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Abstract
Thyroid cells have intense circulation of free radicals and oxidizing metabolites such as hydrogen peroxide, from the 
synthesis of thyroid hormones, and iodide, from the iodination of thyroglobulin. Without an efficient antioxidant 
system, the generation of reactive oxygen species (ROS) can cause deleterious effects leading to DNA damage. ROS 
have been associated with many diseases, including cancer. Mitochondrial superoxide dismutase MnSOD (SOD2), 
glutathione peroxidase (GPX-1), glucose-6-phosphate dehydrogenase (G6PD), and p22phox (one of the subunits of 
the NOX enzyme complex) are transcribed by the SOD2, GPX-1, G6PD and CYBA genes, respectively. They play an 
important role in the generation of reactive species and in redox control and are crucial in cellular protection against 
oxidative stress. Genetic variants can affect protein function and therefore promote disturbances of redox balance, 
which increases the risk of cell damage by ROS. The connection between oxidative stress and thyroid diseases has 
been extensively investigated and suggests an important role for SOD2, GPX-1, G6PD and CYBA variants. To better 
understand the role of variants in the function of the corresponding proteins and their potential effect on thyroid 
carcinogenesis, we used bioinformatics tools to perform in silico analyzes of non-synonymous SNPs (nsSNPs) of 
these genes. A total of 1662 nsSNPs were retrieved from the NCBI database dbSNP data and analyzed by a suite of 
computational platforms: SIFT, PROVEAN, PolyPhen 2.0, PANTHER, SNAP 2, PhD-SNP, SNPs and GO, PMut, Mupro 
and I-Mutant v3. 23 nsSNPs were predicted by the tool consensus to be harmful. In conclusion, we demonstrate that 
in silico study can provide a solid foundation and assist researchers in the selection of SNPs, optimizing laboratory 
experimental analyses.
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ABBREVIATIONS
(ROS) Reactive Oxygen Species; (SOD2) Superoxide Dismutase 
2 Mitochondrial; (GPX-1) Glutathione Peroxidase); (G6PD) 
Glucose-6-Phosphate Dehydrogenase; (CYBA) Cytochrome 
B-245 Alpha Chain; (SNPs) Single Nucleotide Polymorphisms; 
(nsSNPs) Single Nucleotide Polymorphisms Nonsynonymous; 

(GSH) Glutathione; (PPP) Pentose Phosphate; (NADPH) Nicotin-
amide Adenine Dinucleotide Hydrogen Phosphate; (NADP) Nic-
otinamide Adenine Dinucleotide Phosphate; (PCR) Polymerase 
Chain Reaction; (SSCP) Single Strand Conformational Polymor-
phism; (AA) Amino Acid Sequence; (SIFT) Sorting Intolerant 
From Tolerant; (PolyPhen-20 Polymorphism Phenotyping v2; 
(PROVEAN) Protein Variation Effect Analyzer; PANTHER Protein 
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Analysis Through Evolutionary Relationships; (PHD-SNP) Pre-
dictor of Human Delerious Single Nucleotide Polymorphisms

INTRODUCTION
Numerous risk factors have been explored and identified as 
potential triggers or regulators of the pathogenesis of thyroid 
cancer (TC), including the production of free radicals and re-
active oxygen species (ROS), and the genetic variations repre-
sented mainly by single nucleotide polymorphisms (SNPs) of 
genes involved in this process. One of the most important risk 
factors for TC, especially for the most common type, papillary 
carcinoma, is ionizing radiation. Ionizing radiation stimulates 
the expression of ROS generating systems, which cause DNA 
damage, promoting chromosomal instability, tumorigenesis 
and dedifferentiation [1-6].

In addition during the synthesis of thyroid hormones, thyroid 
follicular cells have intense circulation of free radicals and oxi-
dant metabolites such as hydrogen peroxide [7]. Both normal 
and cancerous thyroid cells have been demonstrated to be 
particularly sensitive to the action of ROS-induced oxidative 
damage to DNA. Without an efficient antioxidant system, the 
generation of reactive oxygen species (ROS) can cause delete-
rious effects leading to DNA damage that ultimately favors mu-
tagenesis. Some antioxidant enzymes are important for thyroid 
protection and many studies have investigated genetic varia-
tions in genes encoding these enzymes and their relationship 
to cancer risk, but the results have been inconclusive, and data 
on the risk of thyroid cancer are still lacking [3,4].

