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Abstract

:

Simple Summary


Epigenetic alterations are critical for tumor onset and development. DNA methylation is one of the most studied pathways concerning various types of cancer. A promising and exciting avenue of research is the discovery of biomarkers of early-stage malignancies for disease prevention and prognostic indicators following cancer treatment by examining the DNA methylation modification of relevant genes implicated in cancer development. We have made significant advances in the study of DNA methylation and thyroid cancer. This study is novel in that it distinguished methylation changes that occurred primarily in the gene body region of the aforementioned hypermethylated or hypomethylated thyroid cancer genes. Our findings imply that exposing whole-genome DNA methylation patterns and gene expression profiles in thyroid cancer provides new insight into the carcinogenesis of thyroid cancer, demonstrating that gene expression mediated by DNA methylation modifications may play a significant role in tumor growth.




Abstract


Thyroid carcinoma is the most prevalent endocrine cancer globally and the primary cause of cancer-related mortality. Epigenetic modifications are progressively being linked to metastasis. This study aimed to examine whole-genome DNA methylation patterns and the gene expression profiles in thyroid cancer tissue samples using a MethylationEPIC BeadChip (850K), RNA sequencing, and a targeted bisulfite sequencing assay. The results of the Illumina Infinium human methylation kit (850K) analyses identified differentially methylated CpG locations (DMPs) and differentially methylated CpG regions (DMRs) encompassing nearly the entire genome with high resolution and depth. Gene ontology and KEGG pathway analyses revealed that the genes associated with DMRs belonged to various domain-specific ontologies, including cell adhesion, molecule binding, and proliferation. The RNA-Seq study found 1627 differentially expressed genes, 1174 of which that were up-regulated and 453 of which that were down-regulated. The targeted bisulfite sequencing assay revealed that CHST2, DPP4, DUSP6, ITGA2, SLC1A5, TIAM1, TNIK, and ABTB2 methylation levels were dramatically lowered in thyroid cancer patients when compared to the controls, but GALNTL6, HTR7, SPOCD1, and GRM5 methylation levels were significantly raised. Our study revealed that the whole-genome DNA methylation patterns and gene expression profiles in thyroid cancer shed new light on the tumorigenesis of thyroid cancer.
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1. Introduction


Thyroid carcinoma is currently considered to be induced by the multi-step process of carcinogenesis, in which cancer cells are formed from thyroid follicular cells (thyroid epithelial cells) via numerous incidences of genomic injury. These injuries primarily occur in oncogenes and anti-oncogenes that promote proliferation or the development of malignant phenotypes, such as the ability to penetrate surrounding tissue or metastasize to distant organs [1,2]. Thyroid carcinomas are a frequently occurring type of endocrine cancer that exhibits varying phenotypes, ranging from mild forms to the most aggressive forms of human cancer. Thyroid carcinomas are classified into several types, including well-differentiated thyroid carcinoma (WDTC), undifferentiated thyroid carcinoma (UTC), poorly differentiated thyroid carcinoma (PDTC), anaplastic thyroid carcinoma (ATC), and medullary thyroid cancer (MTC). Of these, WDTC, UTC, PDTC, and ATC are all derived from thyrocytes; in contrast, MTC is derived from C cells. Furthermore, differentiated thyroid cancer is divided into three primary subtypes: papillary thyroid carcinoma (PTC), follicular thyroid carcinoma (FTC), and Hürthle cell cancer. Differentiated thyroid carcinomas account for ninety-five percent of all thyroid cancers globally. Numerous epidemiological studies have found that the incidence of differentiated thyroid cancer has increased significantly over the last few centuries [3]. The vast majority of thyroid carcinomas present as thyroid nodules, which are detected by the physician during a physical examination or during neck imaging for other disorders. Thyroid nodules can be cancerous in a small percentage of cases. Thyroid nodules identified in the general population have a 5–10% chance of being cancerous, although men and patients at the extremes of age are at a greater risk [4]. A considerable proportion of patients with well-differentiated thyroid carcinoma are treated with a total thyroidectomy, including the excision of the anterior or central compartment lymph nodes, radioactive iodine therapy for abscission of metastases and thyroid remnants, and suppression of TSH with l-thyroxin [5].



Deeper knowledge of the molecular pathways underlying the growth of thyroid cancer might be critical for tailoring treatments. Over the last three decades, significant progress has been made in this area [6]. There are several epigenetic mechanisms: DNA methylation, chromatin remodeling, and post-translational histone modifications. These mechanisms have been studied elsewhere [7,8,9,10,11]. DNA methylation is a long-lasting epigenetic modification that has identified in cancer for over three decades [12]. As a gene silencing mechanism, DNA methylation is necessary for the proper development and operation of several structures and cellular processes, including embryogenesis, transcription, X-inactivation, and genomic imprinting [13,14,15,16]. In humans, DNA methylation occurs nearly entirely within CpG dinucleotides, which are underrepresented, i.e., they occur less frequently than estimated based on the GC composition of DNA and are not evenly distributed throughout the genome [17]. The vast majority of the human genome is methylated, with approximately 60–80 percent of CG sites methylated, with the exception of selected CpG-rich sections, known as CpG islands or CG islands (CGIs), that are commonly unmethylated and contain the promoters for approximately 60 percent of all protein-coding genes [18,19,20].



Although prior studies have shed light on the association between gene regulation and DNA methylation in the development of thyroid cancer, the overall knowledge base remains extremely limited. Multiple studies have demonstrated that aberrant DNA methylation patterns in cancerous tissues may mute tumor suppressor genes while activating oncogenes via hypermethylation/hypomethylation [21,22]. However, hypermethylation is more frequently reported than hypomethylation in cancers [23]. Some genes, including MLH1 and p16INK4A, are frequently hypermethylated in various malignancies, including thyroid carcinoma. The tumor-specific sodium iodide symporter gene, NIS (also known as SLC5A5), is also expressed [24,25,26,27]. Across all of the different epigenetic alterations, DNA methylation on CpG islands is the most widely researched. It is well known that hypermethylation of CpG islands in a gene’s promoter region suppresses its expression. Furthermore, changes in DNA methylation have been observed to arise in the initial stages of oncogenesis, implying that they could be exploited as a viable biomarker for cancer detection [28,29,30]. Several DNA methylation-based biomarkers have been reported in various cancers, including stomach cancer, prostate cancer, bronchial carcinoma, and bowel cancer [31,32,33,34]. The initial studies on the effects of DNA methylation in thyroid carcinoma were performed using a candidate gene approach that assessed the DNA methylation level of particular gene promoters [35].



