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Abstract 

Introduction: Elevated levels of reactive oxygen species (ROS) have been 

proposed as a risk factor for the development of papillary thyroid carcinoma 

(PTC) in patients with Hashimoto thyroiditis (HT). However, it has yet to be 

proven that the total levels of ROS are sufficiently increased to contribute to 

carcinogenesis. We hypothesized that if the ROS levels were increased in HT, 

ROS-related genes would also be differently expressed in PTC with HT. 

Methods: To find differentially expressed genes (DEGs) we analyzed data 

from the Cancer Genomic Atlas, gene expression data from RNA sequencing: 

33 from normal thyroid tissue, 232 from PTC without HT, and 60 from PTC 

with HT. We prepared 402 ROS-related genes from three gene sets by genomic 

database searching. We also analyzed a public microarray data to validate our 

results. 

Results: Thirty-three ROS related genes were up-regulated in PTC with HT, 

whereas there were only nine genes in PTC without HT (Chi-square p-value < 

0.001). Mean log2 fold changes of up-regulated genes was 0.562 in HT group 

and 0.252 in PTC without HT group (t-test p-value = 0.001). In microarray data 

analysis, 12 of 32 ROS-related genes showed the same differential expression 

pattern with statistical significance. In gene ontology analysis, up-regulated 

ROS-related genes were related with ROS metabolism and apoptosis. Immune 

function-related and carcinogenesis-related gene sets were enriched only in HT 

group in Gene Set Enrichment Analysis. 

Conclusions: Our results suggested that ROS levels may be increased in PTC 

with HT. Increased levels of ROS may contribute to PTC development in 
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patients with HT. 

---------------------------------------------------------------------------------------------- 

Keywords: Reactive oxygen species, Thyroid cancer, Hashimoto thyroiditis, 

Gene expression, Bioinformatics 

Student Number: 2011-23753 
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Introduction 

 

The clinical association between Hashimoto thyroiditis (HT; chronic 

lymphocytic thyroiditis) and papillary thyroid carcinoma (PTC) has been 

extensively studied, but the precise relationship between these two diseases is 

still being debated. Several analyses of surgical resection specimens have 

shown that PTC is frequently accompanied by HT. Interestingly, PTC with HT 

is associated with a lower rate of neck lymph node metastasis and has a better 

prognosis than PTC without thyroiditis in spite of increased incidence 

correlation [1-10]. In contrast, other studies conducted by fine-needle aspiration 

biopsy specimens and ultrasonographic findings have found no correlation 

between the incidences of these two diseases, with researchers insisting that HT 

does not increase the risk of thyroid cancer [11-13]. To date these studies have 

consisted only of clinical retrospective reviews. To resolve the controversial 

relationship between these two diseases that occur in the same organ, additional 

biological and/or genomic evidence is needed.  

One possible biological mechanism for a connection between these two 

diseases is the elevated levels of reactive oxygen species (ROS), expelled from 

the lymphocytes during the progression of HT [14, 15]. HT is a chronic 

autoimmune disease accompanied by extensive infiltration of lymphocytes. 

Lymphocytes produce ROS as a byproduct of cell-mediated immune processes. 

Although ROS production from the lymphocytes increases in HT, we cannot 

safely conclude that the total amount of intra-thyroidal ROS level also rises 

enough to induce the development of cancer because thyroid cells normally 
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produce huge amounts of hydrogen peroxide (H2O2), a typical form of ROS, 

during thyroid hormone biosynthesis. With the progression of HT, thyroid cells 

are destroyed by the lymphocytic invasion. Thyroid hormone production ceases 

and byproduct ROS production is also stopped as thyroid cell destruction 

proceeds [16]. In summary, ROS production from the lymphocytes was 

increased but ROS from normal thyroid cells was decreased. Therefore, it is 

difficult to estimate the changes in total intra-thyroidal ROS levels in thyroid 

gland with HT. 

To circumvent these challenges, we took a bioinformatics approach to reveal 

the ROS level elevation in PTC with HT. We hypothesized that if the total 

intrathyroidal ROS level increases in HT due to the accumulation of 

lymphocytic ROS resulting in disruption of the redox balance, ROS-related 

genes and pathways would be differently expressed from the PTC with/without 

HT. To test this hypothesis, we analyzed gene expression data from RNA-

sequencing in the Cancer Genome Atlas (TCGA, The Cancer Genome Atlas 

research network: http://cancergenome.nih.gov) and microarray data in Gene 

Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). 
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Materials and Methods 

 

TCGA data processing and making subgroups 

As of May 2014, TCGA group has released multigenomic analyses results 

from 502 PTC patients with partially open access. We downloaded clinical 

information and normalized RNA-sequencing mRNA read count results. Fig. 1 

outlines the steps for creating subgroups. TCGA RNA sequencing data included 

558 results: 58 from normal thyroid tissue, 492 from primary PTC tissue, and 

8 from metastatic tissue. Each sample was reported as 20,531 rows (genes) and 

one column (read counts, in units of RSEM [RNA-Seq. by Expectation 

Maximization]), with upper-quartile normalization performed by the TCGA 

team. We integrated 58 normal thyroid tissue and 492 primary PTC results into 

a meta-table that comprised 20,531 rows (genes) and 550 columns (patients). 