Manganese superoxide dismutase (SOD2) is the main antioxi-
dant in mitochondria, catalyzing the dismutation of superoxide 
anions into H2O2, which is then reduced to water by catalase 
(CAT) or glutathione peroxidase. Increased SOD2 expression 
has been associated with a greater increase in tumor burden 
accompanied by increased cell proliferation. In contrast, SOD2 
overexpression reduced tumor proliferation and mortality in 
FCT mice. In human cancers, downregulation of SOD2 gene ex-
pression was observed in FTC but not in PTC.

Glutathione peroxidases constitute a family of related oxidore-
ductases distributed in all living domains, involved in the ter-
mination reaction of the ROS pathway. Cytosolic glutathione 
peroxidase (GPX1), an intracellular antioxidant enzyme located 
in the cytosol, mitochondria and selenium containing peroxi-
somes, is highly abundant in the thyroid and has been impli-
cated in the development of head and neck, lung, and breast 
cancer [8-12].

The pentose phosphate (PPP) pathway plays an important role 
in the biosynthesis of ribonucleotide precursors and nicotin-
amide adenine dinucleotide hydrogen phosphate (NADPH). 
The G6PD enzyme is critical for the conversion of nicotinamide 
adenine dinucleotide phosphate (NADP) to NADPH during cel-
lular metabolism within the PPP pathway. The conversion of 
NADP to NADPH is critical for the production of glutathione, an 
important antioxidant that helps protect erythrocytes against 
oxidative stress. Recent studies suggest that G6PD exerts an 
additive or synergistic effect in inhibiting cell growth in thyroid 
cancer cells [13,14].

The family proteins NOXs, unlike other oxidoreductases that 

generate ROS only as a byproduct along the catalytic pathways, 
are enzymes specialized in the production of ROS. In recent 
years, studies have demonstrated the role of NOX in a variety 
of physiological and pathophysiological processes, including 
cancer development, and some studies have reported that the 
inhibition of NOX activity can inhibit tumor growth and pro-
mote cancer cell death. The NOX complex is formed by sub-
units, including the p22phox protein, encoded by the CYBA 
gene. The function of p22phox has the potential to influence 
the activity of the protein, being able to alter the generation of 
ROS in different tissues and under different conditions [15-21].

The study of SNPs plays an important role in the identification 
of genetic variants and aids in the search for potential biomark-
ers for the investigation of consequences on protein function 
and its role in human diseases. However, there are approxi-
mately 10 million SNPs in the human genome.

Some SNPs are functional, that is, they can influence the corre-
sponding gene expression by direct or indirect pathways. Syn-
onymous or silent variants are present in the coding regions 
of the gene and do not result in amino acid changes, but can 
produce serious splicing defects. In contrast, non-synonymous 
SNPs (nsSNPs), although also in the coding region of the gene, 
cause amino acid exchange [22-24].

Missense nsSNPs make nucleotide substitutions and cause an 
amino acid change that can alter the protein sequence. In pro-
tein coding regions, missense like nsSNPs can lead to changes 
in protein structure and function, hence altering phenotype 
and causing severe genetic disorders. Some nsSNPs are import-
ant for clinical application and may function as predisposition, 
diagnostic or prognostic markers [22,23,25].

Numerous techniques are available for the identification of 
SNPs, including amplification and DNA sequencing, allele spe-
cific polymerase chain reaction (PCR), and single strand confor-
mational polymorphism analysis (SSCP) (29). These techniques, 
unfortunately, are only suitable for the analysis of a small num-
ber of SNPs in a relatively small number of individuals due to 
high cost. In recent years, in silico analysis has facilitated the in-
vestigation of SNPs, playing an important role in biology. Sever-
al bioinformatics tools are currently available for the analysis of 
structural and functional changes of synonymous or non-syn-
onymous SNPs [26-29].

As technologies advance, there is a continuous influx of new 
variants in different genes. However, information on the clinical 
impact of these variants is still scarce. To avoid the labor and 
cost of investigations of these SNPs with structural and func-
tional consequences on all new SNPs, in silico analysis offers 
the opportunity to predict their outcome and select candidates 
for in vivo experiments [30].