In this study, our primary goal is to detect local differentially methylated CpG regions (DMRs) between thyroid cancer and normal thyroid tissue groups at a genome-wide level. We found 43,653 significantly differentially methylated CpG positions (DMP), accounting for 6.10% of all possible DMPs, and 236 significantly differentially methylated CpG regions, accounting for 18.96% of all possible differentially methylated regions (Supplementary Figure S1). Gene Ontology and KEGG enrichment analysis of differentially methylated and differentially expressed genes (DEGs) revealed that the genes involved in DNA methylation were significantly enriched in the regulation of the phosphatidylinositol 3-kinase/protein kinase B (PI3K-Akt), human papillomavirus (HPV) infection, and mitogen-activated protein kinase (MAPK) signaling pathways. This indicates that methylation-related genes are highly enriched in malignancy-related pathways. In this investigation, we identified 1627 genes expressed differently in tumor tissue than in the adjacent healthy tissue (Supplementary Table S2). In comparison to the nearby normal tissue, the tumor tissue had 453 genes with downregulated expression and 1174 genes with elevated expression. It is yet to be determined which specific differentially methylated genes (DMG) are implicated in thyroid cancer. The hypermethylated and low-expressed genes (thyroid tumor vs. normal control) were intersected, yielding seven genes. The hypomethylated and high-expressing genes (thyroid tumor vs. normal control) were intersected, yielding 65 genes (Supplementary Table S3). The validation of thyroid tumor-related genes reveals that the methylation levels of CHST2, DPP4, DUSP6, ITGA2, SLC1A5, TIAM1, TNIK, and ABTB2 were significantly lower in thyroid cancer patients when compared to the controls, while the methylation levels of GALNTL6, HTR7, SPOCD1, CDH16 and GRM5 were significantly higher (Supplementary Table S5, Figure S8). The thyroid tumor-related genes have been validated. Differently methylated genes are identified using targeted bisulfite sequencing, and differentially expressed genes are identified using RQ-PCR.




2. Material and Methods


2.1. Tissue Samples of Patients


Pairs of fresh frozen thyroid carcinoma samples and adjacent normal thyroid carcinoma tissue samples were obtained. Initially, we acquired ten pairs of malignant thyroid cancer tissues and normal thyroid tissues, then we went through a quality check of the specimens. We collected a total of 86 matched samples of pathologically verified post-operative malignant carcinoma and normal thyroid tissues from 43 specimens, from patients who underwent thyroidectomy at the Zhenjiang First People’s Hospital, affiliated with the Institute of Jiangsu University, between July 2018 and September 2020. The overall structure and the methods used in this study are shown in Figure 1. All procedures were conducted following the appropriate norms of Affiliated People’s Hospital of Jiangsu University’s Ethics Board. After surgery, the eighty-six specimens were immediately frozen in liquid nitrogen and preserved at −80 °C. Neither preoperative chemotherapy nor radiotherapy had been administered to the patients selected for this study, and the specimens contained cancerous tissue. The controls were normal thyroid tissues more than 2 cm away from the tumor and did not have infiltrated cancer cells. This study was approved by the Ethics Committee of the Affiliated People’s Hospital of Jiangsu University, and written informed consent was taken from all participants prior to their inclusion.




2.2. MethylationEPIC BeadChip (850K)


It was determined that the replication cohort’s DNA was methylated using the Infinium MethylationEPIC BeadChip (850K) (Illumina, Inc., San Diego, CA, USA). The R Package ChAMP was used to analyze, normalize, and perform differential methylation analysis on the genome-wide methylation data. Genomic DNA was extracted from cells using the NucleoSpin Tissue kit (Macherery-Nagel, GmbH & Co. KG, Düren, Germany). DNA (cytosine) methylation profiles were generated utilizing an array, by combining bisulfite conversion and whole-genome results amplified with the direct captures and scores of CpG (cytosine-guanine) loci. DNA specimens were processed and hybridized to the human Infinium MethylationEPIC BeadChip (Illumina, San Diego, CA, USA), designed to quantitatively assay over 850K methylation sites across the genome using the Infinium HD Methylation Assay protocol. Hybridized BeadChips were scanned according to the manufacturer’s specifications using an Illumina iScan system. Annotation of the genes was carried out utilizing the annotation provided with Illumina’s probe. To summarize, CpG markers were categorized on the MethylationEPIC 850K array according to their chromosomal position. Marker Infinium (I), Infinium II, and the UCSC annotation feature’s gene area category were studied using Infinium Chemistry [36]. To make the datasets more interpretable, principal component analysis (PCA) reduced their dimensionality while avoiding information loss. This is accomplished by successively increasing the variance of uncorrelated variables. Hierarchical clustering analysis is a comparable technique for grouping similar objects into clusters. The endpoint is a collection of clusters, each distinct from the others, but containing broadly similar objects.




2.3. RNA Sequencing (RNA-Seq)


Genome-wide gene expression analysis of thyroid carcinoma was performed utilizing second-generation RNA sequencing (RNA-Seq). A commercial company evaluated the RNA-Seq data (BGI, Beijing, China). The log2 ratio of the unfiltered air data to the filtered air data represents the gene expression results. Total RNA was extracted according to the manufacturer’s instructions using a combination of TRIzol™ Reagent and ethanol for precipitation (Tiangen Biotech, Beijing, China). A spectrophotometer and an Agilent 2100 Bioanalyzer were used to evaluate the samples’ integrity and RNA content (Agilent Technologies, Inc., Santa Clara, CA, USA).