Eight results from metastatic tissue were excluded. Next, we examined all 

clinical records and excluded samples with lack of pathologic information. 

Patients with a history of external radiation exposure were also excluded 

because the radiation could have degraded ROS-related systems and thus acted 

as a critical confounding factor in this ROS-related study. 
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Fig 1. Flow chart for grouping TCGA RNA-sequencing results according to 

clinical information. The final groups used for our analyses were: (1) Normal, 

(2) PTC, and (3) HT-PTC. 
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We split the PTC samples into two groups according to pathologic status, i.e., 

PTC without HT and PTC with HT. Although the TCGA data had already been 

normalized, we verified the density plot to flag outlier samples ourselves and 

identified two outliers that we excluded from our analysis (Fig. 2). The final 

analysis included the following three groups: (1) Normal thyroid (n = 33, 

hereafter referred to as “Normal group”, (2) PTC without HT (n = 232, “PTC 

group”), and (3) PTC with HT (n = 60, “HT-PTC group”). 

 

 

 

Fig 2. Density plot of the 234 initial PTC samples. Two outliers, drawn in red 

and sky blue, were excluded from the analysis. 
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Generating ROS-related gene sets 

We created three ROS-related gene sets to use in our analysis. Gene Set 1 

was prepared by searching the National Center for Biotechnology Information 

Gene Expression Omnibus (NCBI GEO) profile database 

(http://www.ncbi.nlm.nih.gov/geoprofiles) and the AmiGO2 gene ontology 

database (http://amigo.geneontology.org/amigo) [17]. As of May 2014, the 

NCBI GEO profile database provided 182,114 pertinent gene records and the 

AmiGO2 search engine returned 358 genes, in response to our query terms: 

“reactive oxygen species, homo sapiens”. From these numerous records, we 

extracted unique gene names and IDs, including 364 unique genes that are 

known to be associated with the ROS-related system in the human system. 

The information for Gene Sets 2 and 3 was obtained from the Gene Ontology 

Consortium (http://geneontology.org/), specifically, the gene ontology terms 

related to “reactive oxygen species”. Gene Set 2 includes 146 genes annotated 

with Gene Ontology (GO):0000302, “response to ROS” and Gene Set 3 

contains 133 genes annotated with GO:0072593, “ROS metabolic process”. As 

a result we compiled a total of 402 ROS related genes when the three gene sets 

are combined. 

 

Validation Study using public microarray data from GEO database 

To validate our results from TCGA data, we analyzed a public microarray 

repository from the Gene Expression Omnibus (GEO): “GSE29315, 

compilation of expression profiles in distinct thyroid neoplasias”, conducted 

by Tomas G et al.  

The microarray platform used was the Affymetrix Human Genome U95 
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Version 2 Array. GSE29315 data contain 12,625 gene expression counts from 

various types of thyroid tissues: 17 follicular adenomas, 9 follicular thyroid 

carcinomas, 13 follicular variant PTCs, 9 PTCs, 6 HT (HT-PTCs), 8 thyroid 

hyperplasias, and 9 Hurthle cell adenomas. We downloaded the microarray 

results served as “*.CEL” files from six HT-PTC and nine PTC results. To 

analyze microarray data with background correction, normalization, and extract 

gene expressions (RMA, Robust Multi-array Average), we used “affy” package 

in Bioconductor (http://www.bioconductor.org/) [18]. 

