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Background: Aberrant regulation of suprabasin (SBSN) is associated with the development of cancer and immune disorders. SBSN influences tumor cell migration, proliferation, angiogenesis, and immune resistance. In this study, we investigated the potential correlation between SBSN expression and immune infiltration in thyroid cancer.
Methods: The expression of SBSN in 80 papillary thyroid carcinoma (PTC) specimens was determined using quantitative reverse-transcription polymerase chain reaction, western blotting, and immunohistochemical staining. The expression of SBSN in 9 cases of poorly differentiated thyroid carcinoma (PDTC) and 18 cases of anaplastic thyroid carcinoma (ATC) was evaluated by immunohistochemical staining. Comprehensive bioinformatics analysis of SBSN expression was performed using The Cancer Genome Atlas and Gene Expression Omnibus datasets, and the relationship of SBSN expression with M2 macrophages and T regulatory cells (Tregs) in ATC and PTC was verified by immunohistochemical staining.
Results: Compared with those in adjacent normal tissues, the expression levels of SBSN mRNA and protein were significantly higher in PTC tissues. SBSN expression level was correlated with that of cervical lymph node metastasis in PTC patients. Immunohistochemical staining results showed statistically significant differences among high-positive expression rates of SBSN in PTC, PDTC, and ATC. Functional enrichment analysis showed that SBSN expression was associated with pathways related to cancer, cell signaling, and immune response. Furthermore, analysis of the tumor microenvironment (using CIBERSORT-ABS and xCell algorithms) showed that SBSN expression affected immune cell infiltration and the cancer immunity cycle, and immunohistochemistry confirmed a significant increase in M2 macrophage and Treg infiltration in tumor tissues with high-positive SBSN expression.
Conclusion: These findings reveal that SBSN may be involved in thyroid carcinogenesis, tumor dedifferentiation progression, and immunosuppression as an important regulator of tumor immune cell infiltration.
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INTRODUCTION
Thyroid cancer is one of the most common endocrine tumors and its incidence has increased globally over the last 30 years (La Vecchia et al., 2015). Most thyroid cancers originate from the follicular epithelial cells of the thyroid gland, which secrete iodine-containing thyroid hormones. Follicular epithelium-derived thyroid cancers can be classified as papillary thyroid carcinoma (PTC), follicular thyroid carcinoma, poorly differentiated thyroid carcinoma (PDTC), and anaplastic thyroid carcinoma (ATC) (Dralle et al., 2015). Of these, PTC is the most common pathological type, accounting for 80–90% of all thyroid cancers (Abdullah et al., 2019). Most thyroid cancers exhibit inert biological behavior and have a good prognosis, with a 20-year survival rate of 95% (Gospodarowicz et al., 2001). However, recurrence, metastasis, and resistance to radioiodine therapy in PDTC, ATC, and some invasive PTCs remain the leading causes of death from thyroid cancer (Mazzaferri and Jhiang, 1994; Molinaro et al., 2017; Xu and Ghossein, 2020), with more than 25% of patients with PTC experiencing recurrence during a long-term follow-up (Abdullah et al., 2019). Furthermore, a high rate (up to 85%) of cervical-lymph-node metastasis, which is considered a very high-risk factor for PTC recurrence, has been documented in patients with PTC (Zheng et al., 2019). Currently, some studies suggest that ATC is different from PTC in the early stages of tumor development and that the two tumor types evolve via distinct mechanisms (Capdevila et al., 2018). However, it is also believed that histologically highly differentiated thyroid cancer may dedifferentiate into PDTC or ATC via a multi-step process of genetic and epigenetic alterations (Papp and Asa, 2015) or that ATC can develop from PTC via accumulation of genomic mutations (Landa et al., 2016).
Immunotherapy has long been a focus area in oncology and is effective against non-small cell lung cancer (NSCLC) and kidney cancer (Motzer et al., 2015; Reck et al., 2016). Immune cell infiltration of the tumor microenvironment (TME) has also been associated with survival in many patients with solid tumors (Baxevanis et al., 2019). Infiltrating immune cells may be used as drug targets to improve patient survival (Lote et al., 2015). A previous study showed that the polarization of a higher number of tumor-associated macrophages (TAMs) in a tumor-promoting M2 phenotype implies a poorer survival of patients with ATC (Jung et al., 2015). Fang et al. (2014) found that TAMs purified from human PTC could promote invasiveness of thyroid cancer cell lines by secreting CXCL8. Melillo et al. (2010) found that the density of tumor-associated mast cells was higher in PTC than in normal tissue and correlated with extra-thyroidal tumor infiltration. In PTC, the number of CD4+ T cells correlates with the tumor size, whereas that of Tregs correlates with lymph node metastasis (French et al., 2010). Tregs are enriched in tumor-involved lymph nodes, and their numbers correlate with PTC recurrence (French et al., 2012). Tumor-infiltrating lymphocytes, TAMs, and tumor-infiltrating neutrophils influence the prognosis and efficacy of chemotherapy and immunotherapy (Waniczek et al., 2017; Zhang et al., 2018). In addition, Chen and Mellman (2013) divided the cancer immunity cycle into seven steps, including the release of cancer cell antigens, cancer antigen presentation, initiation and activation of immune cells, transport and infiltration of immune cells into the tumor, and recognition and killing of cancer cells by T cells. Consequently, the cancer immunity cycle has become one of the starting points for cancer immunotherapy research. Therefore, it is imperative to study the TME and identify the distribution and functions of tumor-infiltrating immune cells (TIICs) to find new tumor markers for thyroid cancer.
SBSN was first identified in epithelial tissues (human and murine) and is thought to play a key role in the process of epidermal differentiation (Park et al., 2002). However, in recent years, SBSN has been reported to be aberrantly expressed in certain malignancies, and inhibition of SBSN may lead to the inhibition of cancer cell proliferation, invasion, and metastasis, suggesting that SBSN may be associated with tumor progression. For example, SBSN expression is abnormally regulated in esophageal squamous cell carcinoma (ESCC) (Zhu et al., 2016; Takahashi et al., 2020), salivary adenoid cystic carcinoma (ACC) (Shao et al., 2012), and NSCLC (Glazer et al., 2009). In addition, several studies have shown that SBSN expression in tumors is regulated by several signaling pathways that affect the tumor properties (Alam et al., 2014; Zhu et al., 2016; Takahashi et al., 2020). These results suggest that SBSN may act as an oncogenic factor to promote tumorigenesis and tumor progression. In addition, SBSN plays an important role in the development and progression of immune diseases, such as neuropsychiatric systemic lupus erythematosus (Ichinose et al., 2018) and atopic dermatitis (Aoshima et al., 2019). However, the potential mechanism of SBSN as a proto-oncogene in thyroid cancer progression and immunology is not clear.
