mutation sites in patients with papillary thyroid carcinoma and Hashimoto’s thyroiditis showed that there were 484 mutations in patients with Hashimoto’s thyroiditis and 92 corresponding genes in patients without mutations in PTC patients, which were arranged according to the location and impact of the mutation (Table 2 and Supplementary Figure S3).


Table 2 | Location of mutation in patients with Hashimoto’s thyroiditis.



Re-screening of 150 mutation sites that may have a greater impact was conducted and covered 58 genes in total (downstream_gene_variant, missense_variant, frameshift_variant, inframe_deletion, upstream_gene_variant, splice_region_variant & synonymous_variant, stop_gained, splice_region_variant & 5_prime_UTR_varian™issense_variant&splice_region_variant). Among them, there were 4 mutation sites of importance for HT-related genes: TSHR (1 individual cell mutation) and BACH2 (3 individual cell mutation). These were sorted according to the number of mutation sites in HT and the influence of mutation. Preliminary screening showed that there were 22 mutation sites in at least two HT patients and 16 corresponding genes in patients with HT as follows: TPO, SLC4A3, TP63, CD74, VEGFA, IL17A, SLC26A4, NOS3, TG, RET, MKI67, VDR, PSMD9, MUC16, XRCC1, AR.



Specific Mutations in Patients With PTC

For PTC-specific mutations, our strategy was to count a total of 564 somatic mutation sites, including 88 genes unique to PTC patients. Then based on the location of the mutations (CONSEQUENCE), the narrowing down of statistical distribution for mutation site was attempted (Table 3 and Supplementary Figure S4).


Table 3 | Location of mutation in patients with PTC.



According to the mutation locations that yielded greater impact, only 178 loci covering a total of 49 genes were screened (MUC16, HLA-DRB5, NDUFB2, MKI67, XRCC1, IL6R, SOAT1, FAM129A, SLC4A3, KDR, CD74, CDKN1A, ROS1, BRAF, TG, CD44, CCND1, TP53, BIRC5, PIAS3, TPO, LOC105373805, CTLA4, MMRN1, TERT, EDN1, TNF, VEGFA, BACH2, RNASET2, SLC26A4, NOS3, RET, CD4, LRRK2, FLT1, LGALS3, IGHE, PIAS1, CIITA, CDH1, SLC4A1, ICAM1, TGFB1, CEACAM5, BAX, E2F1, CSF2RB, AR).

The screening strategy was to retain the following locations or affected mutation sites: splice_region_variant & synonymous_variant, missense_variant, downstream_gene_variant, frameshift_variant, upstream_gene_variant, missense_variant & splice_region_variant, inframe_deletion. Among them, there were 7 mutation sites of importance for HT-related genes [CTLA4 (1 site), BACH2 (3 sites), and RNASET2 (3 sites)] where at least two patients with thyroid cancer experienced mutations. For thyroiditis patients with no mutation, the number of loci was 34 with 19 corresponding genes, and the genes were as follows: MUC16, HLA-DRB5, NDUFB2, MKI67, XRCC1, IL6R, SOAT1, FAM129A, SLC4A3, KDR, CD74, CDKN1A, ROS1, BRAF, TG, CD44, CCND1, TP53, BIRC5.



Mutations in Patients With HT and PTC

Under effects of genetic and environmental factors, long-standing Hashimoto thyroiditis promotes thyroid malignant transformation, which eventually leads to papillary thyroid carcinoma. A total of 88 genes in 693 individual cell mutation sites of co-existing mutations were found in patients with HT and PTC (Table 4 and Supplementary Figure S5).


Table 4 | Location of mutations co-existing in HT and PTC.



Subsequently, 282 individual cell mutation sites of 56 candidate genes were screened according to the location of the mutation, and the genes were as follows: STAT1, NDUFB2, MUC16, CD44, CSF2RB, AR, HLA-DRB5, SLC26A4, VEGFA, FAM129A, KRT7, TP63, MMRN1, IL1B, FASLG, FLT1, TERT, CCND1, VDR, TPO, NOS3, IGF1, PIAS1, NGF, SLC4A3, BACH2, TSHR, CDH1, TGFB1, BAX, FOXE1, PTGS1, IFNG, BCL2, SLC5A5, PPARG, CD74, HLA-E, ROS1, MET, TAS2R38, TG, MKI67, CALCA, PGR, LRRK2, CIITA, MCL1, IL1R1, BRAF, RET, NOS2, BIRC5, XRCC1, FANCB, CD40LG. Notably, there were two mutation sites of importance on the HT-related gene BACH2, where the gene was also found on all PTC patients. Over 10 patients presented mutations on these two sites in addition to mutations on the following 7 genes: STAT1, NDUFB2, MUC16, CD44, CSF2RB, AR, HLA-DRB5.



Analysis of Unique and Common Genes Between HT and PTC

Overall, 75% of all mutated genes identified were found to be present in all categories of cancer-specific, inflammation-specific, and when cancer and inflammation coexist, as shown in Figure 4. Genes from this 75% are as follows:




Figure 4 | Venn diagram for genes that is common or specific to HT and PTC. 75% of the genes presented both cancer and inflammation.