 

Statistical analysis 

All statistical analyses were performed in R.3.1.2 [19], with graphs generated 

in the same program. Fig. 3 shows the steps of our statistical analysis. To find 

differentially expressed genes (DEGs) among the three groups, we performed 

one way ANOVA test with all 20,531 genes. To correct false positive rates from 

multiple comparisons, the False Discovery Rate method was used, with 

adjusted q-values < 0.05 considered as statistically significant. To find specific 

DEGs between the PTC and HT-PTC groups that represented differential 

expression according to just HT, and not from the normal versus cancer, we 

applied Tukey’s honestly significant difference (HSD) test on the significant 

genes obtained from initial ANOVA test. We filtered out 2,111 significant genes 

that show differential expression pattern in PTC versus HT-PTC group only 

using Tukey’s HSD test. From these filtered genes, we selected ROS-related 

DEGs that intersected with the 402 ROS-related genes that we had prepared 

above. The fold-change of each DEG was calculated by the following equation: 

log2 (mean expression value in HT-PTC/mean expression value in PTC). To 
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validate ROS-related DEGs in microarray data, unpaired t-test was applied on 

gene expression counts (RMA) between six HT-PTC and nine PTC groups. A 

p-value < 0.05 was considered as a statistically significant differential 

expression between the two groups. 

 

 

Fig 3. Steps in the statistical analysis used in this study. From the full set of 

20,531 genes, we identified 42 DEGs between the PTC and HT-PTC groups. 
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Gene ontology (GO) and gene set enrichment analysis (GSEA) 

After obtaining the ROS-related DEGs, we used the DAVID (Database for 

Annotation, Visualization and Integrated Discovery Bioinformatic Resources 

6.7) program to check each DEG’s dominantly-expressed tissue and its ROS-

related biologic function such as ROS-producing or ROS-eliminating 

(scavenging) from microenvironment [20]. We also checked gene ontology 

enrichment using up-regulated genes in HT-PTC or PTC group with DAVID 

gene ontology analyzing tool. The Gene Set Enrichment Analysis (GSEA) 

program was used for pathway analysis [21]. We initially inputted all 20,531 

gene expression counts from the RNA sequencing RSEM results to find which 

pathways were differently enriched between HT-PTC and PTC group. The 

Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to 

reference pathway database in GSEA program [22]. Additionally, we used our 

three ROS-related gene sets as another metric to determine whether these 

specific ROS-related gene sets were enriched or not in the HT-PTC group. In 

GSEA, an FDR q-value < 0.25 was considered to indicate statistically 

significant enrichment.  



10 

 

Results 

 

DEG analysis 

Table 1 shows the gene name, their description, dominantly-expressed tissue, 

and ROS-related function of 42 ROS-related DEGs between HT-PTC and PTC. 

Thirty-three genes were up-regulated in HT-PTC group and nine genes were 

up-regulated in PTC group. Among the 33 genes that were up-regulated in HT-

PTC, 22 genes were dominantly expressed in immune function-related cells, 

such as lymphocytes, neutrophils, lymph nodes, and so on, and 11 genes were 

thyroid cells. Five genes were related to ROS production whereas 15 genes 

were correlated with the removal or elimination of ROS from tissue. In the PTC 

group, five genes were expressed in immune cells and three genes were in 

thyroid cells. No ROS-producing gene and only one ROS-eliminating gene was 

found in PTC group. DEG's tissue dominancy and ROS related functions were 

summarized in table 2. 11.5% of immune cell dominantly expressed genes are 

related with ROS production and 34.6% are related with ROS elimination. In 

the thyroid dominantly expressed genes, 7.1% are linked with ROS production 

whereas 57.1% are associated with ROS elimination.  
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Table 1. 42 DEGs between HT-PTC versus PTC group. Dominantly expressed 

tissue and ROS related function of DEGs were indicated by check sign. 

Gene 

Name 
Description 

Dominant Tissue 
ROS Related 

Function 

Immune 

cell* 
Thyroid Produce Eliminate 

SFTPC 
Surfactant protein 

C 
    

CD38 CD38 molecule ✔    

TPO 
Thyroid 

peroxidase 
✔ ✔  ✔ 

IPCEF1 

Interaction protein 

for cytohesin 

exchange factors 

1 

 ✔  ✔ 

LCK 

LCK proto-

oncogene, Src 

family tyrosine 

kinase 

✔    

NCF1 
Neutrophil 

cytosolic factor 1 
✔  ✔  

BTK 

Bruton 

agammaglobuline

mia tyrosine 

kinase 

✔    

PPARGC

1A 

Peroxisome 

proliferator-

activated receptor 

gamma, 

coactivator 1 

alpha 

    

TRPM2 

Transient receptor 

potential cation 

channel, 

subfamily M, 

member 2 

   ✔ 

CYBB 

Cytochrome b-

245, beta 

polypeptide 
✔  ✔ ✔ 

BCO2 
Beta-carotene 

oxygenase 2 
   ✔ 

RAC2 

Ras-related C3 

botulinum toxin 

substrate 2 (rho 

family, small GTP 

binding protein 

Rac2) 

✔    

PPIF 
Peptidylprolyl 

isomerase F 
✔ ✔   

PDK1 
Pyruvate 

dehydrogenase 
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kinase, isozyme 1 