In this study, we investigated the expression of SBSN in thyroid cancers of follicular epithelial origin with different degrees of differentiation. The relationship of SBSN with clinicopathological features of patients with PTC, as well as the potential involvement of SBSN in cancer immunity, were also explored. This study suggests an important role for SBSN in thyroid carcinoma and the potential mechanisms by which SBSN may be involved in the processes of thyroid cancer dedifferentiation and immune regulation.
MATERIALS AND METHODS
Data Sources and Pre-Processing
This study used several public datasets, including PTC, PDTC, and ATC datasets. For The Cancer Genome Atlas (TCGA) dataset, RNA sequencing (RNA-seq) data and clinical features of patients with thyroid cancer were identified in and extracted from the TCGA portal and validated (Cancer Genome Atlas Research Network, 2014), with a total of 568 samples, including 502 PTCs, 8 metastatic thyroid cancers, and 58 matched normal thyroid samples. High-throughput sequencing fragments per kilobase of transcript per million mapped reads (FPKM) values were further analyzed for all samples after log2(FPKM+1) transformation. The ATC microarray datasets GSE29265, GSE33630, GSE76039, and GSE65144 were downloaded from the Gene Expression Omnibus database of the National Center for Biotechnology Information by searching for “anaplastic thyroid cancer” and “Homo sapiens.” The PDTC microarray datasets GSE53157 and GSE76039 were downloaded from the same database by searching for “poorly differentiated thyroid cancer” and “Homo sapiens.” All microarray data were background adjusted and normalized by removing the batch processing effect using the R package “sva.” Probes that did not match the gene symbol in the annotation file were deleted. When more than one probe matched the same gene symbol, the average value was calculated as the final expression value. GSE29265 consisted of 9 ATC tissues and 10 adjacent normal thyroid tissues. GSE33630 consisted of 11 ATC tissues and 45 adjacent normal thyroid tissues. GSE65144 consisted of 12 ATC tissues and 13 adjacent normal thyroid tissues. GSE76039 consisted of 17 PDTC tissues and 20 ATC tissues. GSE53157 consisted of five PDTCs, seven classical PTCs, eight PTC follicular variants, and four follicular thyroid carcinomas.
Immune Infiltration Analysis
The ESTIMATE algorithm can determine the ratio of stromal and immune cells based on the gene expression profile in tumor samples. It has been applied to assess the TME in patients, as well as the stromal score (stromal cell content), immune score (degree of immune cell infiltration), ESTIMATE score (a synthetic marker of the stroma and immunity), and tumor purity, using the R package (Yoshihara et al., 2013). The CIBERSORT-ABS and xCell algorithms were used to estimate the relative proportions of various immune cell types in the TME. For each cell type, xCell was used to analyze the enrichment scores of all samples by integrating a single-sample gene set enrichment analysis (ssGSEA) approach (Aran et al., 2017). CIBERSORT-ABS, an analytical method developed by Newman, uses gene expression data to estimate the abundance ratios of 22 cell types in a mixed cell population at a statistical significance level of p < 0.05 (Newman et al., 2015). The reference for the deconvolution of RNA-seq data from patients with cancer was the leukocyte signature matrix (LM22). For cancer immunity cycle analysis, we applied the Tracking Tumor Immunophenotype (TIP) pipeline based on the ssGSEA algorithm (Xu et al., 2018). The TIP scores for the TCGA dataset are available from the online TIP server (http://biocc.hrbmu.edu.cn/TIP/).
Patients and Clinicopathological Data
Eighty specimens from patients with PTC who underwent surgical treatment at the Shengjing Hospital of China Medical University from July 2016 to July 2017 were stored in liquid nitrogen and subjected to quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and western blotting. For immunohistochemical staining, tissues were embedded in paraffin. The selected PTC tissues and paired normal tissues adjacent to cancer were diagnosed by pathology. Normal tissues adjacent to the cancer tissue were collected, from the same patients with PTC, at least 2 cm from the PTC area. Paraffin-embedded tissues from 9 patients with PDTC and 18 patients with ATC who underwent surgical treatment at the Shengjing Hospital of China Medical University from 2010 to 2017 were preserved at the Department of Pathology. All histological sections were reviewed by two specialist pathologists to verify the histological diagnosis. All patients were diagnosed for the first time and did not receive any treatment before surgery. Patients were classified according to the eighth edition of the American Joint Committee on Cancer TNM classification system for differentiated thyroid cancer. Clinical information such as patient age, tumor size, and cervical-lymph-node metastasis was retrieved from the clinical files of the patients. All patients provided informed consent for the use of their clinical and pathological data for research purposes, and all tissue specimens and clinical data were collected according to the protocol approved by the Ethics Committee of the Shengjing Hospital, China Medical University (approval number 2014PS47K).
Functional and Pathway Enrichment Analyses
The GeneMANIA (http://www.genemania.org) database was used to construct a gene-gene interaction network for SBSN, including genes that are associated with SBSN in terms of physical interactions, co-expression, prediction, co-localization, and genetic interactions. Functional and pathway enrichment analyses of the genes co-expressed with SBSN in the cBioPortal database (496 cases from the TCGA Cell 2014 dataset of PTC) were performed using DAVID (https://david.ncifcrf.gov). Genome enrichment analysis was performed using GSEA 3.0 software. The c2.cp.kegg.v6.1.symbols.gmt dataset was downloaded from the Molecular Signatures Database on the GSEA website. Enrichment analysis of SBSNhigh and SBSNlow groups was performed for expression spectrum data and attribute files using the default weighted method. The random classification frequency was set to 1,000.
Immunohistochemical Staining
Formalin-fixed, paraffin-embedded sections (4 μm thick) were prepared and subjected to ethanol gradient dewaxing and endogenous peroxidase blocking. Antigen retrieval was performed by boiling the slides in citrate buffer (pH 6.0) for 7.5 min, followed by cooling to room temperature. The slides were incubated with a polyclonal rabbit anti-human SBSN antibody (1:250; Cat# abx130453; Abbexa, Cambridge, United Kingdom) at 4°C overnight after 30 min of incubation at 37°C with drops of goat blocking serum. Afterward, the slides were rinsed with phosphate-buffered saline (PBS) and incubated with a drop of a horseradish peroxidase-labeled sheep anti-rabbit secondary antibody for 30 min at 37°C. Subsequently, the slides were stained with a 3,3′-diaminobenzidine (Cat# DAB-0031; MXB, Maixin, China) solution for 1–2 min, counterstained with hematoxylin, dehydrated, covered with coverslips, and analyzed by light microscopy. PBS was used instead of the primary antibody in a negative control group. The experimental procedure was carried out according to the SP kit instructions. Five high-magnification fields (×400) were randomly selected from each section under a light microscope and scored by two pathologists. The degree of staining was scored from 0 to 4 (0, none; 1, <10%; 2, 10–50%; 3, 51–80%; and 4, >80%). The staining intensity was scored from 0 to 3 (0, no staining; 1, light yellow; 2, brown-yellow; and 3, brown). To calculate the final score, the two scores were multiplied, and the results were presented as follows: 0–1 point (−), 2–4 points (+), 5–8 points (++), and 9–12 points (+++). We defined −/+ as the low-positive expression group and ++/+++ as the high-positive expression group. To control for errors, the scoring was performed by two independent observers, and a third observer read the films; in cases of disagreement, all three discussed the scores collectively until an agreement was reached.