SNPs for SOD2, GPX-1, G6PD and CYBA have not been analyzed 
so far in silico. Therefore, we designed a strategy to analyze the 
entire coding region of the corresponding genes using different 
bioinformatics algorithms. Analyses were performed to predict 
high risk nsSNPs in coding regions that are likely to have an ef-
fect on protein function and structure, hence deserving further 
evaluation and validation in large cohorts of patients and of 
functional assays.
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MATERIALS AND METHODS
Retrieval of Datasets
Based The SNPs associated with the SOD2, G6PD, GpX1, and 
CYBA genes were retrieved from the single nucleotide poly-
morphism (dbSNP) database (http://www.ncbi.nlm.nih.gov/
snp/) and are commonly referenced. by their reference string 
IDs (rsIDs). Amino acid sequences (AAs) were retrieved from 
UniProt (https://www.UniProt.org/UniProt/), ID: P04179; ID: 
P11413; ID: P07203 and ID: P13498. Information about human 
genes and proteins was collected from the Online Mendelian 
Inheritance in Man (OMIM) database (https://www.omim.
org), and the ClinVar database was used for amino acid change 
searches to identify disease associated variants [31].

Validation of Tolerated and Deleterious SNPs
We selected nsSNPs that could potentially influence protein 
function, subsequently altering the carrier phenotype. To pre-
dict and analyze the effect of nsSNPs of the SOD2, G6PD, GPX1, 
and CYBA genes on the function of each protein, the following 
in silico tools were used:

SIFT (Sorting intolerant from tolerant) (https://sift.bii.a-star.
edu.sg/) is a tool that employs sequence homology to predict 
the impact of amino acid substitutions on protein function. 
SIFT can differentiate functionally neutral amino acid chang-
es from functionally deleterious ones [32]. SIFT assumes that 
important positions in a protein sequence must be conserved 
throughout evolution; therefore, substitutions at these posi-
tions can affect protein function. The SIFT score ranges from 0 
to 1, and scores ≤ 0.05 are predicted to be deleterious substi-
tutions, while scores >0.05 are considered tolerated. Reference 
IDs (rsIDs) for each gene were provided as input values, and the 
score values along with their interpretations were recorded.

PolyPhen-2 (Polymorphism Phenotyping v2) (http://genetics.
bwh.harvard.edu/pph2/) classifies and predicts the functional 
impacts of each AA substitution on the structural and function-
al properties of the protein. PolyPhen2 classifies the SNPs into 
3 different classes: (1) benign [score=0.0], (2) possibly damag-
ing or (3) probably damaging [score=1.0]. The FASTA sequences 
of the proteins were used as input to the PolyPhen2 web server 
[33].

Protein Variation Effect Analyzer (PROVEAN) (http://provean.
jcvi.org) is a server that predicts the functional impact of ami-
no acid substitutions in a protein, providing high throughput 
results at the genomic and protein levels for human and mouse 
variants. The FASTA sequence of the proteins was used as input 
in the PROVEAN tool. The variant is considered “detrimental” 
if the final score is less than -2.5 and is considered “neutral” if 
the score is greater than -2.5 [34].

The SNAP2 neural network based functional tool predicts the 
effects of nsSNPs on protein function and secondary struc-
ture, making predictions across the characteristics of the wild 
type protein and its variants. The prediction score ranges from 
-100 (for neutral prediction) to +100 (strong effect), which 
represents the probability of nsSNPs modifying native protein 
function. SNAP2 provides a heatmap with possible substitution 
at each position of the protein, where scores >50 are displayed 

in dark red, indicating a greater likelihood of pathogenicity [35].

PANTHER (Protein Analysis through Evolutionary Relationships) 
(http://www.pantherdb.org) estimates the position specific 
evolutionary conservation of the amino acid sequence, pre-
dicting the probability of nsSNPs causing a functional impact 
on the protein. PANTHER uses it as a measure of the period of 
time (in millions of years) a position is preserved in the protein. 
The longer the preservation time is, the greater the likelihood 
of a functional impact on the protein [36].

Identifying Disease-Associated nsSNPs
The SNPs and GO algorithm is a web server that predicts the 
impact of protein mutations using information from the three 
main roots encoded by genetic ontology (GO) terms: molecu-
lar function, biological process and cellular component. From 
the FASTA sequence of the protein, SNPs and GO predicts the 
probability of disease related mutations with 82% accuracy. 
The FASTA sequence of each full length protein was used as an 
input option. The results based on the discrimination of “Dis-
ease” and “neutral” variations were recorded.