2.4. Targeted Bisulfite Sequencing Assay


MethylTarget (Genesky, Shanghai, China) was used to perform targeted bisulfite sequencing. MethylTarget is a next-generation sequencing (NGS) platform. As previously mentioned, DNA extraction and bisulfite conversion were carried out [37,38]. To identify the different probable CpG sites in a panel of samples, we meticulously constructed primers based on the genome coordinates of the regions. A net polymerase chain reaction was utilized to amplify the desired DNA sequence, which was then purified. An Illumina HiSeq 2000 sequencing system was then used to sequence the intended DNA fragments. BS-Seeker2, a widely used tool for evaluating bisulfite sequencing data, was employed in our investigation to map bisulfite-treated reads and detect methylation [39]. To complete our methylation process, we examined the bisulfite conversion rates that corresponded to each sample. We then used only samples with a bisulfite conversion rate of 98 percent. After performing a preliminary analysis, we found that each CpG site receives an average of 96% of the nucleotides, and that the missing rate is about 4%. Following additional filtering, sites with coverage less than 20 and sites with a missing rate higher than 0.20 were eliminated. When more than 30% of the samples tested were missing, those samples were also removed.




2.5. RNA Isolation, Reverse Transcription and Real-Time Quantitative PCR (RQ-PCR)


As previously shown, total RNA isolation and reverse transcription were carried out [40]. RQ-PCR was used to validate the significantly up- or down-regulated genes as identified by RNA-Seq analysis. Real-time quantitative PCR (RQ-PCR) was used to detect the expression of the target/screened genes, as previously explained [41]. The study was performed using an BioRad Opticon 2 qPCR machine (Hercules, CA, USA) using an SYBR Green mix (Tiangen Biotechnology, Beijing, China) and the following cycling program: ten min at 95 °C, forty cycles at 95 °C for 25 s, and one min at 60 °C. The internal control for normalization was glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and every sample was ran three times. A set of primers was used to amplify each cDNA aliquot [42].




2.6. Analytical Statistics


SPSS version 27.0.1 and Prism GraphPad 9.2.0 were utilized for statistical analysis. The Wilcoxon rank-sum test was used to contrast two groups of continuous variables, while Pearson’s chi-squared test was used to differentiate two groups of categorical data. The correlation analysis was conducted using Spearman’s rank correlation coefficient. The statistically significant value was set at p < 0.05 for all tests and conducted on a two-sided basis [42]. The analysis of Gene Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment was carried out using the R package clusterProfiler.





3. Results


3.1. Analysis of Genome-Wide Methylation in the Thyroid Carcinoma Patients


To identify epigenetic alterations occurring in thyroid carcinoma patients, the genome-wide methylation patterns were explored using the Illumina Infinium Human Methylation Assay (850K) in a total of 10 newly diagnosed thyroid carcinoma patients’ tumors and their adjacent tissues. A mean of 864,187 probes per sample was qualified to detect CpG (p-value < 0.01) (Supplementary Table S1). We identified 43,653 significantly differentially methylated CpG positions (DMP), accounting for 6.10% of all possible DMPs, and 236 significantly differentially methylated CpG regions (DMR) accounting for 18.96% of all possible DMRs. The methylation density plot is shown in Supplementary Figure S1. The PCA and hierarchical cluster analysis (HCA) of normal controls and thyroid carcinoma patients based on CpG sites’ methylation differentiated the thyroid carcinoma patients from the controls (except for the three tumor patients labeled as 21T, 22T, and 11T, Supplementary Figures S2 and S3). For the top 300 most significantly differentially methylated CpG positions, tumors from the thyroid carcinoma patients showed drastically increased DNA methylation levels when compared with their normal tissues (Figure 2). Differentially methylated genes were clustered together into hypermethylated and hypomethylated genes, which is obviously displayed in the heat map comparing tumor patients and normal controls (Figure 3).




3.2. Functional Analysis of Genes Associated with DNA Methylation in Thyroid Cancer Patients


To better understand the potential functions of the DNA methylation-related genes, we conducted a Gene Ontology functional enrichment analysis and a Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis. For biological processes, the results suggested that genes involved in DNA methylation were considerably enriched in terms of cell communication; though material transport, including cell adhesion molecule binding; metal-ion passive transmembrane transporter activity; Ras guanyl-nucleotide exchange factor activity; and cation-ion/substrate-specific channel activity (Figure 4). The KEGG pathway enrichment analysis is shown in Figure 5. The results showed that the regulation of the phosphatidylinositol 3-kinase/protein kinase B (PI3K-Akt), human papillomavirus (HPV) infection, and mitogen-activated protein kinase (MAPK) signaling pathways were considerably enriched in DNA methylation genes. They also indicated that methylation-related genes are significantly enriched in malignancy-related pathways. A comparison of hypermethylated and hypomethylated genes using the KEGG enrichment analysis is given in (Figure 6).




3.3. The Alterations in Gene Expression Related to Thyroid Carcinoma


Transcriptome analysis of paired tumors and adjacent normal tissues from 10 patients used RNA-Seq was performed to identify changes in gene expression patterns in thyroid cancer. A total of 19,476 genes were investigated for gene expression through RNA-Seq in the tumor patients and normal controls, among which we identified 1627 genes that were expressed differently in tumor tissue, as compared to nearby healthy tissue in the study (Supplementary Table S2). In comparison to the nearby normal tissue, the tumor tissue had 453 genes with down-regulated expression and 1174 genes with elevated expression. Figure 7 shows a heat map of genes that were significantly up- or down-regulated between tumors and healthy tissues.




3.4. Screening of Candidate Differentially Methylated Genes Related to Thyroid Cancer


To identify the candidate DMGs involved in thyroid cancer, we screened genes by the following process: first, in the differential methylation results, p-value < 0.001 and |meth. diff| > 0.25 were thresholds to screen out differentially methylated genes. Then, in the differential expression results from whole transcriptome sequencing, p-value < 0.05 and |log2FoldChange| > 1.5 were used as thresholds to screen out differentially expressed genes. Finally, the hypermethylated and low-expressed genes (thyroid tumor vs. standard control) were intersected, and seven genes were obtained. The hypomethylated and high-expressing genes (thyroid tumor vs. standard control) were intersected, and 65 genes were obtained (Supplementary Table S3).