For M2 macrophages, fields of view with CD163+ M2 macrophages were selected. The number of CD163+ M2 macrophages was counted in five randomized high-magnification fields (×400) per sample, and the mean value was considered as the level of CD163+ M2 macrophages.
For Tregs, fields of view with Foxp3+ Tregs were selected. The number of Foxp3+ Tregs was counted in five randomized high-magnification fields (×400) per sample, and the mean value was considered as the level of Foxp3+ Tregs.
Western Blotting
To extract total proteins, RIPA lysis buffer (Cat#P0013B; Beyotime Biotechnology, Shanghai, China) was added to tissues, and the homogenates were centrifuged at 14,000 × rpm for 45 min at 4°C. Total proteins (40 μg) were separated by SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with 5% bovine serum albumin at room temperature for 2 h and then incubated with primary antibodies at 4°C overnight. Thereafter, the membrane was incubated with a secondary antibody for 2 h at room temperature. The primary antibodies used in this study included a rabbit anti-SBSN polyclonal antibody (1:1,000; Cat# abx130453; Abbexa, Cambridge, United Kingdom) and rabbit polyclonal anti-GAPDH (1:10,000; Cat# 10494-1-AP, Proteintech Group, Inc., Chicago, United States). Peroxidase-labeled goat anti-rabbit or anti-mouse IgG (H + L) (1:2,000; Zhongshan Jinqiao Company, Beijing, China) was used as a secondary antibody. An enhanced chemiluminescence kit (Beyotime Biotechnology) was used for detection. The integrated optical density of each band was measured using Image-Pro Plus 6.0 software (Media Cybernetics Inc., Rockville, MD, United States). The target protein expression level was calculated relative to that of GAPDH, which was used as an internal control.
qRT-PCR
The total RNA was extracted from thyroid tissue specimens using TRIzol reagent (Cat# 9108; Takara, Beijing, China) according to the manufacturer’s instructions. After verification of the purity and concentration, RNA was reverse transcribed into cDNA using a cDNA synthesis kit (Cat# RR047A; Takara, Beijing, China). qRT-PCR of the cDNA (2 μl per 20 μl reaction) was performed using the TB Green ® Premix Ex Taq TM II kit (Cat# RR820; Takara, Beijing, China) and a 7,500 Fast instrument. Primer sequences for SBSN were forwad:5′-CATGGCGTTAGTCAGGCTGGAAG-3′ and reverse:5′-CCTCCTTGCTGGCTTGGTTGAC-3′. The primer sequences used for GAPDH were forward:5′-GGAGCGAGATCCCTCCAAAAT-3′ and reverse:5′- GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG-3′. The PCR protocol was as follows: 95°C for 2 min, followed by 40 cycles at 95°C for 15 s and 60°C for 30 s. The relative expression level was calculated using the 2−ΔΔCt method using GAPDH as a reference gene for normalization.
Statistical Analysis
Statistical analyses were performed using SPSS (20.0) and R (4.0.3) software. The chi-squared test was used to analyze differences in the degree of SBSN immunohistochemical staining among ATC, PDTC, PTC, and adjacent normal thyroid tissues. The relationships between the statistical results of SBSN immunohistochemical staining and the clinicopathological characteristics of PTC were assessed by the chi-squared test and Fisher’s exact probability test. A t-test was used to assess the relationships between the statistical results of SBSN western blotting and qRT-PCR and the clinicopathological characteristics of PTC. Data are expressed as means ± standard deviation. Box plot analysis was performed using the Wilcoxon rank-sum test; correlation between two variables was calculated using Spearman’s rho, and one-way analysis of variance was used for comparison among multiple samples. p < 0.05 was considered to be statistically significant.
RESULTS
Expression of SBSN in Thyroid Cancer Tissues
The relative expression level of SBSN mRNA was evaluated in the 80 PTC tissues and paired paraneoplastic normal tissues. The qRT-PCR results showed that the relative expression level of SBSN mRNA was significantly higher in the PTC tissues than that in the paraneoplastic normal tissues (8.228 ± 1.452 and 5.037 ± .783, respectively; p < 0.05) (Figure 1A). Western blot results showed that the expression level of SBSN in the 80 PTC tissues was significantly higher than that in the paraneoplastic tissues (2.218 ± .343 and 1.563 ± .279, respectively; p < 0.05) (Figures 1B,C). Immunohistochemical staining showed that SBSN protein was mainly expressed in the cytoplasm (Figure 1D). The high-positive expression rate of SBSN was 12.5% (10/80) in the PTC tissues and 0% (0/80) in the adjacent normal tissues (p = .001). In addition, the expression of SBSN in the 9 patients with PDTC and 18 patients with ATC was detected by immunohistochemical staining. The results showed that the high-positive expression rate of SBSN in ATC (88.9%, 16/18) was significantly higher (p < 0.05) than those in PDTC (44.4%, 4/9) and PTC (12.5%, 10/80). Compared with that in PTC, the high-positive expression rate of SBSN was significantly higher (p < 0.05) in the PDTC group (Table 1). The immunohistochemical staining scores are shown in Figure 1E.
[image: Figure 1]FIGURE 1 | Expression of SBSN in different thyroid tissues. (A) Expression of SBSN in papillary thyroid carcinoma (PTC) tissues and normal tissues adjacent to cancer was detected by qRT-PCR (n = 80 per group). (B) Expression of SBSN in PTC and normal tissues adjacent to cancer was detected using western blot (n = 80 per group). (C) Relative grayscale values of SBSN in PTC tissues and normal tissues adjacent to cancer. (D) Expression of SBSN in different thyroid cancer tissue samples (×200, top left ×400). (a) Positive expression of SBSN in PTC tissues; (b) Positive expression of SBSN in poorly differentiated thyroid carcinoma tissues; (c) Positive expression of SBSN in anaplastic thyroid carcinoma tissues; (d) Positive expression of SBSN in normal tissues adjacent to cancer; (e) Negative expression of SBSN in normal tissues adjacent to cancer. (E) Immunohistochemical staining scores of SBSN in various thyroid tissue samples. (F) High expression of SBSN mRNA levels in PTC tissues was associated with lymph node metastasis in patients. For western blot, GAPDH was used as an internal control. Data are expressed as means ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001.
TABLE 1 | Expression of SBSN in different types of thyroid tissue.