PMut is a functional tool based on neural network (NN) in-
telligence that allows one to accurately and quickly display 
pathological characteristics caused by a single amino acid sub-
stitution. The prediction can be considered neutral or disease 
causing. The input mechanism for PMut is the FASTA protein 
sequence or SwissProt code. The result of pathogenicity is ap-
plied with a variation index from 0 to 1, where index >0.5 indi-
cates pathological mutations [37,38].

The Predictor of Human Delerious Single Nucleotide Polymor-
phisms (PHD-SNP) (http://snps.biofold.org/phd-snp/phd-snp.
html) was also used to determine the effects of amino acid ex-
change in causing disease [39].

Prediction of Stability Related Mutations
Prediction of the functional impact of mutations on protein 
stability was verified using the tools I-Mutant v3.0 and MU-
pro. I-Mutantv3.0 (http://gpcr2.biocomp.unibo.it/cgi/predic-
tors/I-Mutant3.0/I-Mutant3.0.cgi), a support vector machine 
based algorithm, estimates the variation in protein stability 
change and this prediction is based on the variation in free 
energy by the ΔΔG/DDG (kcal/mol) value upon mutation of a 
single site in the protein structure or sequence. A ΔΔG value 
less than (<−0.5 kcal/mol) indicates that the variant decreases 
protein stability. A ΔΔG>0.5 kcal/mol indicates that the variant 
enhances protein stability [40].

MUpro (http://mupro.proteomics.ics.uci.edu/) is also a web 
server that predicts changes in protein stability after a single 
amino acid substitution, and the cutoff value of ΔΔG is the 
same as that used in the I-mutant [38].

Protein-Protein Interaction
Mutations can alter the structure and function of the protein 
and therefore the interaction of the mutated protein with oth-
er proteins can be affected [41].

STRING is a web-based tool for gene retrieval and protein in-
teraction and was used to investigate the interaction of SOD2, 
GPX1, G6PD and NOX with other proteins. This usable resource 
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aggregates available information on protein-protein associ-
ations, scores predicted interactions, and points to research 
findings [40].

RESULTS
SNP Dataset
We evaluated a total of 593 nsSNPs of SOD2, 389 nsSNPs of 
G6PD, 324 nsSNPs of GPX1 and 356 missense SNPs of CYBA 

using state of the art bioinformatics tools, all retrieved from 
dbSNP.

The nsSNPs IDs were sent as input to the SIFT server, and the 
results are shown in Table 1. The lower the tolerance index is, 
the greater the functional impact the amino acid switch is likely 
to have Among the 1662 nsSNPs analyzed in SIFT, 143 nsSNPs 
were identified as deleterious with a tolerance index ≤ 0.05. 
Among 143 deleterious nsSNPs, 22 nsSNPs were considered 
highly deleterious.

