
OR I G I N A L R E S E A R C H

Ferroptosis-Related APOE, BCL3 and ALOX5AP
Gene Polymorphisms are Associated with the
Risk of Thyroid Cancer
Zhifu Xiao1,*, Haixia Zhao2,*

1Department of Thyroid Surgery, Shanxi Provincial People’s Hospital, Taiyuan, Shanxi, 030012, People’s Republic of China; 2Central Lab, General
Hospital of Taiyuan Iron and Steel Group, Taiyuan, Shanxi, 030003, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Zhifu Xiao, Department of Thyroid Surgery, Shanxi Provincial People’s Hospital, 29 Shuangtasi Road, Taiyuan, Shanxi, 030012,
People’s Republic of China, Tel/Fax +86 0351-4960327, Email wangxiaozhifu@126.com

Purpose: This study aimed to evaluate the association between polymorphisms in the ferroptosis-related genes apolipoprotein
E (APOE), BCL3 transcription coactivator (BCL3) and arachidonate 5-lipoxygenase activating protein (ALOX5AP) and the risk of
thyroid cancer.
Methods: Six single nucleotide polymorphisms (SNPs) of APOE (rs429358 and rs7412), BCL3 (rs34698726 and rs8100239) and
ALOX5AP (rs4076128 and rs4073259) were genotyped in 520 papillary thyroid carcinoma cases and 520 healthy controls using the
MassARRAY platform.
Results: The rs429358-TC, rs34698726-TA/TT, and rs8100239-AT/AA genotypes exhibited an elevated risk of thyroid cancer
(prs429358 = 0.002, prs34698726 = 0.007, prs8100239 = 0.002), while rs7412-CT/TT and rs4076128-GA/GG were found to be protective
genotypes against the risk of disease (prs7412 = 0.0003, prs4076128 = 0.0001). Genetic model analysis showed that APOE-rs429358 was
correlated with an increased risk of disease under dominant and log-additive models (pdominant = 0.0004, plog-additive = 0.0006). BCL3-
s34698726 and rs8100239 were associated with an elevated risk of disease under all three genetic models (p < 0.05). In contrast,
APOE-rs7412 was related to a decreased risk of thyroid cancer under dominant and log-additive models (pdominant = 0.0001, plog-additive
= 0.0001). Moreover, ALOX5AP-rs4076128 was also correlated with a reduced risk of disease under all three genetic models (p <
0.05).
Conclusion: The results help us better understand how genetic polymorphisms in ferroptosis-related genes are relevant to thyroid
cancer susceptibility.
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Introduction
Thyroid cancer is the most common endocrine system malignant tumor, ranking as the ninth most commonly diagnosed
cancer in the world.1 The incidence of the disease is related to region, race, and sex, and the incidence in women is two to
four times higher than that in men.2 There are four pathological types: papillary carcinoma, follicular carcinoma,
undifferentiated carcinoma and medullary carcinoma.3 Papillary carcinoma is the most common type of thyroid cancer,
with low malignancy and good prognosis.4 Ionizing radiation has been identified as a direct risk factor for thyroid
cancer,5 and obesity, smoking, hormonal exposure and environmental pollutants have also been considered risk factors
for the disease.6 Genetic factors have important functions in the onset of thyroid cancer, and previous studies have
reported many variants associated with the disease.7–9 However, to date, the etiology of thyroid cancer is still not well
elucidated, and novel targets for the early diagnosis and treatment of the disease are urgently needed.
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Ferroptosis refers to programmed cell death characterized by iron ion-dependent lipid reactive oxygen production and
peroxidative damage of cell membrane lipids.10 In recent years, an increasing number of studies have revealed that
ferroptosis is closely associated with the onset and development of cancer and have brought new possibilities for cancer
therapeutics.11 A recent study identified several ferroptosis-related genes that may influence the immune infiltration and
progression of thyroid cancer, including apolipoprotein E (APOE), BCL3 transcription coactivator (BCL3), and arachidonate
5-lipoxygenase activating protein (ALOX5AP).12 APOE is an important apoprotein that binds to peripheral cell receptors and
is essential for the catabolism of triglyceride-rich lipoprotein constituents. Abnormal expression of APOE has been involved
in the tumorigenesis of several cancers, such as melanoma and breast and colorectal cancer.13–15 BCL3 is a proto-oncogene
that functions as a transcriptional coactivator that is activated through its association with NF-kappa B homodimers.16 BCL3
is deregulated in many cancers, including breast, colorectal, and prostate cancers.17–19 ALOX5AP localizes to the plasma
membrane and is involved in the transport and activation of 5-lipoxygenase. ALOX5AP has been widely investigated in
various types of inflammatory responses and cancers.20 However, little information is available about the single nucleotide
polymorphisms (SNPs) of APOE, BCL3 and ALOX5AP in thyroid cancer.