[image: Table 1]Relationships Between High SBSN Expression Level and Clinicopathological Characteristics of Patients With PTC
We characterized the clinicopathological characteristics, including the expression levels of SBSN, in 80 PTC patients. As shown in Table 2, the expression levels of SBSN mRNA were significantly different between the groups with and without lymph node metastasis (9.84 ± 1.91 and 4.87 ± 1.93, respectively; p < 0.05) (Figure 1F). The SBSN protein expression level (2.71 ± .49 vs. 1.19 ± .20) and high-positive expression rate (18.52 vs. 0%) were significantly higher (p < .05) in the lymph node metastasis group than in the non-metastasis group, respectively. Other clinicopathological characteristics, such as age, sex, multifocality of PTC, extra-envelope infiltration, tumor size, and clinicopathological stage and grade, were not associated with the relative expression level of SBSN (p > .05; Table 2). The data suggest that SBSN can influence the malignancy of PTC, thus promoting lymph node metastasis. In addition, we analyzed the relationship between SBSN expression and prognosis in 502 PTC patients with complete clinical information in conjunction with the TCGA database and found that SBSN expression had no effect on the survival time of patients (Supplementary Figure S1A), which may be attributed to the good prognosis of PTC and the low number of deaths during follow-up (16/502).
TABLE 2 | Relationship between SBSN and the clinical pathological characteristics in papillary thyroid carcinoma.
[image: Table 2]Biological Interaction Networks of SBSN
We identified the top 20 genes associated with SBSN through the GeneMANIA website, which showed SBSN as the central node surrounded by 20 other nodes (Figure 2A). The five most relevant genes included PTEN-inducible putative kinase 1 (PINK1), tankyrase (TNKS), HAUS augmin-like complex subunit 1 (HAUS1), DNA polymerase kappa (POLK), and glycogen synthase kinase 3β (GSK3B), all of which physically interacted with SBSN. Further functional analysis showed that these genes were associated with protein hydrolysis, amino acid modification, cell adhesion, and regulation of apoptosis. In addition, using the DAVID tool and the “ggplot2” R package, we performed functional and pathway enrichment analyses of genes in the cBioPortal database that were co-expressed with SBSN to view the biological functions and pathways associated with SBSN. Gene Ontology enrichment analysis revealed that SBSN co-expressed genes were associated with a variety of processes, including regulation of signaling, regulation of cellular signal transduction and communication, and cellular responses to chemical stimuli. They were also associated with cellular components, including the neuronal fraction and plasma membrane, and molecular functions, such as enzyme binding, activation of nucleic acid binding transcription factors, and binding of some ions (Figure 2B). Meanwhile, the enrichment of Kyoto Encyclopedia of Genes and Genomes pathways of SBSN-associated genes suggested that SBSN was associated with the PI3K/AKT, mitogen-activated protein kinase (MAPK), and other pathways commonly found in tumors. Interestingly, the cytokine receptor interaction pathway, chemokine signaling pathway, and T-cell receptor signaling pathway, which are associated with tumor immunity, were also enriched in SBSN co-expressed genes (Figure 2C). Similar results were obtained by ssGSEA of the published thyroid dataset (TCGA), wherein samples with high SBSN expression levels were associated with levels of cytokines and chemokines and more pronounced leukocyte migration (Figure 2D).
[image: Figure 2]FIGURE 2 | Gene interactions and enrichment analysis of SBSN. (A) Gene interaction network of the top 20 genes associated with SBSN in GeneMANIA. (B) Gene ontology enrichment analysis by genes co-expressed with SBSN (top five of each type). (C) Kyoto Encyclopedia of Genes and Genomes enrichment analysis by genes co-expressed with SBSN. (D) Gene set enrichment analysis showing SBSN in the published thyroid cancer dataset (The Cancer Genome Atlas database).
Correlation of SBSN Expression Levels With Immune and Stromal Cells in the TME
To assess the distribution of immune and stromal cells in PTC, PDTC, and ATC samples, we analyzed the 502 primary PTC samples from the TCGA dataset; 52 ATC samples from GSE29265, GSE33630, GSE76039, and GSE65144; and 22 PDTC samples from GSE53157 and GSE76039. Based on the median values of SBSN expression levels in the TCGA PTC cohort, PDTC joint cohort, and ATC joint cohort, the samples were divided into SBSNhigh and SBSNlow groups. Based on the ESTIMATE algorithm, we found that, in the PTC samples, the immune score was higher in the SBSNhigh group than in the SBSNlow group (p < 0.01), while SBSN expression level was negatively correlated with tumor purity (p < 0.01). There was no significant association between the stromal scores and SBSN expression levels (Figure 3A). In the ATC samples, the immune and stromal scores were higher in the SBSNhigh group than in the SBSNlow group (p < 0.05), and SBSN expression level was negatively correlated with the extent of tumor purity (p < 0.05; Figure 3B). In the PDTC samples, no significant associations were found between SBSN expression levels and the immune scores, stromal scores, or degree of tumor purity (Supplementary Figure S1B), which may have been due to the small sample size. In conclusion, these findings suggest that SBSN expression may impact immune cells in the PTC TME and immune and stromal cells in the ATC TME.
[image: Figure 3]FIGURE 3 | Comparison of tumor microenvironment (TME) scores and SBSN expression profiles in follicular epithelial cell-derived thyroid cancer. (A) Comparison of the immune score, stromal score, estimate score, and tumor purity in SBSNhigh and SBSNlow papillary thyroid carcinoma tissue groups as calculated by the ESTIMATE algorithm. (B) Comparison of the immune score, stromal score, estimate score, and tumor purity in SBSNhigh and SBSNlow anaplastic thyroid carcinoma tissue groups as calculated by the ESTIMATE algorithm. Differences between SBSNhigh and SBSNlow groups were compared using two-sided Wilcoxon rank-sum test.