S. No GENE rsID AA change Position Prediction Score
1 SOD2 rs5746129 R/W 156 D 0.01

2 SOD2 rs11575993 L/F 84 D 0.014

3 SOD2 rs11575993 L/F 38 D 0.045

4 SOD2 rs185564053 G/W 18 D 0

5 SOD2 rs370671213 H/Q 55 D 0

6 SOD2 rs372074075 T/M 136 D 0.015

7 SOD2 rs373540824 E/K 67 D 0.022

8 SOD2 rs375177938 H/Y 51 D 0.049

9 SOD2 rs375884951 L/Q 38 D 0

10 SOD2 rs376398472 V/F 142 D 0.008

11 GPX1 rs11552757 A/V 161 D 0

12 GPX1 rs112304179 F/L 171 D 0.028

13 GPX1 rs183107871 E/D 165 D 0.005

14 GPX1 rs200311870 Q/R 84 D 0

15 GPX1 rs201944086 P/R 77 D 0.031

16 GPX1 rs370228556 D/V 191 D 0.001

17 GPX1 rs370714711 G/V 170 D 0.02

18 GPX1 rs373838463 L/Q 168 D 0.042

19 GPX1 rs377594183 P/L 154 D 0.011

20 G6PD rs1050828 V/M 98 D 0.01

21 G6PD rs1050828 V/M 68 D 0.011

22 G6PD rs5030868 S/F 218 D 0.008

23 G6PD rs5030868 S/F 188 D 0.008

24 G6PD rs5030869 A/T 381 D 0.006

25 G6PD rs5030869 A/T 365 D 0.007

26 G6PD rs34193178 D/H 350 D 0.019

27 G6PD rs34193178 D/H 396 D 0.02

28 G6PD rs34193178 D/H 380 D 0.022

29 G6PD rs72554664 R/H 509 D 0.022

30 G6PD rs72554664 R/H 493 D 0.03

31 G6PD rs72554664 R/H 463 D 0.035

32 G6PD rs74575103 R/H 331 D 0.011

33 G6PD rs74575103 R/H 315 D 0.016

34 G6PD rs74575103 R/H 285 D 0.016

35 G6PD rs78365220 L/P 128 D 0.049

36 G6PD rs78478128 A/G 44 D 0.002

37 G6PD rs78478128 A/G 74 D 0.003

38 G6PD rs137852314 G/S 163 D 0.032

39 G6PD rs137852314 G/S 193 D 0.036

40 G6PD rs137852316 R/H 439 D 0.001

41 G6PD rs137852316 R/H 423 D 0.001

Table 1: Deleterious nsSNPs using SIFT
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42 G6PD rs137852316 R/H 393 D 0.001

43 G6PD rs137852317 G/R 493 D 0

44 G6PD rs137852317 G/R 477 D 0.001

45 G6PD rs137852318 D/H 312 D 0.002

46 G6PD rs137852318 D/H 328 D 0.003

47 G6PD rs137852318 D/H 282 D 0.003

48 G6PD rs137852319 F/L 216 D 0.001

49 G6PD rs137852319 F/L 246 D 0.002

50 G6PD rs137852321 R/H 417 D 0.044

51 G6PD rs137852323 G/C 456 D 0

52 G6PD rs137852323 G/C 440 D 0

53 G6PD rs137852323 G/C 410 D 0

54 G6PD rs137852324 R/H 500 D 0

55 G6PD rs137852324 R/H 484 D 0

56 G6PD rs137852324 R/H 454 D 0

57 G6PD rs137852325 R/K 444 D 0.001

58 G6PD rs137852325 R/K 428 D 0.002

59 G6PD rs137852326 V/L 213 D 0.044

60 G6PD rs137852327 V/M 337 D 0.001

61 G6PD rs137852327 V/M 321 D 0.001

62 G6PD rs137852327 V/M 291 D 0.001

63 G6PD rs137852328 R/L 257 D 0.001

64 G6PD rs137852328 R/Q 257 D 0.003

65 G6PD rs137852329 N/K 393 D 0.012

66 G6PD rs137852330 R/C 198 D 0

67 G6PD rs137852330 R/C 228 D 0

68 G6PD rs137852332 R/P 228 D 0

69 G6PD rs137852332 R/P 198 D 0

70 G6PD rs137852332 R/H 228 D 0

71 G6PD rs137852332 R/H 198 D 0

72 G6PD rs137852333 P/S 399 D 0.005

73 G6PD rs137852333 P/S 383 D 0.007

74 G6PD rs137852333 P/S 353 D 0.007

75 G6PD rs137852334 R/C 433 D 0.018

76 G6PD rs137852334 R/C 417 D 0.02

77 G6PD rs137852336 G/D 440 D 0

78 G6PD rs137852336 G/D 410 D 0

79 G6PD rs137852336 G/D 456 D 0.012

80 G6PD rs137852337 R/P 485 D 0.004

81 G6PD rs137852337 R/P 439 D 0.008

82 G6PD rs137852337 R/P 469 D 0.009

83 G6PD rs137852341 G/V 131 D 0.035

84 G6PD rs137852341 G/V 161 D 0.047

85 G6PD rs137852343 F/L 203 D 0

86 G6PD rs137852343 F/L 173 D 0

87 G6PD rs137852344 P/R 513 D 0

88 G6PD rs137852344 P/R 467 D 0

89 G6PD rs137852344 P/R 497 D 0.001

90 G6PD rs137852345 A/V 391 D 0.001

91 G6PD rs137852345 A/V 361 D 0.001

92 G6PD rs137852345 A/V 407 D 0.005

93 G6PD rs137852346 C/Y 269 D 0.003
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94 G6PD rs137852346 C/Y 315 D 0.004