SLC8A1 

Solute carrier 

family 8 

(sodium/calcium 

exchanger), 

member 1 

   ✔ 

IL18BP 
Interleukin 18 

binding protein 
✔    

NCF2 
Neutrophil 

cytosolic factor 2 
  ✔  

SFTPD 
Surfactant protein 

D 
 ✔   

MICB 

MHC class I 

polypeptide-

related sequence 

B 

✔    

GPX3 

Glutathione 

peroxidase 3 

(plasma) 

 ✔  ✔ 

SOD2 

Superoxide 

dismutase 2, 

mitochondrial 
✔ ✔ ✔ ✔ 

PTGS1 

Prostaglandin-

endoperoxide 

synthase 1 

(prostaglandin 

G/H synthase and 

cyclooxygenase) 

✔   ✔ 

BAK1 
BCL2-

antagonist/killer 1 
✔    

JAK2 Janus kinase 2   ✔  

GCLC 

Glutamate-

cysteine ligase, 

catalytic subunit 
✔   ✔ 

PREX1 

Phosphatidylinosi

tol-3,4,5-

trisphosphate-

dependent Rac 

exchange factor 1 

✔    

MSRB2 

Methionine 

sulfoxide 

reductase B2 
✔   ✔ 

PRDX1 Peroxiredoxin 1  ✔  ✔ 

ETFDH 

Electron-

transferring-

flavoprotein 

dehydrogenase 

✔ ✔  ✔ 

C12orf5 

Chromosome 12 

open reading 

frame 5 
✔    

NDUFS1 

NADH 

dehydrogenase 

(ubiquinone) Fe-S 
✔ ✔  ✔ 
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protein 1, 75kDa 

(NADH-

coenzyme Q 

reductase) 

GRB2 

Growth factor 

receptor-bound 

protein 2 
✔ ✔   

PRDX3 Peroxiredoxin 3 ✔ ✔  ✔ 

ERCC3 

Excision repair 

cross-

complementation 

group 3 

✔    

HDAC6 
Histone 

deacetylase 6 
   ✔ 

LIG1 
Ligase I, DNA, 

ATP-dependent 
✔    

PON2 Paraoxonase 2     

RBM11 
RNA binding 

motif protein 11 
    

OXR1 
Oxidation 

resistance 1 
✔ ✔   

ANXA1 Annexin A1 ✔ ✔   

PLK3 Polo-like kinase 3     

KLF4 
Kruppel-like 

factor 4 (gut) 
✔ ✔   

* Lymphocytes, neutrophil and lymph nodes.  

 

 

 

Table 2. Tissue dominancy and ROS related function in ROS related DEGs. 

Dominant tissue ROS related function Numbers Percentage 

Immune cell 

(n = 26) 

Production 3 11.5% 

Elimination 9 34.6% 

Thyroid cell 

(n = 14) 

Production 1 7.1% 

Elimination 8 57.1% 
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Fold changes of 42 ROS-related DEGs are shown in Fig. 4. Positive fold 

changes indicate that the genes had higher expression in the HT-PTC whereas 

negative fold changes indicate that the genes had higher expression in the PTC 

group. The proportions of up-regulated genes were significantly different 

between the two groups according to the Chi-square test (p < 0.001). Mean log2 

fold change was 0.562 in the HT-PTC group and 0.252 in the PTC group. These 

values were also significantly different (t-test p = 0.001). In the HT-PTC group, 

13 DEGs had log2 fold-change values greater than 0.5. However, no DEGs in 

the PTC group had log2 fold-change values greater than 0.5. 

 

 

Fig 4. Log2 fold changes of ROS-related DEGs ordered by fold-change values. 
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 After obtaining DEGs from TCGA RNA sequencing data, we validated our 

results with another dataset from the microarray experiment. Among the 42 R 

OS related DEGs, 32 genes were represented in the microarray gene list. 

Twelve genes showed significant differential expression pattern under the t-test 

p-value < 0.05 between HT-PTC and PTC groups. Eleven genes were up-

regulated in HT-PTC and one gene was up-regulated in PTC (Fig. 5). The 

differential expression patterns of these 12 genes were the same as the TCGA 

fold change results. 

 

Fig 5. Twelve genes that have differential expression pattern under the t-test p-

value < 0.05 between HT-PTC and PTC groups. Eleven genes were up-

regulated in HT-PTC and one gene was up-regulated in PTC. Y-axis means the 

gene expression value, unit is RMA (Robust Multi-array Average). 
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 To determine possible biased effects from clinical variables such as age, sex, 

or disease stage that may influence gene expression, we reclassified the PTC 

and HT-PTC groups according to clinical variables and again performed the t-

test to compare the different clinical subgroups. No significant variables were 

identified that could have confounded our DEG results. 