Relationship Between SBSN Expression Level and Immune Cell Infiltration
To explore the correlation between SBSN expression and the immune microenvironment, we inferred the abundances of TIICs using CIBERSORT-ABS and xCell. The association between SBSN expression and TIICs in PTC and ATC is shown in Figure 4. In the PTC samples, the proportions of TIIC types were significantly different between patients in the SBSNhigh and SBSNlow groups (Figures 4A,B). Similarly, the proportions of TIICs in the ATC samples were significantly different between the SBSNhigh and SBSNlow groups (Figures 4C,D). In addition, we sought to determine whether the tumor immune microenvironment was different in patients with different SBSN expression levels. For the PTC samples, the results of the deconvolution algorithm CIBERSORT-ABS showed that the proportions of effector B cells (p < 0.05), resting CD4+ memory T cells (p < 0.001), Tregs (p < 0.01), activated natural killer (NK) cells (p < 0.05), M0 macrophages (p < 0.01), M2 macrophages (p < .001), resting dendritic cells (DCs) (p < .05), and activated DCs (p < .0001) were significantly elevated in the SBSNhigh group (Figure 5A). The results of the xCell algorithm showed that 25 out of 64 noncancerous cell types were correlated and 39 cell types were not correlated with SBSN expression (Supplementary Figure S2). Among the former, 15 types had higher proportions in the SBSNhigh group, and 10 types had higher proportions in the SBSNlow group. Numbers of activated DCs (p < .01), B cells (p < .01), conventional DCs (p < .01), DCs (p < .01), immature DCs (iDCs) (p < .01), macrophages (p < .05), M2 macrophages (p < .05), monocytes (p < .01), and Tregs (p < .01) were all significantly elevated in the SBSNhigh group, while those of central memory CD4+ T cells (p < .01) and CD8+ naïve T cells (p < .05) were significantly elevated in the SBSNlow group. In addition, some other cell types, such as keratin-forming cells (p < .01), epithelial cells (p < .01), platelets (p < .05), astrocytes (p < .01), mesangial cells (p < .01), and sebocytes (p < .01), were more prevalent in the SBSNhigh group; meanwhile, endothelial cells (p < .01), ly endothelial cells (p < .01), hematopoietic stem cells (HSC) (p < .01), megakaryocyte–erythroid progenitor (MEP) (p < .01), multinucleated variant endothelial cells (p < .01), neurons (p < .05), osteoblasts (p < .01), and pericytes (p < .05) were more predominant in the SBSNlow group (Figure 5B).
[image: Figure 4]FIGURE 4 | Immune cell infiltration in patients with papillary thyroid carcinoma (PTC) and anaplastic thyroid carcinoma (ATC). (A) Heat map of tumor-infiltrating immune cell (TIIC) fractions, quantified by CIBERSORT-ABS, in PTC. (B) Heat map of TIIC fractions, quantified by xCell, in PTC. (C) Heat map of TIIC fractions, quantified by CIBERSORT-ABS, in ATC. (D) Heat map of TIIC fractions, quantified by xCell, in ATC.
[image: Figure 5]FIGURE 5 | Comparison of different non-cancer cell proportions, quantified by CIBERSORT-ABS algorithm and xCell algorithm, in SBSNhigh and SBSNlow papillary thyroid carcinoma groups. (A) Comparison of different immune cell proportions, quantified by the CIBERSORT-ABS algorithm, in the SBSNhigh and SBSNlow groups. (B) Comparison of different non-cancer cell proportions, quantified by the xCell algorithm, in the SBSNhigh and SBSNlow groups. Differences between SBSNhigh and SBSNlow groups were compared using the two-sided Wilcoxon rank-sum test. *p < .05, **p < .01, ***p < .001, ****p < .0001.
Similar to the results of ESTIMATE analysis, the CIBERSORT-ABS results showed no correlation between the immune cell content in PDTC and SBSN expression (Figure 6A), while xCell analysis yielded higher proportions of only basophils (p < .05), hematopoietic stem cells (p < .05), myocytes (p < .01), smooth muscle cells (p < .05), and T helper (Th) cell type 2 (Th2) cells (p < .05) in the SBSNhigh group. The SBSNlow group had a higher proportion of common lymphoid progenitors (p < .05) as well as naïve B cells (p < .05) (Figure 6B).
[image: Figure 6]FIGURE 6 | Comparison of different non-cancer cell proportions, quantified by CIBERSORT-ABS algorithm and xCell algorithm, in SBSNhigh and SBSNlow poorly differentiated thyroid carcinoma groups. (A) Comparison of different immune cell proportions, quantified by the CIBERSORT-ABS algorithm, in the SBSNhigh and SBSNlow groups. (B) Comparison of different non-cancer cell proportions, quantified by the xCell algorithm, in the SBSNhigh and SBSNlow groups. Differences between SBSNhigh and SBSNlow groups were compared using the two-sided Wilcoxon rank-sum test. *p < .05, **p < .01, ***p < .001, ****p < .0001.
For the ATC samples, the CIBERSORT-ABS results showed that effector B cells (p < .001), resting CD4+ memory T cells (p < .05), activated CD4+ memory T cells (p < .01), follicular helper T cells (p < .01), Tregs (p < .05), resting NK cells (p < .05), activated NK cells (p < .05), macrophages (p < .01), M1 macrophages (p < .01), M2 macrophages (p < .0001), resting mast cells (p < .01), and neutrophils (p < .0001) were significantly more numerous in the SBSNhigh group (Figure 7A). The xCell algorithm showed that 22 out of the 64 noncancerous cell types were correlated and 42 cell types were not correlated with SBSN expression (Supplementary Figure S3). Among the 22 cell types, 17 had higher proportions in the SBSNhigh group and five in the SBSNlow group. Proportions of activated DCs (p < .05), basophils (p < .01), iDCs (p < .05), macrophages (p < .05), M2 macrophages (p < .01), mast cells (p < .01), monocytes (p < .01), naïve B cells (p < .05), and neutrophils (p < .05) were significantly elevated in the SBSNhigh group. Some other cell types, such as fibroblasts (p < .05), granulocyte–macrophage lineage progenitors (p < .01), hematopoietic stem cells (p < .01), megakaryocytes (p < .01), multinucleated variant endothelial cells (p < .05), myocytes (p < .05), preadipocytes (p < .05), and skeletal muscle cells (p < .05) were also more common in the SBSNhigh group. Meanwhile, epithelial cells (p < .05), keratin-forming cells (p < .05), megakaryocyte–erythroid progenitor cells (p < .05), mesangial cells (p < .05), and pericytes (p < .05) were more highly represented in the SBSNlow group (Figure 7B). Taken together, these results suggest that SBSN can regulate different types of tumor-associated cells in PTC as well as in the ATC TME.
[image: Figure 7]FIGURE 7 | Comparison of different non-cancer cell proportions, quantified by CIBERSORT-ABS algorithm and xCell algorithm, in SBSNhigh and SBSNlow anaplastic thyroid carcinoma groups. (A) Comparison of different immune cell proportions, quantified by the CIBERSORT-ABS algorithm, in the SBSNhigh and SBSNlow groups. (B) Comparison of different non-cancer cell proportions, quantified by the xCell algorithm, in the SBSNhigh and SBSNlow groups. Differences between SBSNhigh and SBSNlow groups were compared using the two-sided Wilcoxon rank-sum test. *p < .05, **p < .01, ***p < .001, ****p < .0001.