In this study, we selected six SNPs in APOE, BCL3 and ALOX5AP based on previous association studies. APOE-
rs429358 has been associated with breast cancer, myocardial infarction and gallbladder disease.21,22 APOE-rs7412 is
correlated with the risk of T2DM in Egyptians.23 Rs34698726 and rs8100239 in BCL3 are associated with the risk of
breast cancer and survival of lung cancer, respectively.24,25 ALOX5AP-rs4076128 interacts with dietary linoleic acid intake
in breast cancer patients,20 and ALOX5AP-rs4073259 has been detected in patients with ischemic stroke and cerebral
infarction.26,27 Given the evidence above, we speculated that these SNPs may also be involved in the onset and progression
of thyroid cancer. Therefore, we genotyped these SNPs in our thyroid cancer case–control cohort and evaluated the
association between the SNPs and the risk of disease.

Materials and Methods
Subjects
In total, 520 thyroid cancer cases and 520 healthy controls were collected at Shanxi Provincial People’s Hospital. The
diagnosis of thyroid cancer was established by histopathological examination of biopsy or resected tissue specimens. All
cases were newly diagnosed papillary thyroid carcinoma and previously untreated. The controls were blood donors without
a history of cancer, immune disorder or serious disease. All participants provided written informed consent. This study was
approved by the Ethics Committee of Shanxi Provincial People’s Hospital and carried out in accordance with the World
Medical Association Declaration of Helsinki: Ethical Principles for Medical Research Involving Human Subjects.

Genotyping
Five milliliters of whole blood was collected from each subject in tubes containing ethylenediaminetetraacetic acid. DNA
was extracted using a PureLink™ Pro 96 Genomic DNA Purification Kit (Invitrogen, Carlsbad, CA). Primers were
designed using Sequenom MassARRAY Assay Design 3.0 software, and genotypes were detected by Sequenom
MassARRAY RS1000 (Sequenom, San Diego, CA).

Statistical Analyses
Statistical analyses were performed with SPSS package version 20.0 (SPSS, Chicago, IL, USA). Minor allele frequencies
(MAFs) in controls were checked for departure from Hardy–Weinberg equilibrium (HWE) in controls. HaploReg v4.1
(https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php) was used to predict the potential functions of the SNPs.
The associations between SNPs and thyroid cancer risk were evaluated using SNPstats (https://www.snpstats.net/start.
htm) and are expressed as the odds ratios (ORs) and 95% confidence intervals (CIs). Statistical significance was
established when p < 0.05.
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Results
The basic information of the participants is described in Table 1. The cases included 166 males and 354 females, with
a mean age of 49.9 years, and the control group contained 174 males and 346 females, with a mean age of 49.22 years.
No significant differences were observed in the distribution of sex or age between the two groups (p > 0.05).

The basic information and predicted functions of candidate SNPs are listed in Table 2. The predicted function
according to the HaploReg database showed that rs429358 and rs7412 in APOE were missense variants and led to
changed amino acids. In addition, rs34698726 and rs8100239 in BCL3 and rs4076128 and rs4073259 in ALOX5AP were
involved in the regulation of the promoter or enhancer histone, DNAse, changed motifs, and eQTL hits.

The MAFs of SNPs in thyroid cancer cases and healthy controls are presented in Table 3. All of the SNPs were
consistent with HWE (p > 0.05). Comparing the MAFs of each SNP between cases and controls, we found that five SNPs
had potential effects on thyroid cancer risk: rs429358 and rs7412 in APOE, rs34698726 and rs8100239 in BCL3, and
rs4076128 in ALOX5AP. The minor alleles of rs429358, rs34698726 and rs8100239 were associated with an increased
risk of thyroid cancer (rs429358: OR = 1.465, 95% CI: 1.170–1.833, p = 0.001; rs34698726: OR = 1.316, 95% CI:
1.103–1.569, p = 0.002; rs8100239: OR = 1.410, 95% CI: 1.163–1.709, p < 0.001). In contrast, the minor alleles of
rs7412 and rs4076128 were correlated with a decreased risk of disease (rs7412: OR = 0.585, 95% CI: 0.446–0.767, p <
0.001; rs4076128: OR = 0.698, 95% CI: 0.584–0.835, p < 0.001).