3.5. Identification and Validation of Thyroid Tumor-Related Genes by Targeted Bisulfite Sequencing and RQ-PCR


After excluding 17 unqualified genes due to them not containing CpG islands, not being feasibile to design primers for, or according to their expression profile, the other 55 DMGs were selected for further validation to give a robust characterization of the methylation state of the CpG sites. Bisulfite sequencing in an additional 36 patients with thyroid carcinoma and 41 normal controls was performed using MethylTarget (Genesky, Shanghai, China), which is based on a next-generation sequencing (NGS) platform. We analyzed 119 DNA target fragments (100–300 bp) from the 55 DMGs and assessed the CpG site-specific methylation levels within each DNA fragment using bisulfate sequencing (Supplementary Table S4).



The methylation levels of CHST2, DPP4, DUSP6, ITGA2, SLC1A5, TIAM1, TNIK, and ABTB2 were markedly decreased in thyroid cancer patients when compared with the controls, while the methylation levels of GALNTL6, HTR7, SPOCD1, CDH16 and GRM5 were significantly increased (Supplementary Table S5, Figure 8). In addition, the real-time quantitative PCR (RQ-PCR) results showed that all of the aforementioned genes presented significant differential expression between the 42 patients with thyroid tumors and the 43 healthy controls. All of these genes showed consistent regulation direction within the samples (Supplementary Table S6).





4. Discussion


Epigenetic modifications play a vital role in the initiation and progression of tumors. DNA methylation has become one of the most investigated mechanisms related to different cancers. It would be very great and promising to discover biomarkers of the early stages of tumors to prevent diseases and prognostic markers following the treatment of cancers by examining the DNA methylation alterations of exciting genes involved in cancer development. In recent years, many efforts have been made by the scientific community in the field of DNA methylation related to thyroid cancer [43,44,45,46]. There is a strong relationship between genetic alterations and epigenetic aberrations in tumorigenesis [47]. It is widely assumed that genetic changes, particularly alternate DNA methylation levels, can significantly impact abnormal gene expression of critical genes, leading to the development and progression of tumors by facilitating or inhibiting transcription factor binding for transcriptional activity [48]. We utilized techniques to focus on the genome-wide level of DNA methylation as to distinguish the hypermethylated and hypomethylated genes and to study the expression level of these genes on a series of paired tumor and adjacent normal tissue samples from patients who acquired thyroid carcinoma in the local region of our city in China. We then selected a few candidate genes which were hypermethylated or hypomethylated in tumor samples as compared to healthy tissues, and then executed a targeted bisulfite sequencing technique to investigate the methylation status of CpG sites in the interesting genes’ promoter regions, as well as their adjacent genomic regions, therefore producing a robust measure of the methylation level of the candidate genes.



Several hypermethylated genes (GALNTL6, HTR7, SPOCD1, CDH16 and GRM5) related to thyroid cancer have been discovered to be up-regulated in our study, as were investigated in other reports to mentioned in the following text. GRM5 is a metabotropic glutamate receptor gene that encodes a protein from the G-protein coupled receptor 3 protein family. Its signaling causes a phosphatidylinositol-calcium secondary messenger system to be activated. GRM5 was highly expressed in oral squamous cell carcinoma and contributed to tumor cell migration and invasion [49]. Inhibiting GRM5 expression could suppress oncogenic actions by blocking downstream signaling factors in hepatocellular carcinoma [50]. HTR7 also belongs to the G protein-coupled receptor (GPCR) family. One recent study demonstrated high expression in laryngeal cancer tissues promoted tumor proliferation by activating the PI3K/AKT pathway [51]. SPOCD1 was up-regulated and promoted cell proliferation in osteosarcoma cell lines [52]. It has also been reported that the significantly expressed SPOCD1 accelerated the progression of ovarian carcinoma and inhibited cell death (apoptosis) via the PI3K/AKT pathway [53]. There are currently no reports regarding the high expression of GALNTL6 in cancers. The role of the up-regulation of GALNTL6 in thyroid cancer is still unknown and is worthy of investigation.



We have also found a few hypomethylated genes, CHST2, DPP4, DUSP6, ITGA2, SLC1A5, TIAM1, TNIK, and ABTB2, which showed high expression in thyroid carcinoma. Transfer of a sulfate residue to GlcNAc residues in keratan sulfate by CHST2 has been revealed to activate the p38 MAPK-PI3K (mitogen-activated protein kinase/phosphatidylinositol 3-kinase) cell signaling pathway and decrease cell apoptosis caused by radiation in Burkitt’s lymphoma cells [54]. Aberrantly high levels of DPP4 expression occurred in human hepatocellular carcinoma [55]. For the gene DUSP6, a previous study [56] showed that its gene expression increased in all of studied thyroid cancer cell lines, consistent with our results. It also reported that upregulation of DUSP6 gene transcription in human glioblastoma played a tumor-promoting role and accelerated the malignancy of tumors [57]. For ITGA2, SLC1A5, TIAM1, TNIK, and ABTB2, several studies showed that their high expression played a significant role in promoting tumor cell growth and inhibiting cell apoptosis from chemotherapy in different kinds of cancers [58,59,60,61,62]. The most intriguing discovery in our study is that almost all the significant differential methylation alterations occurred exclusively in the region of the gene body of the aforementioned hypermethylated/hypomethylated genes involved in thyroid carcinoma. Gene body methylation is positively correlated with gene expression levels, though the mechanisms are unclear [63]. One recent study revealed that the investigated genes possessed an exceptional hypermethylation level of the CpG islands located in the gene body region, and all of them were simultaneously overexpressed in hepatocellular carcinoma [64]. This phenomenon was believed to be predictive of increased oncogene levels in cancer. Further study needs to be performed to focus on the mechanism behind the methylation alterations in the gene body of these interesting genes in thyroid carcinoma. The results from our study could give potential opportunities to identify new drug targets in thyroid cancer [65].