Correlation of SBSN Expression Levels in PTC and ATC Tumor Tissues With the Densities of CD163+ M2 Macrophages and Foxp3+ Tregs
To confirm the results obtained by comprehensive bioinformatics analysis, we performed immunohistochemical staining of tumor tissues from 80 patients with PTC and 18 patients with ATC for the M2 macrophage marker CD163 and the Treg marker Foxp3. CD163+M2 macrophages and Foxp3+Tregs were mainly distributed in the interstitium of tumor tissues and lymphocyte aggregates in PTC (Figure 8A) and mainly scattered around cancer cells in ATC (Figure 9A). The results showed that, in PTC tissues, the infiltration levels of CD163+M2 macrophages (16.24 ± 4.315) and Foxp3+Tregs (11.88 ± 2.581) were higher in the SBSN high-positive expression group than in the SBSN low-positive expression group (8.606 ± 3.566 and 6.566 ± 2.69, respectively; p < .01) (Figures 8B,C). In ATC tissues, the infiltration levels of CD163+M2 macrophages (29.6 ± 5.791) and Foxp3+Tregs (24.23 ± 4.318) were higher in the SBSN high-positive expression group than in the SBSN low-positive expression group (19.8 ± 1.414 and 16.7 ± 2.687, respectively; p < .05) (Figures 9B,C). In addition, the results of staining of CD163+M2 macrophages and Foxp3+Tregs in 80 cases of PTC and 18 of ATC showed that the total infiltration levels of CD163+M2 macrophages (28.51 ± 6.305) and Foxp3+Tregs (23.39 ± 4.775) were higher in ATC than in PTC (9.56 ± 4.417 and 7.23 ± 3.194, respectively; p < .01) (Figure 9D).
[image: Figure 8]FIGURE 8 | The correlation of SBSN expression with CD163+ M2 macrophages and Foxp3+ T regulatory cells (Tregs) in patients with papillary thyroid carcinoma (PTC) was analyzed by immunohistochemical staining. (A) Immunohistochemical staining of SBSN, CD163, and Foxp3 detected M2 macrophage and Treg infiltration in SBSN low-positive expression and SBSN high-positive expression groups. (B) Scatter-plot of CD163+ M2 macrophage density in the low- and high-positive SBSN expression PTC groups. (C) Scatter-plot of Foxp3+ Treg density in the low- and high-positive SBSN expression PTC groups. Results are presented as means ± standard deviation. ***p < .001.
[image: Figure 9]FIGURE 9 | The correlation of SBSN expression with CD163+ M2 macrophages and Foxp3+ T regulatory cells (Tregs) in patients with anaplastic thyroid carcinoma (ATC) was analyzed by immunohistochemical staining. (A) Immunohistochemical staining of SBSN, CD163, and Foxp3 detected M2 macrophage and Treg infiltration in SBSN low-positive expression and SBSN high-positive expression groups. (B) Scatter-plot of CD163+ M2 macrophage density in the low- and high-positive SBSN expression ATC groups. (C) Scatter-plot of Foxp3+ Treg density in the low- and high-positive SBSN expression ATC groups. (D) Scatter-plots of CD163+ M2 macrophage and Foxp3+ Treg densities in papillary thyroid carcinoma (PTC) and ATC. Results are presented as means ± standard deviation. *p < .05, ***p < .001.
Association of SBSN Expression With the Cancer Immunity Cycle
The cancer immunity cycle involves a series of steps that enable the anti-cancer immune response to kill cancer cells effectively: tumor cell release of antigen (step I), tumor antigen presentation (step II), T cell activation (step III), T cell migration to tumor tissue (step IV), tumor tissue T cell infiltration (step V), T cell recognition of tumor cells (step VI), and clearance of tumor cells (step VII) (Chen and Mellman, 2013). The TIP pipeline was used to estimate the activity score of SBSN in the seven-step cancer immunity cycle in PTC samples. The results showed that the SBSNhigh group had higher scores (p < .05) than those of the SBSNlow group in the processes of T cell recruitment and infiltration of recruited T cells into tumor tissue. These included CD4+ T cells, Th1 cells, Th22 cells, macrophages, monocytes, neutrophils, eosinophils, basophils, B cells, Th2 cells, Tregs, and bone marrow-derived suppressor cells (MDSCs). However, the SBSNhigh group had lower anti-cancer immune scores (p < .05) during T-cell activation and T-cell recognition of tumor cells (Figure 10). Overall, these results suggest a possible role of SBSN in the cancer immunity cycle of PTC.
[image: Figure 10]FIGURE 10 | Comparison between the SBSNhigh and SBSNlow groups in the scores for the cancer immunity cycle in PTC. The thick line represents the median value within each group, and differences between the SBSNhigh and SBSNlow groups were compared using the two-sided Wilcoxon rank-sum test. *p < .05, **p < .01, ***p < .001, ****p < .0001.
DISCUSSION
This study aimed to predict the role of SBSN in follicular epithelial cell-derived thyroid cancer using an extensive bioinformatics data mining approach to explore the relationship between SBSN expression levels and the extent of infiltration by different immune cells. To our knowledge, the present study is the first to highlight the relationship between SBSN expression and immune infiltration in thyroid cancer, providing new insights into the role of SBSN in cancer-associated immune regulation and its application as a cancer biomarker.
SBSN was originally identified in epithelial tissues and is thought to be involved in the process of epidermal differentiation under physiological conditions (Park et al., 2002). In recent years, accumulating evidence has indicated that SBSN plays an important role in the development of a variety of tumors. Hypomethylation of the SBSN promoter leads to elevated SBSN mRNA levels in NSCLC, and aberrant SBSN expression promotes the proliferation of lung squamous cell lines (Glazer et al., 2009). Similarly, in salivary ACC, the CpG island is hypomethylated in SBSN, and knockdown of SBSN inhibits the proliferation and invasive ability of ACC cell lines (Shao et al., 2012). In ESCC, high SBSN expression level shortens patient survival, and overexpression of SBSN enhances the proliferation and invasive ability of esophageal cancer cells, while SBSN knockdown does the opposite (Zhu et al., 2016). In malignant brain tumors, SBSN upregulation is associated with poor prognosis for patients with glioblastoma multiforme (Formolo et al., 2011). Tumor development cannot be separated from angiogenesis, and SBSN is involved in the migration of tumor endothelial cells and angiogenesis through AKT activation (Alam et al., 2014; Takahashi et al., 2020). All of these previous findings suggest that SBSN is involved as an oncogene in tumor progression.
In our study, the possible role of SBSN in follicular epithelial cell-derived thyroid cancer and the involved regulatory mechanisms were explored. SBSN was highly expressed in PTC at the protein and mRNA levels. SBSN expression was significantly associated with cervical-lymph-node metastasis in PTC (p < .05). These results suggest that SBSN expression may be an indicator to assess the aggressiveness of PTC. Importantly, SBSN expression levels increased with decreasing extent of differentiation and increasing rates of malignancy in follicular epithelial cell-derived thyroid cancer; high-positive expression levels were most pronounced in ATC. This finding indicates that SBSN may be involved in regulating the malignancy of tumors and that its expression level may be related to the degree of tumor malignancy, accurately reflecting the progression of tumor malignancy.