The genotype frequencies of SNPs in cases and controls are shown in Table 4. Compared with the TT genotype of
rs429358, the TC genotype exhibited a 1.59-fold increased risk of thyroid cancer (p = 0.002). The TA and TT genotypes
of rs34698726 were related to a 1.33-fold and 1.79-fold elevated risk of disease, respectively (p = 0.007). Moreover, the
AT and AA genotypes of rs8100239 were associated with a 1.32-fold and 2.09-fold increased risk of disease, respectively
(p = 0.002). In contrast, the CT and TT genotypes of rs7412 were found to be protective against the risk of thyroid cancer

Table 1 The Basic Information of the Participants

Characteristics Case (n=520) Control (n=520) χ2/t p

Sex (%)

Male 166 (31.9) 174 (33.5) 0.280 0.597

Female 354 (68.1) 346 (66.5)

Age

Mean±SD 49.99±12.54 49.22±12.12 0.382 0.313

Table 2 Basic Information and Predicted Functions of Candidate SNPs

SNP Gene Position Allele Role Predicted Functions

rs429358 APOE chr19:44908684 T>C Missense Variant Cys130Arg

rs7412 APOE chr19:44908822 C>T Missense Variant Arg176Cys

rs34698726 BCL3 chr19:44740744 A>T Upstream

Variant

Enhancer histone mark, motifs changed, eQTL hits

rs8100239 BCL3 chr19:44749847 T>A Intron Variant DNAse, motifs changed

rs4076128 ALOX5AP chr13:30731006 A>G Intron Variant Promoter/Enhancer histone marks, DNAse, motifs changed, eQTL

hits

rs4073259 ALOX5AP chr13:30732134 A>G Intron Variant Promoter/Enhancer histone marks, DNAse, motifs changed, eQTL

hits

Abbreviations: SNP, single nucleotide polymorphism; eQTL, expression quantitative trait locus.
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(p = 0.0003), and the GA and GG genotypes of rs4076128 were also associated with a decreased risk of disease (p =
0.0001).

The influence of SNPs on the risk of thyroid cancer was further evaluated using three genetic models (Table 5).
APOE-rs429358 was correlated with an increased risk of disease under dominant and log-additive models (p dominant =
0.0004, p log-additive = 0.0006). BCL3-s34698726 and rs8100239 were associated with an elevated risk of disease under all

Table 4 Genotype Frequency Distributions Between Thyroid Cancer Cases and Healthy Controls

SNP Gene Genotype Control Case OR (95% CI) p

rs429358 APOE TT 371 (71.3%) 317 (61%) 1 0.002*

TC 137 (26.4%) 186 (35.8%) 1.59 (1.22–2.08)

CC 12 (2.3%) 17 (3.3%) 1.68 (0.79–3.57)

rs7412 APOE CC 376 (72.3%) 427 (82.1%) 1 0.0003*

CT 134 (25.8%) 90 (17.3%) 0.59 (0.43–0.79)

TT 10 (1.9%) 3 (0.6%) 0.26 (0.07–0.95)

rs34698726 BCL3 AA 208 (40%) 166 (31.9%) 1 0.007*

TA 248 (47.7%) 264 (50.8%) 1.33 (1.02–1.74)

TT 64 (12.3%) 90 (17.3%) 1.79 (1.22–2.62)

rs8100239 BCL3 TT 297 (57.1%) 251 (48.3%) 1 0.002*

AT 189 (36.4%) 209 (40.2%) 1.32 (1.02–1.71)

AA 34 (6.5%) 60 (11.5%) 2.09 (1.33–3.28)

rs4076128 ALOX5AP AA 171 (32.9%) 236 (45.4%) 1 0.0001*

GA 267 (51.4%) 224 (43.1%) 0.61 (0.47–0.79)

GG 82 (15.8%) 60 (11.5%) 0.53 (0.36–0.78)

rs4073259 ALOX5AP AA 175 (33.6%) 158 (30.4%) 1 0.470

GA 240 (46.1%) 255 (49%) 1.19 (0.90–1.57)

GG 105 (20.2%) 107 (20.6%) 1.13 (0.80–1.60)

Note: *p < 0.05 indicates statistical significance.
Abbreviations: SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.

Table 3 The MAF and HWE of Candidate SNPs in Thyroid Cancer Cases and Healthy Controls

SNP Gene MAF-Cases MAF-Controls HWE p OR (95% CI) p

rs429358 APOE 0.21 0.15 0.99 1.465 (1.170–1.833) 0.001*

rs7412 APOE 0.09 0.15 0.73 0.585 (0.446–0.767) <0.001*

rs34698726 BCL3 0.43 0.36 0.51 1.316 (1.103–1.569) 0.002*

rs8100239 BCL3 0.32 0.25 0.64 1.410 (1.163–1.709) <0.001*

rs4076128 ALOX5AP 0.33 0.41 0.21 0.698 (0.584–0.835) <0.001*

rs4073259 ALOX5AP 0.45 0.43 0.18 1.076 (0.906–1.280) 0.402

Note: *p < 0.05 indicates statistical significance.
Abbreviations: SNP, single nucleotide polymorphism; MAF, minor allele frequency; HWE, Hardy–Weinberg equilibrium.
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three genetic models (p < 0.05). In contrast, APOE-rs7412 was related to a decreased risk of thyroid cancer under
dominant and log-additive models (p dominant = 0.0001, p log-additive = 0.0001). Moreover, ALOX5AP-rs4076128 was also
correlated with a reduced risk of disease under all three genetic models (p < 0.05).