95 G6PD rs137852346 C/Y 299 D 0.015

96 G6PD rs137852347 Y/H 368 D 0

97 G6PD rs137852347 Y/H 352 D 0

98 G6PD rs137852347 Y/H 322 D 0

99 G6PD rs137852349 Y/H 100 D 0

100 G6PD rs137852349 Y/H 70 D 0

101 G6PD rs267606836 R/W 212 D 0.001

102 G6PD rs267606836 R/W 182 D 0.002

103 G6PD rs387906468 E/K 368 D 0.001

104 G6PD rs387906468 E/K 398 D 0.002

105 G6PD rs387906468 E/K 414 D 0.007

106 G6PD rs387906471 E/K 333 D 0.001

107 G6PD rs387906471 E/K 287 D 0.001

108 G6PD rs387906471 E/K 317 D 0.002

109 G6PD rs1050827 Q/H 11 D 0.032

110 G6PD rs1050827 Q/H 41 D 0.048

111 G6PD rs138687036 R/C 81 D 0.003

112 G6PD rs138687036 R/C 111 D 0.006

113 G6PD rs141830127 S/N 84 D 0.013

114 G6PD rs141830127 S/N 114 D 0.029

115 G6PD rs281860640 S/N 209 D 0.001

116 G6PD rs281860640 S/N 179 D 0.001

117 G6PD rs370451233 D/G 143 D 0.029

118 G6PD rs387906467 R/H 403 D 0.02

119 G6PD rs387906467 R/H 387 D 0.029

120 G6PD rs387906467 R/H 357 D 0.03

121 G6PD rs387906470 R/C 403 D 0

122 G6PD rs387906470 R/C 387 D 0

123 G6PD rs387906470 R/C 357 D 0

124 CYBA rs8053867 E/D 12 D 0.017

125 CYBA rs28941476 G/R 24 D 0.005

126 CYBA rs104894510 H/R 94 D 0.012

127 CYBA rs104894513 R/Q 90 D 0

128 CYBA rs104894514 Q/R 118 D 0.002

129 CYBA rs104894515 P/Q 156 D 0

130 CYBA rs119103269 A/T 125 D 0.006

131 CYBA rs149344911 V/M 76 D 0.009

132 CYBA rs179363890 L/P 52 D 0.001

133 CYBA rs179363891 G/V 25 D 0

134 CYBA rs179363892 R/W 90 D 0

135 CYBA rs179363893 E/V 53 D 0

136 CYBA rs179363894 A/V 124 D 0.023

137 CYBA rs201755210 S/L 98 D 0.045

138 CYBA rs9940427 R/S 130 D 0.015

139 CYBA rs11547384 Y/C 41 D 0.001

140 CYBA rs13306297 R/Q 158 D 0.01

141 CYBA rs145267803 P/S 379 D 0.007

142 CYBA rs367729578 C/Y 386 D 0.037

143 CYBA rs374698190 G/S 394 D 0

D=Damaging, N=Neutral
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Validation of Tolerated and Deleterious SNPs
Of the 38 nsSNPs considered deleterious by SIFT, 22 were 
evaluated as deleterious in the consensus between the Poly-

Phen-2, PROVEAN, SNAP2 and PANTHER tools, and only 2 vari-
ants (G25V and G394S) of the CYBA gene were considered neu-
tral in more than one of the four tools, according to Table 2.