We used two types of enrichment analysis to further elucidate the potential mechanisms of SBSN’s involvement in follicular-derived thyroid cancer. SBSN and its co-expressed genes were associated with a variety of biological processes, cellular components, and molecular functions, especially signaling, regulation, and responses to stimuli. SBSN was also found to be associated with several cancer signaling pathways, such as the PI3K/AKT and MAPK pathways; this result is consistent with those of previous studies (Alam et al., 2014; Takahashi et al., 2020). Interestingly, SBSN expression was also significantly enriched in several cancer immunity-related pathways, such as the chemokine pathway, the cytokine and its receptor interaction pathway, and the T-cell receptor signaling pathway, which are usually involved in tumorigenic processes (Liu T. et al., 2012; Li and Rudensky, 2016). These results suggest that SBSN may play complex roles in multiple biological processes.
A deeper analysis of the complexity within the TME may help identify patient populations with the potential to respond to current immune checkpoint therapies and may contribute to the identification of new adjuvant therapeutic targets (Lin et al., 2019). Previously, several studies have reported that elevated immune scores are associated with poor prognosis in patients with different cancers, such as renal cell carcinoma and osteosarcoma (Xu et al., 2019; Zhang et al., 2020), while stromal cells are also thought to play an important role in tumor growth, disease progression, and drug resistance (Denton et al., 2018). Therefore, we explored the relationship between TME scores and SBSN expression using the ESTIMATE algorithm. Our study is the first to demonstrate that, in PTC, SBSN expression level was positively correlated with immune scores and negatively correlated with tumor purity, while no significant association was observed between stromal scores and SBSN expression levels. In ATC, SBSN expression level was significantly positively correlated with immune and stromal scores and negatively correlated with tumor purity. These results suggest that SBSN may contribute to increasing numbers of immune and stromal cells in the TME, which diminishes tumor purity. Indeed, the elevated immune and stromal scores in the TME may indicate either protection or a poor prognosis for the host depending on the type of immune cells that infiltrate the tumor and the specific roles they play in tumor development (Cunha et al., 2014).
The types and relative proportions of TIICs in the TME may correlate with the clinical prognosis of patients (Orhan et al., 2020). Based on the functional enrichment analysis of SBSN and the correlation of its expression with immune and stromal cells in the TME, we further explored the relevance of SBSN expression to immune cell infiltration. Large amounts of RNA-seq data have enabled algorithms that employ the deconvolution principle or gene markers to map the TME of samples. Since there is no gold standard for inferring immune infiltration from RNA-seq data, we selected two algorithms, based on the deconvolution principle and the gene marker principle, to infer the composition of TIICs and confirmed their correlation by immunohistochemical staining. The proportion of M2 macrophages was higher in the SBSNhigh group in both the PTC and ATC samples. The proportion of M2 macrophages in the SBSNhigh group was much higher than that in the SBSNlow group and higher than that of M1 macrophages in the SBSNhigh group in the ATC samples, suggesting that macrophages may be more polarized to the M2 phenotype in ATC. In most tumors, M2 macrophages are present as immunosuppressive cells, which can release growth factors to promote tumor development (Ho et al., 2016). More importantly, M2 macrophages tend to promote neoangiogenesis as well as stromal activation and remodeling (Afik et al., 2016), thus positively influencing cancer progression and negatively affecting patient prognosis (Tiainen et al., 2015). PTC tissues have been shown to have high levels of immunity, especially due to M2 macrophages, and compared with early PTC, advanced PTC exhibits a higher degree of immune infiltration and a higher proportion of M2 macrophages, which accelerate tumor cell migration (Zhang et al., 2021), producing a pro-cancer effect and exacerbating immune escape (Xie et al., 2020). Therefore, a high expression level of SBSN in patients with PTC and ATC may accelerate tumor progression by stimulating the polarization of M2 macrophages.
Furthermore, both CIBERSORT-ABS and xCell results showed that SBSN expression was positively correlated with the percentages of multiple DCs, including iDCs, and Tregs in PTC samples. Similarly, in ATC tissues, the percentage of iDCs was positively correlated with SBSN expression. The numbers of Tregs and DCs have been shown to increase in PTC tissues (Yu et al., 2013). Usually, tumor-infiltrating DCs exhibit an immature phenotype, resulting in altered antigen presentation (Tran Janco et al., 2015). iDCs do not effectively induce T- and NK-cell-mediated immune responses and can even suppress immune responses by producing suppressive cytokines, such as IL-10 and TGF-β (Scouten and Francis, 2006). In addition, Tregs, as well as TAMs, alter the normal replication of endothelial cells by creating a hypoxic environment in the tumor tissue and can achieve immunosuppressive and escape effects by inhibiting the antigen presentation by DCs and the activation of CD8+ T cells in the tumor (Facciabene et al., 2017; Jang et al., 2017). The proportion of Tregs in PTC also correlates with lymph node metastasis and extrathyroidal expansion (French et al., 2010), which is consistent with our results. These findings suggest that patients with PTC and ATC with high SBSN expression levels may benefit from targeting SBSN to reduce the proportions of Tregs and iDCs.
In addition, SBSN expression levels in ATC samples were positively correlated with the proportions of mast cells and neutrophils, unlike those in PTC. The role of neutrophils in cancer is still controversial, but in recent years, thyroid cancer cells have been shown to be able to recruit neutrophils by releasing CXCL8/IL-8, improve their own survival by releasing granulocyte colony-stimulating factor, enhancing the pro-inflammatory response of neutrophils, and upregulate the expression of pro-oncogenic factors (Galdiero et al., 2018). Regarding mast cells in tumors, a previous study showed that the presence of mast cells in ATC correlates with tumor aggressiveness and that mast cells induce epithelial-mesenchymal transition in thyroid cancer cell lines, mainly by activating CXCL8 in the AKT/SLUG pathway (Visciano et al., 2015). These results suggest that SBSN may be involved in the regulation of multiple infiltrating immune cells in the process of tumor development and contribute to tumor progression.
Interestingly, as suggested by the ESTIMATE algorithm, our exploration in PDTC yielded different results from those for ATC and PTC. CIBERSORT-ABS and xCell results showed a low level of immune cell infiltration in PDTC, and most immune cells and stromal cells did not correlate with SBSN expression. This is partly due to the small sample size of PDTC compared with those of PTC and ATC. However, we found similar results in the study by Giannini et al. (2019) who found that PDTC showed poor or absent immune cell infiltration compared with that in ATC and PTC, that the degree of immune cell infiltration in PDTC was even lower than that in normal thyroid tissue, and that, in most cases, PDTC appeared as non–T-cell-inflamed “cold” tumors.
Furthermore, our results showed that, in the xCell analysis of PTC, compared with the SBSNhigh group, the SBSNlow group had a higher proportion of central memory CD4+ T cells as well as CD8+ naïve T cells. Central memory CD4+ T cells were reported to have stronger anti-tumor capacity compared with that of effector memory CD4+ T cells (Klebanoff et al., 2005). They have a strong self-renewal and replication ability and not only survive for a long time in vivo but also can be efficiently expanded in vitro to ensure the number of T cells returned for infusion, which can play a long-term anti-tumor role (Zhou et al., 2005; Berger et al., 2008). Naïve CD8+ T cells will differentiate into many effector cells when encountering antigens such as tumor cells, and these effector cells migrate to the corresponding sites to produce antitumor effects (Brummelman et al., 2018). The decrease in these cellular components coupled with an increase in SBSN expression indicates that the in vivo anti-tumor capacity is weakened and that tumor cells have a greater chance to develop immune escape ability.