 

Gene ontology (GO) and gene set enrichment analysis 

Table 3 shows the significantly enriched GOs in biologic process using up-

regulated ROS-related DEGs as input to DAVID analysis. Total 24 GOs were 

significantly enriched. Twelve GOs were related to ROS metabolism and 

oxidative stress. Six GOs contained the term “homeostasis” and three GOs were 

related to cell apoptosis. There was no significantly enriched pathway using up-

regulated DEGs in PTC group.  
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Table 3. Significantly enriched (FDR q-value < 0.05) gene ontologies (Biologic 

Process) in the HT-PTC group. 

GO 

Number 
Term Count 

Fold 

Enrichment 
FDR 

GO:0006979 Response to oxidative stress 14 36.088 <0.001 

GO:0042592 Homeostatic process 13 7.318 <0.001 

GO:0055114 Oxidation reduction 12 7.939 <0.001 

GO:0006800 Oxygen and reactive oxygen 

species metabolic process 

11 69.407 <0.001 

GO:0019725 Cellular homeostasis 11 9.979 <0.001 

GO:0048878 Chemical homeostasis 11 9.083 <0.001 

GO:0042981 Regulation of apoptosis 11 5.784 0.011 

GO:0043067 Regulation of programmed 

cell death 

11 5.727 0.012 

GO:0010941 Regulation of cell death 11 5.706 0.013 

GO:0055082 Cellular chemical 

homeostasis 

10 11.125 0.000 

GO:0006873 Cellular ion homeostasis 9 10.173 0.002 

GO:0050801 Ion homeostasis 9 9.303 0.004 

GO:0010035 Response to inorganic 

substance 

7 14.435 0.009 

GO:0006801 Superoxide metabolic process 6 101.460 0.000 

GO:0042743 Hydrogen peroxide metabolic 

process 

6 101.460 0.000 

GO:0042542 Response to hydrogen 

peroxide 

6 45.295 0.000 

GO:0000302 Response to reactive oxygen 

species 

6 33.820 0.001 

GO:0034614 Cellular response to reactive 

oxygen species 

5 70.458 0.001 

GO:0034599 Cellular response to oxidative 

stress 

5 49.157 0.004 

GO:0033194 Response to hydroperoxide 4 281.833 0.000 

GO:0051881 Regulation of mitochondrial 

membrane potential 

4 153.727 0.003 

GO:0042554 Superoxide anion generation 4 130.077 0.005 

GO:0042744 Hydrogen peroxide catabolic 

process 

4 99.471 0.011 

GO:0070301 Cellular response to hydrogen 

peroxide 

4 93.944 0.013 
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In the GSEA with all 20,531 genes, 53 pathways were significantly enriched 

in HT-PTC group but no pathway was enriched in PTC group (Table 4). Ten 

pathways were related to immune process, and only one pathway, the 

chemokine signaling pathway, was correlated with carcinogenesis. The 

enrichment plots from GSEA using our three ROS-related gene sets are shown 

in Fig. 6. Gene Sets 1 and 3 were significantly enriched toward the HT-PTC 

group, using FDR q-value < 0.25. Gene Set 2 was also enriched toward HT-

PTC side but had no significant q-value. This result suggests that the ROS-

related gene sets are highly activated in the HT-PTC group. 
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Table 4. Significantly enriched pathways in HT-PTC group from the GSEA 

analysis. 

Pathways in KEGG database FDR q-value 

Antigen processing and presentation * 0.012 

Autoimmune thyroid disease * 0.026 

Natural killer cell mediated cytotoxicity * 0.050 

Type I diabetes mellitus 0.052 

Intestinal immune network for IgA production 0.052 

Systemic lupus erythematosus 0.058 

Hematopoietic cell lineage 0.061 

Asthma 0.062 

T cell receptor signaling pathway * 0.063 

Glycolysis gluconeogenesis 0.065 

Graft versus host disease 0.068 

Allograft rejection 0.069 

Primary immunodeficiency 0.074 

Ascorbate and aldarate metabolism 0.075 

Pyruvate metabolism 0.076 

Beta alanine metabolism 0.077 

Chemokine signaling pathway * 0.079 

Leishmania infection 0.080 

Tryptophan metabolism 0.080 

Butanoate metabolism 0.080 

B cell receptor signaling pathway * 0.082 

Propanoate metabolism 0.082 

Valine leucine and isoleucine degradation 0.084 

Proteasome 0.085 

Viral myocarditis 0.092 

Fatty acid metabolism 0.101 

Terpenoid backbone biosynthesis 0.111 

Porphyrin and chlorophyll metabolism 0.116 

Pantothenate and coa biosynthesis 0.118 

Citrate cycle TCA cycle 0.119 

Peroxisome 0.119 

Cell adhesion molecules cams * 0.121 

Oxidative phosphorylation 0.122 
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Cytokine cytokine receptor interaction * 0.123 