5. Conclusions


In conclusion, our integrative analysis provides a new perspective that gene expression regulated by DNA methylation alterations located primarily in the gene body may play a crucial role in the progression of tumors and that DNA methylation levels of critical genes could be reverted to normal by methylation or demethylation drugs for the treatment of cancers. Furthermore, these discovered genes can be potentially used as biomarkers for predicting the development of thyroid cancer.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers14051163/s1, Figure S1: The density distribution plot of the methylation degree of each sample probe after normalization (Note: The X-axis is the degree of methylation, and the Y-axis is the probe density corresponding to the degree of methylation. Each curve represents a sample, and the color distinguishes the sample group); Figure S2: PCA analysis results of methylation ratio of each sample (Note: Color distinguishes sample groups; X and Y axes respectively correspond to the indicators that best reflect the true species composition of the sample, calculated by software. Number represents patients label number, and the following letter N represents patients’ normal control while letter T represents patients’ thyroid carcinoma); Figure S3: Hierarchical clustering results of methylation ratio of each sample. Number represents patients label number, and the following letter N represents patients’ normal control while letter T represents patients’ thyroid carcinoma. Table S1: The number of qualified probes of the sample and the average intensity of the red and green signals of all probes (Note: A maximum of 10 samples are displayed. “Sample Name” refers to the name of each sample; “Detected CpG (0.01)” refers to the number of qualified probes for the sample under the condition that the pvalue threshold is 0.01, that is, the pvalue of the retained probe in all samples is less than 0.01, “Detected CpG (0.05)” refers to the number of qualified probes for the sample under the condition that the pvalue threshold is 0.05, that is, the pvalue of the retained probes in all samples is less than 0.05. “Signal Average GRN” refers to all the samples in each sample. The average intensity of the green signal of the probe, “Signal Average RED” refers to the average intensity of the red signal of all probes for each sample); Table S2: The differential expression of genes between thyroid carcinoma patients and their normal control tissues; Table S3: The screening results of candidate differentially methylated genes related to thyroid cancer; Table S4: The differential methylation level of all target fragments of interested genes by targeted bisulfite sequencing in thyroid cancer; Table S5: The differential methylation level of interested genes by targeted bisulfite sequencing in thyroid cancer; Table S6: the quantitative RT-PCR results showing expression level of targeted genes involved in thyroid cancer.





Author Contributions


M.A.I.: methodology, investigation, writing—original draft; M.L.: conceptualization, resources, project administration, supervision; J.L.: formal analysis, writing—review and editing; G.Z.: Software; M.C.: visualization, writing—review; N.F.M.: software; W.Q.: data curation. All authors have read and agreed to the published version of the manuscript.




Funding


This work was sponsored by the Jiangsu provincial “Innovative and entrepreneurial talent team” program.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Zhenjiang First People’s Hospital, affiliated with the Institute of Jiangsu University, and approved by the Institutional Review Board (or Ethics Committee) of Affiliated People’s Hospital of Jiangsu University’s (K-20210169-W and 2018-01-30).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


We would like to thank the anonymous reviewers and the editor for their valuable comments and remarks that helped us to improve the original manuscript.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Kondo, T.; Ezzat, S.; Asa, S.L. Pathogenetic mechanisms in thyroid follicular-cell neoplasia. Nat. Rev. Cancer 2006, 6, 292–306. [Google Scholar] [CrossRef] [PubMed]

	



Nikiforov, Y.E.; Nikiforova, M.N. Molecular genetics and diagnosis of thyroid cancer. Nat. Rev. Endocrinol. 2011, 7, 569–580. [Google Scholar] [CrossRef] [PubMed]

	



Lim, H.; Devesa, S.S.; Sosa, J.A.; Check, D.; Kitahara, C.M. Trends in Thyroid Cancer Incidence and Mortality in the United States, 1974–2013. JAMA 2017, 317, 1338–1348. [Google Scholar] [CrossRef] [PubMed]

	



The American Thyroid Association (ATA) Guidelines Taskforce on Thyroid Nodules and Differentiated Thyroid Cancer; Cooper, D.S.; Doherty, G.M.; Haugen, B.R.; Kloos, R.T.; Lee, S.L.; Mandel, S.J.; Mazzaferri, E.L.; McIver, B.; Pacini, F.; et al. Revised American Thyroid Association management guidelines for patients with thyroid nodules and differentiated thyroid cancer. Thyroid 2009, 19, 1167–1214. [Google Scholar] [CrossRef] [PubMed]

	



Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.; Randolph, G.W.; Sawka, A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid 2016, 26, 1–133. [Google Scholar] [CrossRef]

	



Riesco-Eizaguirre, G.; Santisteban, P. ENDOCRINE TUMOURS: Advances in the molecular pathogenesis of thyroid cancer: Lessons from the cancer genome. Eur. J. Endocrinol. 2016, 175, R203–R217. [Google Scholar] [CrossRef]

	



Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [Google Scholar] [CrossRef]

	



Holoch, D.; Moazed, D. RNA-mediated epigenetic regulation of gene expression. Nat. Rev. Genet. 2015, 16, 71–84. [Google Scholar] [CrossRef]

	



Langst, G.; Manelyte, L. Chromatin Remodelers: From Function to Dysfunction. Genes 2015, 6, 299–324. [Google Scholar] [CrossRef]

	



Allis, C.D.; Jenuwein, T. The molecular hallmarks of epigenetic control. Nat. Rev. Genet. 2016, 17, 487–500. [Google Scholar] [CrossRef]

	



Feinberg, A.P.; Koldobskiy, M.A.; Gondor, A. Epigenetic modulators, modifiers and mediators in cancer aetiology and progression. Nat. Rev. Genet. 2016, 17, 284–299. [Google Scholar] [CrossRef]

	



Feinberg, A.P.; Vogelstein, B. Hypomethylation distinguishes genes of some human cancers from their normal counterparts. Nature 1983, 301, 89–92. [Google Scholar] [CrossRef]

	