Our results also demonstrated that some blood cells showed differential expression in the SBSNhigh and SBSNlow groups. HSCs were able to promote tumor growth and progression in the solid TME (Hassan and Seno, 2020). However, the correlation between SBSN expression and HSCs in PTC and ATC produced opposite results, which may be attributed to the difference in the degree of malignancy of the two subtypes. Compared with PTC, ATC usually exhibits strong invasive and metastatic abilities, which are dependent on the supply of hematopoietic cells, reflecting the pro-carcinogenic role of SBSN in ATC. We also observed that the content of MEPs in ATC and PTC decreased with the expression of SBSN. Usually, in solid tumors or leukemia, MEPs can be transformed into erythroblast-like cells, erythrocytes, or megakaryocytes, thus promoting tumor progression (Wickrema and Crispino, 2007; Han et al., 2018). This implies that elevated SBSN expression may lead to increased conversion of MEPs into the aforementioned cells and may promote tumor progression.
In addition, studies on the dedifferentiation of thyroid cancer have gained interest in recent years. A previous study showed that immune scores are significantly negatively correlated with thyroid cancer differentiation scores (Na and Choi, 2018) and that the least differentiated ATC usually has higher stromal and immune scores than those for highly differentiated PTC (Cunha et al., 2021), which suggests that the immune microenvironment may be involved in the process of thyroid cancer dedifferentiation. In our study, the xCell results showed that SBSN expression in ATC was positively correlated with fibroblast content in tumors, while no such relationship was found in PTC. Wen et al. (2021) found that cancer-associated fibroblast (CAF) content was significantly higher in ATC than in PTC or normal thyroid tissue. The content of CAFs was positively correlated with dedifferentiation, aggressiveness, and poor prognosis of thyroid cancer, which suggests that SBSN may promote dedifferentiation processes and contribute to poor outcomes of thyroid cancer by regulating the content of CAFs. In addition, M2 macrophages can activate the Wnt/β-catenin pathway by secreting Wnt1 and Wnt3a, participating in the dedifferentiation, migration, and proliferation of invasive thyroid cancer cells (Lv et al., 2021). Our study indicated that SBSN expression level was positively correlated with the numbers of M2 macrophages in both PTC and ATC; however, compared with that in PTC, the proportion of M2 macrophages in the SBSNhigh ATC group was significantly higher than that in the SBSNlow group. These findings suggest that SBSN may promote the dedifferentiation and aggressiveness of thyroid cancer cells by regulating the content of M2 macrophages, especially in ATC.
Regarding the cancer immunity cycle, patients with PTC with high SBSN expression levels scored higher in T-cell migration to tumor tissue (step IV) and tumor tissue T-cell infiltration (step V). However, according to the results of the cancer immunity cycle, most of the recruited and infiltrated immune cells, such as TAMs, neutrophils, and Tregs, have immunosuppressive effects on the tumor. There are also some helper T cells, such as Th2 cells, whose secreted cytokines can mediate the polarization of macrophages into the M2 phenotype (Shapouri-Moghaddam et al., 2018), and the increase in Th22 cell number has been reported to be associated with the progression of gastric cancer (Liu Z. et al., 2012). In addition, the recruitment of monocytes and MDSCs is positively correlated with SBSN expression in the cancer immunity cycle. Monocytes have been shown to be direct precursors of HSC-derived macrophages, and upon recruitment to tumor tissue, they can differentiate into TAMs and support tumorigenesis, local progression, and distant metastasis (Richards et al., 2013). MDSCs are rare in healthy subjects, but their numbers are elevated in patients with cancer, in whom they show a potent immunosuppressive potential and are associated with a poor prognosis (Marvel and Gabrilovich, 2015). Furthermore, patients with PTC with high SBSN expression levels showed lower scores in processes such as T cell activation and T cell recognition of tumor cells, which might be due to higher levels of iDCs and Tregs in their tissues, as DCs with an immature phenotype are usually unable to fully activate T cells (Yu et al., 2013) and Tregs also suppress the activation of CD8+ T cells (Jang et al., 2017). In addition, iDCs have abnormally altered antigen-presenting functions (Tran Janco et al., 2015), and Tregs in tumors also suppress antigen-presenting functions of DCs, leading to impaired T-cell recognition (Jang et al., 2017). These results imply that SBSN may suppress T-cell activation and inhibit T-cell recognition by affecting the levels of DCs and Tregs and may contribute to the immune escape of tumor cells.
There are several limitations to the current study. First, more thyroid cancer tissue samples are needed to validate the relationships between SBSN expression and immune and stromal cells in the TME and further explore the correlation between SBSN expression and immune cell infiltration. Second, there is no canonical method to analyze infiltrating immune cells in the TME, and we used two different methods that are based on different principles. Thus, additional studies are needed to elucidate the mechanism of SBSN’s effects on immune cell infiltration in thyroid cancer. Third, RNA-seq-based algorithms may not be sufficiently accurate; overcoming this limitation requires in vivo models to explore the underlying biological mechanisms of SBSN’s effects and its interaction with tumor immunity in thyroid cancer.
CONCLUSION
In conclusion, our study showed that SBSN is highly expressed in follicular epithelial cell-derived thyroid cancer. The expression level of SBSN increases with decreasing extent of cancer cell differentiation and is associated with lymph node metastasis in patients with PTC, which can be used as a potential biomarker for follicular epithelial cell-derived thyroid cancer. In addition, SBSN can influence the cancer immunity cycle and promote thyroid cancer dedifferentiation by regulating the level of immune cell infiltration in the TME. This suggests that SBSN may be a therapeutic target whose inhibition may promote anti-tumor immune response. Thus, a comprehensive understanding of the relationship between SBSN expression and immune infiltration may provide new insights into the immunotherapy of thyroid cancer.
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Supplementary Figure S1 | (A) Survival curves of 502 patients with papillary thyroid carcinoma in the Cancer Genome Atlas (TCGA) database. (B) Comparison between SBSNhigh and SBSNlow poorly differentiated thyroid carcinoma groups in the immune score, stromal score, estimate score, and tumor purity, calculated by ESTIMATE algorithm.
Supplementary Figure S2 | Non-cancerous cells that do not correlate with SBSN expression as derived by the xCell algorithm in papillary thyroid carcinoma.
Supplementary Figure S3 | Non-cancerous cells that do not correlate with SBSN expression as derived by the xCell algorithm in anaplastic thyroid carcinoma.
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