BAX, CTLA4, IGF1, SLC4A1, SOAT1, RET, BCL2, MUC16, SLC5A5, TGFB1, E2F1, MCL1, IL6R, PTGS2, TPO, STAT1, SLC4A3, TP63, NFKB1, CD74, HLA-DRB5, CDKN1A, VEGFA, IL17A, BACH2, SLC26A4, NOS3, TG, PTEN, MKI67, CCND1, PGR, CDKN1B, LRRK2, VDR, PSMD9, FLT1, TSHR, IGHE, CIITA, XRCC1, NELFCD, AR, CD40LG, TNFRSF25, NGF, FAM129A, CD8A, IL1R1, PPARG, KDR, MMRN1, TERT, F2R, EDN1, HLA-E, ROS1, RNASET2, MET, NDUFB2, BRAF, FOXE1, PTGS1, IL2RA, CD44, CD4, KRT7, PIAS1, DH1, STAT3, BIRC5, POLR2E, ICAM1, CSF2RB, FANCB.

The 75 differential genes shared by HT and PTC were first uploaded to IPA (Ingenuity Pathway Analysis) software and set as subset A, while HIF-1α and PD-L1 (CD274) genes were set as subset B. Based on the database of the IPA system and the “Build-Path Explorer” module of the software, the biological correlation between subset A and B was analyzed. 75 common differential genes were biologically related to HIF-1α and PD-L1 genes, as shown in Figure 5A. Through the “Core Analysis-Upstream Regulator” module, the upstream regulatory factors of 75 common differential genes were analyzed, and it was found that HIF-1α and PD-L1 could be used as important upstream regulatory mechanisms. The network of HIF-1α -related differential genes and their regulatory mechanisms are shown in Figure 5B. PD-L1-related differential genes are shown in Figure 5C. Among the 75 differential genes, we selected BACH2 and RNASET2 related to HIF-1α, and CTLA4 related to PD-L1 as potential key molecules for further study.




Figure 5 | 75 HT and PTC common differential genes and HIF-1α and PD-L1 bio related networks. (A) 75 common differential genes were biologically related to HIF-1α and PD-L1 genes. (B) The network of HIF-1α -related differential genes and their regulatory mechanisms. (C) PD-L1-related differential genes.



On the GEO data Gene Expression Omnibus https://www.ncbi.nlm.nih.gov/geo/, the original file “GSE29315_RAW.tar” for human tissue gene expression microarray GSE29315 of HT and PTC could be downloaded. After decompressing, the original gene expression profile files of HT and PTC samples were selected (Supplementary Table S1).

Under R3.5.1, the original file of gene expression profile was read by affy package and corrected by the RMA method. The quantile of the corrected expression profile matrix was standardized by preprocessCore package. Expression profile matrix were annotated by ALL package and hgu95av2.db package to generate gene expression profile matrix files of HT and PTC samples (Supplementary Figures S6, S7).




Discussion

Recent studies have found that the atypical hyperplasia of thyroid follicular epithelium in HT may be a precancerous lesion of PTC, given that it coincides with PTC’s expression profiles in terms of cytological and immunological markers (4, 5). This provides new evidence for the transformation of HT-PTC.

A few exploratory studies on the genetic or histological homogeneity of HT and PTC have suggested that BRAF-V600E mutation, which is very common in PTC, is not only related to tumor size, extraglandular invasion, and pathological type, but also HT (6), where the expression of BRAF protein was 2.2 times higher than that in normal thyroid tissue (7). Larson found that PI3K pathway - the key pathway of tumor progression especially in phosphorylated Akt, Akt1 and Akt2, was expressed in thyroid cancer and Hashimoto’s thyroiditis, but not in normal thyroid tissues (30). RET/PTC gene rearrangement in the ret tyrosine kinase domain can activate the activity of proto-oncogene ret, while existing family studies have found two specific ret rearrangements (RET/PTC1 and RET/PTC3 rearrangements) shared by HT and PTC tissues (31). In addition, the specific correlation of other tumor-related key molecules in HT and PTC has also been reported: compared with normal thyroid tissues or other thyroiditis tissues, in HT and PTC tissues, CD98 (involved in the transport of amino acids on the cell surface) was significantly lower expressed (32), p63 specifically expressed (33) and hOGG1 gene specifically deleted. All of these may be involved in the carcinogenic process of thyroid cancer (34). These genetic and histological specific correlation between HT and PTC suggest that HT and PTC are similar in some genetic background and biological functional characteristics and may be a key factor in the occurrence and progression of thyroid cancer, which opens a new perspective for the study of the relationship between HT and PTC. At present, genome-wide association studies (GWAS) and other studies have preliminarily identified genes associated with Hashimoto’s thyroiditis (35–37), including genes that encode for thyrotropin receptor (TSHR), BACH2 (BACH2), FOXE1 (FOXE1), HLA class I molecules (HLA class I region), ribonuclease 2A (RNASET2), cytotoxic T lymphocyte-associated antigen 4 (CTLA4), protein tyrosine phosphatase non-receptor type 22 (PTPN22), and interleukin-2 receptor α chain (IL2RA).