Guo, H.; Zhu, P.; Yan, L.; Li, R.; Hu, B.; Lian, Y.; Yan, J.; Ren, X.; Lin, S.; Li, J.; et al. The DNA methylation landscape of human early embryos. Nature 2014, 511, 606–610. [Google Scholar] [CrossRef]

	



Robertson, K.D. DNA methylation and human disease. Nat. Rev. Genet. 2005, 6, 597–610. [Google Scholar] [CrossRef]

	



Xu, X. DNA methylation and cognitive aging. Oncotarget 2015, 6, 13922–13932. [Google Scholar] [CrossRef]

	



Smith, Z.D.; Meissner, A. DNA methylation: Roles in mammalian development. Nat. Rev. Genet. 2013, 14, 204–220. [Google Scholar] [CrossRef]

	



Bird, A.P. DNA methylation and the frequency of CpG in animal DNA. Nucleic Acids Res. 1980, 8, 1499–1504. [Google Scholar] [CrossRef]

	



Ehrlich, M.; Gama-Sosa, M.A.; Huang, L.H.; Midgett, R.M.; Kuo, K.C.; McCune, R.A.; Gehrke, C. Amount and distribution of 5-methylcytosine in human DNA from different types of tissues of cells. Nucleic Acids Res. 1982, 10, 2709–2721. [Google Scholar] [CrossRef]

	



Bird, A.P. CpG-rich islands and the function of DNA methylation. Nature 1986, 321, 209–213. [Google Scholar] [CrossRef]

	



Lister, R.; Pelizzola, M.; Dowen, R.H.; Hawkins, R.D.; Hon, G.; Tonti-Filippini, J.; Nery, J.R.; Lee, L.; Ye, Z.; Ngo, Q.M.; et al. Human DNA methylomes at base resolution show widespread epigenomic differences. Nature 2009, 462, 315–322. [Google Scholar] [CrossRef]

	



Jones, P.A. Cancer. Death and methylation. Nature 2001, 409, 141–143. [Google Scholar] [CrossRef]

	



Aran, D.; Hellman, A. DNA methylation of transcriptional enhancers and cancer predisposition. Cell 2013, 154, 11–13. [Google Scholar] [CrossRef]

	



Cheung, H.H.; Lee, T.L.; Rennert, O.M.; Chan, W.Y. DNA methylation of cancer genome. Birth Defects Res. C Embryo Today 2009, 87, 335–350. [Google Scholar] [CrossRef]

	



Schagdarsurengin, U.; Gimm, O.; Dralle, H.; Hoang-Vu, C.; Dammann, R. CpG island methylation of tumor-related promoters occurs preferentially in undifferentiated carcinoma. Thyroid 2006, 16, 633–642. [Google Scholar] [CrossRef]

	



Guan, H.; Ji, M.; Hou, P.; Liu, Z.; Wang, C.; Shan, Z.; Teng, W.; Xing, M. Hypermethylation of the DNA mismatch repair gene hMLH1 and its association with lymph node metastasis and T1799A BRAF mutation in patients with papillary thyroid cancer. Cancer 2008, 113, 247–255. [Google Scholar] [CrossRef]

	



Neumann, S.; Schuchardt, K.; Reske, A.; Reske, A.; Emmrich, P.; Paschke, R. Lack of correlation for sodium iodide symporter mRNA and protein expression and analysis of sodium iodide symporter promoter methylation in benign cold thyroid nodules. Thyroid 2004, 14, 99–111. [Google Scholar] [CrossRef]

	



Galrao, A.L.; Camargo, R.Y.; Friguglietti, C.U.; Moraes, L.; Cerutti, J.M.; Serrano-Nascimento, C.; Suzuki, M.F.; Medeiros-Neto, G.; Rubio, I.G. Hypermethylation of a New Distal Sodium/Iodide Symporter (NIS) enhancer (NDE) is associated with reduced NIS expression in thyroid tumors. J. Clin. Endocrinol. Metab. 2014, 99, E944–E952. [Google Scholar] [CrossRef]

	



Witte, T.; Plass, C.; Gerhauser, C. Pan-cancer patterns of DNA methylation. Genome Med. 2014, 6, 66. [Google Scholar] [CrossRef]

	



Yang, X.; Gao, L.; Zhang, S. Comparative pan-cancer DNA methylation analysis reveals cancer common and specific patterns. Brief. Bioinform. 2017, 18, 761–773. [Google Scholar] [CrossRef]

	



Guo, S.; Diep, D.; Plongthongkum, N.; Fung, H.L.; Zhang, K.; Zhang, K. Identification of methylation haplotype blocks aids in deconvolution of heterogeneous tissue samples and tumor tissue-of-origin mapping from plasma DNA. Nat. Genet. 2017, 49, 635–642. [Google Scholar] [CrossRef]

	



Walter, K.; Holcomb, T.; Januario, T.; Yauch, R.L.; Du, P.; Bourgon, R.; Seshagiri, S.; Amler, L.C.; Hampton, G.M.; David, S.S. Discovery and development of DNA methylation-based biomarkers for lung cancer. Epigenomics 2014, 6, 59–72. [Google Scholar] [CrossRef]

	



Coppede, F. Epigenetic biomarkers of colorectal cancer: Focus on DNA methylation. Cancer Lett. 2014, 342, 238–247. [Google Scholar] [CrossRef]

	



Ashour, N.; Angulo, J.C.; Andres, G.; Alelu, R.; Gonzalez-Corpas, A.; Toledo, M.V.; Rodriguez-Barbero, J.M.; Lopez, J.I.; Sanchez-Chapado, M.; Ropero, S. A DNA hypermethylation profile reveals new potential biomarkers for prostate cancer diagnosis and prognosis. Prostate 2014, 74, 1171–1182. [Google Scholar] [CrossRef]

	



Tahara, T.; Arisawa, T. DNA methylation as a molecular biomarker in gastric cancer. Epigenomics 2015, 7, 475–486. [Google Scholar] [CrossRef]

	