Cytosolic DNA sensing pathway 0.124 

Toll like receptor signaling pathway * 0.126 

Fc gamma R mediated phagocytosis * 0.145 

Huntingtons disease 0.163 

Parkinson's disease 0.166 

Fructose and mannose metabolism 0.168 

Nicotinate and nicotinamide metabolism 0.192 

Fc epsilon RI signaling pathway * 0.197 

Alzheimers disease 0.200 

Amino sugar and nucleotide sugar metabolism 0.202 

Lysine degradation 0.208 

Pentose and glucuronate interconversions 0.209 

Histidine metabolism 0.211 

Protein export 0.216 

RNA degradation 0.216 

Arginine and proline metabolism 0.246 

Vibrio cholerae infection 0.246 

Snare interactions in vesicular transport 0.247 

Glutathione metabolism 0.249 

* : Immune process and cancer related pathways 
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Fig 6. Enrichment plots of three ROS-related gene sets. (A) Gene Set 1, FDR 

q-value = 0.155. (B) Gene Set 2, FDR q-value = 0.252. (C) Gene Set 3, FDR q-

value = 0.093. FDR q-value < 0.25 was considered to indicate statistical 

significance. 
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Discussion 

 

Increased levels of ROS and oxidative stress are strongly associated with 

age-dependent disease, chronic inflammation, and increased risk of cancer 

development [23]. As discussed in a recent review article, many studies have 

shown that the loss of ROS balance is related to cancer, such as cancer of the 

breast, prostate, liver, lung, pancreas and so on. Furthermore, known cancer-

related pathways, such as chemokine, c-myc, EGF, DNA repair mechanism, 

JAK/STAT, JNK, MAPK, mTOR, PI3K/Akt, p53, and PTEN, are linked with 

altered ROS status [24]. A recent clinical experimental study with radical 

prostatectomy tissue has shown that Nox-5 derived ROS exerts a carcinogenic 

effect by depletion of protein kinase C zeta and c-Jun N-terminal kinase (JNK) 

[25]. 

In the same context, oxidative stress and elevated ROS levels have been 

proposed to be a risk factor for the development of thyroid cancer [26-28]. 

Various experimental methods have been developed to detect the levels of ROS 

in specific tissues. However, these techniques tend to be extremely demanding 

for a variety of reasons. For instance, ROS have extremely short half-lives, 

generally on the order of nanoseconds to seconds. Moreover, their steady-state 

concentrations are in the picomolar to very low nanomolar range. ROS 

detection techniques also have demanding experimental requirements, such as 

fresh blood or tissue, expensive detection kits, and specialized techniques [29]. 

However, estimating the ROS level in thyroid or thyroid cancer tissue is more 

challenging than in other organs because thyroid cells themselves normally 
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produce substantial amounts of hydrogen peroxide. To protect itself from the 

harmful effects of hydrogen peroxide production, the thyroid gland contains 

many anti-ROS defense mechanisms, such as antioxidants and free radical-

scavengers [16]. This active ROS-production and elimination system in normal 

thyroid tissue makes it difficult to conduct ROS-related experimental study in 

thyroid cancer or HT.  

Several groups have developed promising methods for accurately 

quantifying the levels of ROS in thyroid tissue. Although these methods were 

shown to effectively estimate ROS levels in the thyroid, a biological or genomic 

relationship has not been clearly demonstrated between ROS and PTC using 

these methods [29]. Only a limited number of genomic studies focusing on 

ROS-related genes in thyroid cancer or HT have been performed. Moreover, 

the genomic studies that have been performed have focused on specific genes, 

including DUOX1/2, NOX, TPO, TG, GSH and GPX [30-34]. In 2013, Martinez 

et al. performed a purely bioinformatics-based analysis of TCGA data and 

found that the oxidative response pathway is frequently down-regulated in PTC 

via genomic and epigenetic mechanisms [35]. However, only one protein 

complex, the KEAP1/CUL3/RBX1 E3-ubiquitin ligase complex, was 

considered in the activation of the pathway. Furthermore, samples were not 

grouped according to their clinical information such as thyroiditis. 