S. No GENE AA change MAF* PolyPhen-2 PROVEAN SNAP2 PANTHER
1 SOD2 G18W <0.01 D D D N

2 SOD2 H55Q <0.01 D D D D

3 SOD2 L38Q <0.01 D D D D

4 GPX1 A161V <0.01 D D D D

5 GPX1 Q84R <0.01 D D D D

6 G6PD G493R <0.01 D D D D

7 G6PD G456C <0.01 D D D D

8 G6PD R500H <0.01 D D D D

9 G6PD R198C <0.01 D D D D

10 G6PD R198P ND D D D D

11 G6PD G440D <0.01 D D D D

12 G6PD F203L <0.01 D D D D

13 G6PD P467R <0.01 D D D D

14 G6PD Y368H ND D D D D

15 G6PD Y100H <0.01 D D D D

16 G6PD R357C ND D D D D

17 CYBA R90Q <0.01 D D D D

18 CYBA P156Q <0.01 D D D D

19 CYBA G25V <0.01 D N N D

20 CYBA R90W <0.01 N D D D

21 CYBA E53V <0.01 N D D D

22 CYBA G394S <0.01 N N D D

D=Damaging, N=Neutral, MAF=de minor allele frequence

Disease-Associated nsSNPs
All 22 identified nsSNPs were further analyzed by SNPs and GO, 
PMut and PHD-SNPs. The 8 nsSNPs were predicted to be asso-
ciated with the disease by three methods (Table 3).
Table 3: Prediction of disease-related mutations using SNPs&GO, 
PMUT and phD-SNPs.

S. No GENE AA 
change

SN-
Ps&GO PMUT phD-

SNP
1 SOD2 G18W D D N

2 SOD2 H55Q N N D

3 SOD2 L38Q N N D

4 GPX1 A161V D D D

5 GPX1 Q84R D D D

6 G6PD G493R D D N

7 G6PD G456C D D N

8 G6PD R500H D D N

9 G6PD R198C D D N

10 G6PD R198P D D D

11 G6PD G440D D D N

12 G6PD F203L D D N

13 G6PD P467R D D N

14 G6PD Y368H D D N

15 G6PD Y100H D D N

16 G6PD R357C D D N

17 CYBA R90Q D D D

18 CYBA P156Q N D D

19 CYBA G25V D D D

20 CYBA R90W D D D

21 CYBA E53V D D D

22 CYBA G394S D D D

D=Damaging   N=Neutral

Validation of Stability-Related Mutations
I-Mutant v3.0 and MUpro estimate the effect of substitution 
on protein stability by calculating the reliability index. Of the 
22 missense SNPs analyzed, 16 were predicted to cause a de-
crease in stability (Table 4).

S. No GENE AA change I-Mutant 
v3.0 MUpro

1 SOD2 G18W Increase Increase

2 SOD2 H55Q Decrease Decrease

3 SOD2 L38Q Decrease Decrease

4 GPX1 A161V Increase Increase

5 GPX1 Q84R Decrease Decrease

Table 2: Prediction of functional effects of nsSNPs using PolyPhen-2, PROVEAN, SNAP2 and PANTHER.
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6 G6PD G493R Decrease Decrease

7 G6PD G456C Decrease Decrease

8 G6PD R500H Decrease Decrease

9 G6PD R198C Decrease Decrease

10 G6PD R198P Decrease Decrease

11 G6PD G440D Decrease Decrease

12 G6PD F203L Decrease Decrease

13 G6PD P467R Decrease Decrease

14 G6PD Y368H Decrease Decrease

15 G6PD Y100H Decrease Decrease

16 G6PD R357C Decrease Decrease

17 CYBA R90Q Decrease Decrease

18 CYBA P156Q Decrease Decrease

19 CYBA G25V Increase Increase

20 CYBA R90W Increase Increase

21 CYBA E53V Increase Increase

22 CYBA G394S Increase Increase

↓=Decrease stability, ↑=Increase stability

Protein-Protein Interaction
The STRING protein-protein interaction network queried with 
SOD2, GPX1, G6PD and CYBA. SOD2 and GPX1 proteins inter-
act in the standard human protein-protein association network 
in STRING. We did not observe interactions between SOD2 or 
GPX1 and the interaction network of G6PD and CYBA (Figure 
1).

Figure 1: STRING protein–protein interaction network. Network of func-
tions between bonds with the 10 most significant proteins.

We also evaluated the characteristics of the wild type and the 
mutated residues using the HOPE tool. The three variants of 
SOD2 (G18W, H55Q and L38Q) had changes in amino acid size; 
hydrophobicity; and binding to neighboring molecules. Glycine 
is the most flexible residue of all amino acids. This flexibility 
may be necessary for protein function and stability. In G18W, 
switching to tryptophan at this position can abolish function 
and modulate protein structure. The amino acid glutamine (Q) 
at position 55 (H55Q) and at position 38 (L38Q) are located in a 
domain that is important for binding with other molecules. It is 
possible that this change disturbs these contacts, affecting the 

interaction and thus interfering with the signal transfer from 
the binding domain to the activity domain.