Hou, P.; Liu, D.; Xing, M. Genome-wide alterations in gene methylation by the BRAF V600E mutation in papillary thyroid cancer cells. Endocr. Relat. Cancer 2011, 18, 687–697. [Google Scholar] [CrossRef]

	



Moran, S.; Arribas, C.; Esteller, M. Validation of a DNA methylation microarray for 850,000 CpG sites of the human genome enriched in enhancer sequences. Epigenomics 2016, 8, 389–399. [Google Scholar] [CrossRef]

	



Zhao, Y.; Guo, S.; Sun, J.; Huang, Z.; Zhu, T.; Zhang, H.; Gu, J.; He, Y.; Wang, W.; Ma, K.; et al. Methylcap-seq reveals novel DNA methylation markers for the diagnosis and recurrence prediction of bladder cancer in a Chinese population. PLoS ONE 2012, 7, e35175. [Google Scholar] [CrossRef]

	



Guo, S.; Yan, F.; Xu, J.; Bao, Y.; Zhu, J.; Wang, X.; Wu, J.; Li, Y.; Pu, W.; Liu, Y.; et al. Identification and validation of the methylation biomarkers of non-small cell lung cancer (NSCLC). Clin. Epigenetics 2015, 7, 3. [Google Scholar] [CrossRef]

	



Guo, W.; Fiziev, P.; Yan, W.; Cokus, S.; Sun, X.; Zhang, M.Q.; Chen, P.Y.; Pellegrini, M. BS-Seeker2: A versatile aligning pipeline for bisulfite sequencing data. BMC Genom. 2013, 14, 774. [Google Scholar] [CrossRef]

	



Zhang, T.J.; Zhou, J.D.; Zhang, W.; Lin, J.; Ma, J.C.; Wen, X.M.; Yuan, Q.; Li, X.X.; Xu, Z.J.; Qian, J. H19 overexpression promotes leukemogenesis and predicts unfavorable prognosis in acute myeloid leukemia. Clin. Epigenetics 2018, 10, 47. [Google Scholar] [CrossRef]

	



Zhou, J.D.; Wang, Y.X.; Zhang, T.J.; Li, X.X.; Gu, Y.; Zhang, W.; Ma, J.C.; Lin, J.; Qian, J. Identification and validation of SRY-box containing gene family member SOX30 methylation as a prognostic and predictive biomarker in myeloid malignancies. Clin. Epigenetics 2018, 10, 92. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.J.; Wen, X.M.; Zhou, J.D.; Gu, Y.; Xu, Z.J.; Guo, H.; Ma, J.C.; Yuan, Q.; Chen, Q.; Lin, J.; et al. SOX30 methylation correlates with disease progression in patients with chronic myeloid leukemia. OncoTargets Ther. 2019, 12, 4789–4794. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.L.; Jeon, S.; Seo, E.H.; Bae, D.H.; Jeong, Y.M.; Kim, Y.; Bae, J.S.; Kim, S.K.; Jung, C.K.; Kim, Y.S. Comprehensive DNA Methylation Profiling Identifies Novel Diagnostic Biomarkers for Thyroid Cancer. Thyroid 2020, 30, 192–203. [Google Scholar] [CrossRef] [PubMed]

	



Zafon, C.; Gil, J.; Pérez-González, B.; Jordà, M. DNA methylation in thyroid cancer. Endocr. Relat. Cancer 2019, 26, R415–R439. [Google Scholar] [CrossRef]

	



Zhao, L.; Jia, Y.; Liu, Y.; Han, B.; Wang, J.; Jiang, X. Integrated Bioinformatics Analysis of DNA Methylation Biomarkers in Thyroid Cancer Based on TCGA Database. Biochem. Genet. 2021, 13, 1–11. [Google Scholar] [CrossRef]

	



Canberk, S.; Lima, A.R.; Pinto, M.; Máximo, V. Translational Potential of Epigenetic-Based Markers on Fine-Needle Aspiration Thyroid Specimens. Front. Med. 2021, 8, 177. [Google Scholar] [CrossRef]

	



You, J.S.; Jones, P.A. Cancer genetics and epigenetics: Two sides of the same coin? Cancer Cell 2012, 22, 9–20. [Google Scholar] [CrossRef]

	



Moore, L.D.; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2013, 38, 23–38. [Google Scholar] [CrossRef]

	



Park, S.Y.; Lee, S.A.; Han, I.H.; Yoo, B.C.; Lee, S.H.; Park, J.Y.; Cha, I.H.; Kim, J.; Choi, S.W. Clinical significance of metabotropic glutamate receptor 5 expression in oral squamous cell carcinoma. Oncol. Rep. 2007, 17, 81–87. [Google Scholar] [CrossRef]

	



Wu, Y.L.; Wang, N.N.; Gu, L.; Yang, H.M.; Xia, N.; Zhang, H. The suppressive effect of metabotropic glutamate receptor 5 (mGlu5) inhibition on hepatocarcinogenesis. Biochimie 2012, 94, 2366–2375. [Google Scholar] [CrossRef]

	



Sheng, X.; Liu, W.; Lu, Z.; Xu, M.; Li, R.; Zhong, R.; Li, Y.; Liu, T.; Zhang, S. HTR7 promotes laryngeal cancer growth through PI3K/AKT pathway activation. Ann. Transl. Med. 2021, 9, 840. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Zhao, H.; Hu, J.; Liu, Y.; Li, Z. SPOCD1 promotes cell proliferation and inhibits cell apoptosis in human osteosarcoma. Mol. Med. Rep. 2018, 17, 3218–3225. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Yang, Y.; Yan, A.; Yang, Y. SPOCD1 accelerates ovarian cancer progression and inhibits cell apoptosis via the PI3K/AKT pathway. OncoTargets Ther. 2020, 13, 351–359. [Google Scholar] [CrossRef]

	



Nakayama, F.; Umeda, S.; Ichimiya, T.; Kamiyama, S.; Hazawa, M.; Yasuda, T.; Nishihara, S.; Imai, T. Sulfation of keratan sulfate proteoglycan reduces radiation-induced apoptosis in human Burkitt’s lymphoma cell lines. FEBS Lett. 2013, 587, 231–237. [Google Scholar] [CrossRef] [PubMed]