The above genes play a significant role in thyroid function, immune regulation, and tumor progression. 1) Thyroid specific gene: TSHR is a thyroid hormone receptor, which is highly related to autoimmune thyroid diseases; FOXE1 participates in thyroid morphogenesis, binds to the promoter region of thyroglobulin and thyroid peroxidase, and participates in the expression of thyroglobulin and thyroid peroxidase. 2) B cell regulatory gene: BACH2, which is expressed only during B cell maturation and helps control B cell development and antibody production (B cell functional changes may play an important role in AITD). 3) T cell regulatory genes: PTPN22 may be involved in T cell signal transduction and T cell receptor signal pathway; IL2RA in CD25+ regulatory T cells may have a down-regulating effect on T cell activity. HLA class I molecules play a key role in the formation of endogenous antigens so that they can be recognized by CD8+ T cells for immune response. 4) Other genes: ribonuclease 2A, the only member of the ribonuclease 2A protein family, may be involved in inhibiting carcinogenic processes.

Based on Somatic Cell Target Area Capture and IPA analysis, 75 genes were common in both cancer and inflammation. Among the 75 differential genes, we selected potential key molecules for further study including BACH2 and RNASET2 related to HIF-1α, along with CTLA4 that is related to PD-L1. And it was found that HIF-1α and PD-L1 can be used as important upstream regulatory mechanisms. HIF-1α, induced by hypoxia, plays important roles in the development and metastasis of many tumors, including PTCs, and is also associated with tumorigenesis or radiosensitivity (38, 39). Liu et al. demonstrated that HIF-1α was significantly higher in PTC than normal thyroid tissues (40), and the latest research showed that HIF-1α expression was not only upregulated in PTCs but was associated with high tumor-node-metastasis stage. HIF-1α can also bind to the promoter of Telomerase Reverse Transcriptase (TERT) and act as a potent transactivator, inducing autophagy thereby promoting PTC (41). Herein, we discovered that differential genes between HT and PTC were biologically related to HIF-1α and PD-1. Our results suggest HIF-1α is a signal that warns of high risks in HT evolving into PTC, and that HIF-1α, BACH2 and RNASET2 may serve as potential biomarkers of PTC.

The VariantBaits™ target region sequencing (Target Enrichment System) technology used in this paper can enrich the DNA of the protein-coding region of interest or specific sequences on the genome and carry out high-throughput sequencing on the Illumina second-generation sequencing platform. Compared with whole-genome sequencing, target region sequencing has many advantages, such as low cost, fast data analysis, high coverage depth, and high detection accuracy (42). However, systematic deviations could still be introduced by the sequencing instrument itself, thus impacting analysis downstream. For example, before correcting the reads of base quality value, we needed to retain bases with a mass value above Q25. Yet, the error rate of these bases with a mass value of Q25 is 1%, thus yielding a quality value of only Q20 and lowering the credibility of subsequent mutation detection. In the process of edge synthesis and sequencing, the error rate of the base at the end of reads is often higher than that at the beginning, and the quality value of AC is often lower than that of TG. Therefore, we used Base Recalibration in the GATK software to correct the base quality value, in hopes that the corrected sequence will be more uniform and reliable.

Molecular testing of mutation hotspots, rearrangements and gene expression using fine-needle aspiration cytology has been successfully used in the diagnosis and treatment of thyroid cancer (43, 44). As a MAPK-driven cancer, PTC showed two mutually exclusive actors with distinct signaling consequences: BRAFV600E and mutated RAS (45). Previous studies directly showed a high prevalence of BRAF mutations RAS mutations (46, 47). Consistent with previous studies, BRAF mutations were detected in PTC in this paper. In addition, we discovered new mutations in PTC along with 7 mutation sites of importance for HT-related genes CTLA4 (1 site), BACH2 (3 sites), and RNASET2 (3 sites). Compared with HT, PTC-specific mutant genes MUC16, HLA-DRB5, NDUFB2, MKI67, XRCC1, IL6R, SOAT1, FAM129A, SLC4A3, KDR, CD74, CDKN1A, ROS1, BRAF, TG, CD44, CCND1, TP53 and BIRC5 were detected. These genes have the potential to become markers for PTC diagnosis and even further enhance the care of these patients.



Conclusion

In summary, we found 75 mutations in patients with HT and PTC and analyzed the upstream regulatory factors of the different genes shared by HT and PTC based on IPA. It was found that HIF-1α and PD-L1 could be used as important upstream regulatory mechanisms. These results provide a basis for screening key diagnostic genes of PTC by highlighting the relationship between some HT-related genes and their polymorphisms in the pathogenesis of PTC. HIF-1α and PD-L1 will thus be the main focus of our subsequent studies.
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