According to our TCGA RNA-sequencing data analysis, a number of ROS-

related genes were significantly up-regulated in the HT-PTC group. Compared 

with the PTC group, more genes were up-regulated in the HT-PTC group 

including those that showed higher fold changes. Among the up-regulated 

genes, NCF1, CYBB, SOD2 and NCF2 are dominantly expressed in immune 
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cells and its role in the ROS system is correlated with ROS production. In 

contrast, genes that are dominantly expressed in thyroid tissue, TPO, IPCEF1, 

GPX3, SOD2, PRDX1, ETFDH, NDUFS1 and PRDX3, are correlated with 

ROS elimination (Table 1). From this result, we can infer that ROS from 

immune cells are increased, and that the protective mechanism from thyroid 

cells was enhanced against the increased ROS from immune cells in the HT-

PTC microenvironment. 

In the validation study from microarray data, part of the ROS-related DEGs 

from TCGA had the same expression pattern between the two PTC groups. 

Moreover, genes that showed higher fold change value over 1.0 in TCGA 

analysis, such as TPO, CD38 and IPCEF1, have similarly large differential 

expressions between the two groups. Although some genes show a reverse 

expression direction in microarray dataset, they have no statistical significance 

in t-test. With this validation analysis, we can assert that up-regulated genes in 

HT-PTC from RNA sequencing have similar expression patterns in different 

analysis platforms such as microarray chip analysis. 

Our study proposed to obtain genomic evidence of ROS elevation in PTC 

with HT by RNA sequencing and microarray, without resorting to difficult ROS 

detection experiments. Increased ROS from immune cells in HT status can 

destroy the normal thyroid tissue by its cytotoxic effect which can then lead to 

thyroid cancer development. In the GSEA result in Table 3, the HT-PTC group 

was more enriched than the PTC group in immune function-related pathways 

and one cancer related pathway, the “chemokine signaling pathway”, that 

contains cancer-related sub-pathways, such as the Jak-STAT signaling pathway, 

MAPK signaling pathway, and PI3K/Akt pathway. Moreover, ROS-related 
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Gene Sets 1, 2, and 3 were enriched toward the HT-PTC group. Increased 

enrichment of immune function related pathways may be derived from chronic 

inflammation under HT. However, chemokine signaling pathway enrichment 

could provide a molecular background for the carcinogenic effect of elevated 

ROS levels in PTC with HT. To date, there is yet no study that provides clear 

evidence of biologic mechanisms for prognostic advantage and low metastatic 

potential in PTC with HT patients [36]. Enhanced immune function may be 

able to suppress the metastatic potential of thyroid cancer, leading to more 

favorable clinical prognoses in patients with PTC with HT. However, this 

hypothesis requires solid verification because there is no published report of 

any particular immune response pathway that contributes to either progression 

or suppression of carcinogenesis. 

This study has another meaning for clinical practitioners. Several clinical 

studies have reported that antioxidant therapy provides protective effects 

against various thyroid diseases, including improvements in chronic thyroiditis, 

amelioration of thyroid disease in pregnant women, and relief of 

ophthalmopathic symptoms in Graves’ disease [37-39]. Our genomic 

background for ROS elevation in HT-PTC could support the potential benefits 

of antioxidant therapy in HT patients, not only in treating thyroiditis symptoms, 

but also in delaying or preventing the development of thyroid cancer. 

Our study has some limitations. Although we could estimate the ROS level 

elevation in HT-PTC group from the gene expression study using RNA 

sequencing and microarray data, classic experimental validation such as 

quantitative RT-PTC is still necessary to provide biological confirmation of our 

findings. Also, there is no experimental or published evidence that the 
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differential expression of ROS-related genes is significantly correlated with 

actual ROS levels in thyroid tissue. To address these issues, future studies will 

need to focus on ROS level estimation as well as the expression levels of ROS-

related genes. 

From the oncologic standpoint, TCGA clinical data do not provide a clear 

description of the obligate order of PTC and HT. Therefore, we cannot safely 

conclude that the increased ROS levels in patients with longstanding HT 

contribute to the development of thyroid cancer because the obligate order in 

which these diseases develop in each patient has yet to be established. 

Prospective studies should be performed in patients with HT with sequencing 

or microarray before and after they are diagnosed with PTC. Such studies would 

enable a more meaningful evaluation of the real carcinogenic effect of 

longstanding HT. 