	



Stecca, B.A.; Nardo, B.; Chieco, P.; Mazziotti, A.; Bolondi, L.; Cavallari, A. Aberrant dipeptidyl peptidase IV (DPP IV/CD26) expression in human hepatocellular carcinoma. J. Hepatol. 1997, 27, 337–345. [Google Scholar] [CrossRef]

	



Lee, E.K.; Chung, K.W.; Yang, S.K.; Park, M.J.; Min, H.S.; Kim, S.W.; Kang, H.S. DNA methylation of MAPK signal-inhibiting genes in papillary thyroid carcinoma. Anticancer Res. 2013, 33, 4833–4839. [Google Scholar]

	



Messina, S.; Frati, L.; Leonetti, C.; Zuchegna, C.; Di Zazzo, E.; Calogero, A.; Porcellini, A. Dual-specificity phosphatase DUSP6 has tumor-promoting properties in human glioblastomas. Oncogene 2011, 30, 3813–3820. [Google Scholar] [CrossRef]

	



Ren, D.; Zhao, J.; Sun, Y.; Li, D.; Meng, Z.; Wang, B.; Fan, P.; Liu, Z.; Jin, X.; Wu, H. Overexpressed ITGA2 promotes malignant tumor aggression by up-regulating PD-L1 expression through the activation of the STAT3 signaling pathway. J. Exp. Clin. Cancer Res. 2019, 38, 485. [Google Scholar] [CrossRef]

	



Huang, F.; Zhao, Y.; Zhao, J.; Wu, S.; Jiang, Y.; Ma, H.; Zhang, T. Upregulated SLC1A5 promotes cell growth and survival in colorectal cancer. Int. J. Clin. Exp. Pathol. 2014, 7, 6006–6014. [Google Scholar]

	



Wang, S.; Li, S.; Tang, Q.; Yang, S.; Wang, S.; Liu, J.; Yang, M.; Yang, X. Overexpression of Tiam1 promotes the progression of laryngeal squamous cell carcinoma. Oncol. Rep. 2015, 33, 1807–1814. [Google Scholar] [CrossRef]

	



Yu, D.H.; Zhang, X.; Wang, H.; Zhang, L.; Chen, H.; Hu, M.; Dong, Z.; Zhu, G.; Qian, Z.; Fan, J.; et al. The essential role of TNIK gene amplification in gastric cancer growth. Oncogenesis 2014, 3, e89. [Google Scholar] [CrossRef] [PubMed]

	



Gong, Y.; Hu, N.; Ma, L.; Li, W.; Cheng, X.; Zhang, Y.; Zhu, Y.; Yang, Y.; Peng, X.; Zou, D.; et al. ABTB2 Regulatory Variant as Predictor of Epirubicin-Based Neoadjuvant Chemotherapy in Luminal A Breast Cancer. Front. Oncol. 2020, 10, 1950. [Google Scholar] [CrossRef] [PubMed]

	



Jjingo, D.; Conley, A.B.; Yi, S.V.; Lunyak, V.V.; Jordan, I.K. On the presence and role of human gene-body DNA methylation. Oncotarget 2012, 3, 462–474. [Google Scholar] [CrossRef] [PubMed]

	



Arechederra, M.; Daian, F.; Yim, A.; Bazai, S.K.; Richelme, S.; Dono, R.; Saurin, A.J.; Habermann, B.H.; Maina, F. Hypermethylation of gene body CpG islands predicts high dosage of functional oncogenes in liver cancer. Nat. Commun. 2018, 9, 3164. [Google Scholar] [CrossRef]

	



Yang, Y.F.; Yu, B.; Zhang, X.X.; Zhu, Y.H. Identification of TNIK as a novel potential drug target in thyroid cancer based on protein druggability prediction. Medicine 2021, 100, e25541. [Google Scholar] [CrossRef]








[image: Cancers 14 01163 g001 550] 





Figure 1. The overall structure and the methods used for methylation analysis in the thyroid cancer samples. 
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Figure 2. Box plots comparing the degree of methylation of grouped samples for the top 300 most significantly differentially methylated CpG positions. The title indicates the name of the probe, the X-axis indicates the grouping information, the Y-axis indicates the degree of methylation of each grouped sample, and in the upper right corner is the p-value of the probe, as determined by further analysis. The scatter plot shows each sample’s specific methylation degree value, and the box plot shows the difference in the methylation degree distribution between the two groups. The green dots represent thyroid carcinoma from patients, while the red dots represent their adjacent normal tissues. 
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Figure 3. Heat map results of genes where differential methylation sites are located. Each column represents a sample, and each row represents a gene where a differentially methylated site is located. The value of the sample at a given site = log2 (degree of methylation/(degree of 1-methylation)). 
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Figure 4. GO enrichment analysis results of genes with significant methylation differences. 
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Figure 5. KEGG enrichment analysis results of genes with significant methylation differences. 
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Figure 6. GO and KEGG enrichment analysis results of genes with significant methylation differences. (A) GO enrichment analysis of hypermethylated and hypomethylated genes. (B) KEGG enrichment analysis of hypermethylated and hypomethylated genes. 
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Figure 7. Heat map results of genes that are differentially expressed between patients and normal controls. Each column represents a sample, and each row represents a differentially expressed gene. 
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Figure 8. Box plot of the average methylation levels of interesting genes. The name of the image is the name of the target gene. The colors of the dots represent the different groups. The X-axis is the two groups for further analysis. The Y-axis is the average degree of methylation of each sample in the group on the target gene. The box represents the group. Each dot represents each sample’s average degree of methylation on the target gene. (A) CHST2, DPP4, DUSP6, ITGA2, SLC1A5, TIAM1, TNIK, and ABTB2 are hypomethylated in thyroid carcinoma patients when compared to normal control tissues. (B) GALNTL6, HTR7, SPOCD1, CDH16 and GRM5 are hypermethylated in thyroid carcinoma patients when compared to normal control tissues. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. 
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