Both GPX1 mutant residues (A161V and Q84R) are located in 
domains that are important for binding to other molecules 
and other domains and, in addition to disturbing this contact; 
these residues can alter the function of the protein. Wild type 
and mutant residues from all CYBA variants (R90Q, P156Q, 
G25V, R90W, E53V, and G394S) differ in size, hydrophobicity, 
and charge. The hydrophobicity reported in the variants (R90W 
and E53V) can result in the loss of hydrogen bonds and/or dis-
turb the correct folding of the protein. In addition, modifica-
tions caused by the change in residue charge can cause loss of 
interactions with other molecules or residues and impair pro-
tein function. The conformation of the protein can also be dis-
turbed by an amino acid change. The proline present in P156Q 
is an amino acid known to be very rigid, that induces a special 
conformation of the backbone. A modification of this amino 
acid in this position can change the flexibility and induce mod-
ifications in the protein conformation.

The G6PD variants (G493R, G456C, G456C, G440D, F203L, 
Y368H, Y100H and R500H) were not found in the HOPE plat-
form and their characteristics could not be evaluated. All vari-
ants of G6PD (R198C, R198P, P467R and R357C) show differ-
ences in terms of size, hydrophobicity and load of the mutant 
and wild type. These features can disrupt the ionic interaction 
of molecules and contact with other residues and other do-
mains. The loss of proline at position 467 (P467R) is likely to be 
detrimental to protein structure. This substitution modulates 
the twist angles necessary to maintain protein stability.

In Figure 2 the schematic structures of the original and mutant 
amino acid are presented faithfully to the output data provided 
by the HOPE tool.

Figure 2: Schematic structures of the original (left) and mutant (right) 
amino acid. The backbone is represented in red and the side chain in 
black.

DISCUSSION
nsSNPs cause a substitution in the amino acid sequence of the 
polypeptide chain and can result in structural and functional 
abnormalities. Their investigation has important clinical appli-
cations. Previous genetic studies have examined the associa-
tion of some polymorphisms in genes related to the oxidative 
stress pathway with thyroid cancer development. However, 
the large number of variants described in these genes impairs 
validation. In addition, there is insufficient evidence of any as-
sociation with human diseases for most of these SNPs, making 
it difficult to sort out the polymorphisms worth further bench 
investigation or validation in patient cohorts [42-45].

Approximately 500,000 SNPs have been reported in coding re-
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gions of the human genome, and many studies focus on nsSNPs 
that, by altering the amino acid residues of protein sequences, 
can cause harmful effects on protein functions or structures. 
With the large amount of human genome data available and 
the increasingly common use of in silico analysis, it has been 
possible to reduce the search for nsSNPs and thus save time 
and cost before proceeding with laboratory experiments.

In the present study, we performed in silico analyses to identify 
potential harmful nsSNPs in the SOD2, G6PD, GPX1 and CYBA 
genes [42,46].

We studied the functional, structural and stability consequenc-
es of 1662 nsSNPs from SOD2, G6PD, GPX1 and CYBA. Using a 
series of easily available bioinformatics tools, we were able to 
select 22 variants that have a high probability of being deleteri-
ous and affecting thyroid cancer risk and/or prognosis.

We also analyzed the properties of the amino acids generat-
ed by these 22 variants, providing more information about the 
role of each change and allowing the formulation of new hy-
potheses about their effects on protein function. Each amino 
acid has its own size, charge, and specific hydrophobicity val-
ues, and the evaluation of these characteristics can help select 
pathogenic variants. G18W, A161V, Q84R, R90W, E53V, P156Q, 
and P467R may modify protein function and structure, and 
their roledeserve further investigation in thyroid cancer.

This research has an obvious limitation, as we only performed 
in silico analyses. A large-scale study associated with nsSNPs 
with different populations and laboratory experiments may 
provide a more robust validation of our results. However, this 
research can provide a solid foundation for in vivo experiments, 
assist in the selection of SNPs of interest and thus help labora-
tory experimental analyses.

CONCLUSION
This research has an obvious limitation, as we only performed 
in silico analyses. A large-scale study associated with nsSNPs 
with different populations and laboratory experiments may 
provide a more robust validation of our results. However, this 
research can provide a solid foundation for in vivo experiments, 
assist in the selection of SNPs of interest and thus help labora-
tory experimental analyses.
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