The final limitation is the shortage of pathologic description in TCGA, 

especially for the tissue preparations used in the RNA-sequencing analyses. In 

the TCGA pathologic reports, which were provided with *.pdf files, the 

amounts of lymphocyte infiltration and the proportions of normal tissue in the 

PTC samples were not described. If some of the HT-PTC samples contained 

extremely large numbers of lymphocytes or only small amounts of cancer tissue, 

the expression of ROS-related genes could have been profoundly influenced by 

the presence of the lymphocytes, which themselves express high levels of ROS-

related genes. This phenomenon could have significantly biased the RNA 

sequencing results. Similarly, all the PTC samples, from patients both with and 

without HT, contained remnants of normal thyroid tissue. Samples with higher 

proportions of normal tissue would presumably exhibit different gene 
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expression patterns compared with samples with higher proportions of cancer 

tissue. Ideally, such variations in pathologic factors would be eliminated before 

beginning the analysis. However, the TCGA pathologic reports did not contain 

sufficient information for this purpose. Thus, it would be advantageous for 

future RNA-sequencing studies to exclusively use quality-controlled PTC 

samples. 

In summary, we obtained several lines of evidence that ROS levels are 

altered in HT-PTC using recent public next-generation sequencing and 

microarray data. First, more DEGs were observed in the HT-PTC group 

compared with the PTC group (33 versus 9), and the functions of the up-

regulated genes in the HT-PTC group were associated with ROS production in 

immune cell-related genes and ROS elimination in thyroid cell related genes. 

Second, part of the ROS-related DEGs showed a similar expression pattern in 

HT in microarray data analysis. Third, the fold changes were higher in the HT-

PTC group, as demonstrated by the difference in mean log fold change. 

Thirteen genes in the HT-PTC group had log fold changes greater than 0.5, 

whereas only one gene in the PTC group exhibited this degree of change. Fourth, 

immune function-related pathways and one cancer-related pathway were 

significantly associated with HT-PTC group only. Finally, the ROS-related 

gene sets were enriched only in the HT-PTC group. Taken together, ROS levels 

may be elevated to sufficiently high levels that it contributes to the progression 

of carcinogenesis in HT-PTC. 
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요약 (국문초록) 

 
서론: 하시모토 갑상선염 환자에서, 갑상선 내부의 활성 산소 

(Reactive oxygen species, ROS)의 증가는 갑상선 유두암 

(Papillary thyroid carcinoma, PTC) 을 일으키는 위험인자로 제기

되어 왔다. 하지만, 활성산소의 총량이 발암 기전에 기여할 만큼 충

분히 증가되는지에 대해서는 밝혀진 바가 없다. 우리는 만약 하시모

토 갑상선염에서 활성산소가 증가한다면, 하시모토 갑상선염이 동반

된 갑상선암 조직에서는 활성산소와 관련된 유전자들이 다른 양상

으로 발현되어 있을 것이라고 가정하였다.  

 

방법: 차별발현 유전자 (Differentially Expressed Genes, DEG)를 

찾기 위해, 유전체 지도 (The Cancer Genomic Atlas, TCGA) 데이

터 중 RNA 서열분석에서 계산된 유전자 발현 데이터를 분석하였다. 

33개의 정상 갑상선조직, 232개의 하시모토 갑상선염이 동반되지 

않은 갑상선 유두암조직, 60 개의 하시모토 갑상선염이 동반된 갑상

선 유두암 조직이 분석에 포함되었다. 활성 산소와 관련된 402개의 

유전자들이 데이터베이스 검색을 통해 준비되었다. 공개된 마이크로

어레이 데이터를 분석하여 TCGA 분석 결과를 뒷받침하였다. 

 

결과: 33개의 활성산소 관련 유전자들이 하시모토 갑상선염이 있는 

갑상선 유두암 조직에서 증가된 발현을 보였고, 9개의 유전자가 하

시모토 갑상선염이 없는 갑상선 유두암조직에서 증가된 발현을 보

였다. 평균 로그 변환 발현량 차이는 0.562 대 0.252 였다. 마이크

로어레이 분석에서는, 32개의 활성산소 관련 유전자 중 12개의 유

전자가 TCGA 분석 결과와 같은 양상의 차별 발현 양상을 가지고 

있었다. 증가된 활성산소 관련 유전자들은 활성산소 대사 및 세포자

멸사와 관련되어 있었고, 경로 분석에서는 면역 기능 및 발암과 관

련된 유전자 세트의 발현이 하시모토 갑상선염이 동반된 갑상선암 
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조직에서 증가되어 있었다.   

 

결론: 하시모토 갑상선염이 동반된 갑상선 유두암에서는 활성 산소

의 총량이 증가되어 있을 것이고, 증가된 활성산소는 하시모토 갑상

선염 환자에서 갑상선 유두암 발병 인자로 작용할 수 있을 것이다. 

------------------------------------- 

주요어: 활성산소, 갑상선암, 하시모토 갑상선염, 유전자 발현, 
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