The morbidity of thyroid cancer in females was higher than that in males. Therefore, stratified analysis was carried
out according to sex (Table 6). BCL3-s34698726 was correlated with an elevated risk of thyroid cancer in both males and
females (p < 0.05). Moreover, APOE-rs7412 and ALOX5AP-rs4076128 were associated with a decreased risk of disease
in both males and females (p < 0.05). However, APOE-rs429358 and BCL3-rs8100239 were associated with an increased
risk of disease only in females. In addition, ALOX5AP- rs4073259 was found to be associated with an increased risk of
disease (p = 0.006).

Discussion
With in-depth study, ferroptosis has gradually exhibited enormous potential in cancer prevention and treatment. However,
few studies have focused on ferroptosis-related gene polymorphisms in thyroid cancer. In this study, we genotyped six
SNPs in the ferroptosis-related genes APOE, BCL3 and ALOX5AP and found that rs429358, rs34698726 and rs8100239
were associated with an increased risk of thyroid cancer. In contrast, rs7412 and rs4076128 were related to a decreased
risk of disease.

APOE is a polymorphic protein and has multiple functions in the transport and catabolism of triglycerides and
cholesterol. It can bind to the receptors of low-density lipoprotein and chylomicron and therefore regulate lipid
metabolism.28 Based on its function, the abnormal expression and dysregulation of APOE has been widely investigated
in earlier studies about the etiology and pathogenesis of diseases related to lipid metabolism, such as atherosclerosis,
cerebral infarction and chronic heart disease.29,30 More recent studies have gradually revealed the important role of
APOE in cell proliferation, tumor angiogenesis, invasion and migration. Dysregulation of APOE has been found in
a number of cancers, including glioblastoma, gastric cancer, and thyroid cancer.31–33 Rs429358 and rs7412 are common
SNPs in APOE and lead to changes in the Cys130Arg and Arg176Cys amino acids, respectively.34 In this study, we
found that rs429358 was a risk variant for thyroid cancer, and rs7412 was a protective variant against the risk of disease,
suggesting that rs429358 and rs7412 may participate in the pathogenesis of thyroid cancer by altering the function of
APOE in cellular lipid catabolism and ferroptosis.

BCL3 was first identified in chronic lymphocytic leukemia, and subsequent studies found its function as
a transcriptional coactivator in the NF-κB signaling pathway.35 Unlike the general IκB proteins that directly bind to
NF-κB proteins and regulate their activity, BCL3 usually binds to p50 and p52 homodimers to upregulate or suppress
a number of genes in the NF-κB pathway.36 BCL3 was also identified as a candidate proto-oncogene and plays essential
roles in the pathogenesis of tumors.37 Park et al reported that hepatitis Bx protein can upregulate the expression of BCL3
and lead to upregulation of the kappaB2 (p52)/BCL3 complex, thereby participating in the progression of hepatocellular
carcinoma.38 Wakefield et al found that BCL3 can promote the pulmonary metastasis of ErbB2-positive breast cancer by
suppressing cell migration, GDP dissociation and metalloprotease inhibitors.17 In addition, Chen et al showed that BCL3
can bind to and inhibit the ubiquitination and degradation of Smad3 and therefore promote the metastasis of breast cancer
by regulating TGFβ signaling.39 We identified that BCL3-s34698726 and rs8100239 were associated with an elevated
risk of thyroid cancer under all three genetic models, suggesting that BCL3 mutations may also contribute to the
progression of thyroid cancer. However, the underlying molecular mechanism needs to be explored in further studies.

ALOX5AP can stimulate the enzymatic activity of 5-lipoxygenase and convert arachidonic acid into leukotrienes.
Leukotrienes are then hydrolyzed into several products in the 5-lipoxygenase pathway and function as inflammatory
mediators in the pathogenesis of allergic diseases and chronic inflammatory conditions.40 ALOX5AP was also identified
to have essential roles in the occurrence of cancer because of its participation in the 5-lipoxygenase pathway. Jiang et al
reported the abnormal expression of ALOX5AP in breast cancer and identified is as closely associated with the prognosis
of breast cancer patients, suggesting its potential use as a therapeutic target.41 Recently, Ye et al reported that ALOX5AP
is upregulated in serous ovarian cancer, and its overexpression is correlated with poor prognosis and survival.42

Polymorphisms of ALOX5AP are also associated with a number of other diseases and cancers, including ischemic
stroke, cerebral infarction, lung disease, and breast cancer.20,43,44 We genotyped two SNPs in ALOX5AP in our case–
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Table 5 Association Between SNPs and Risk of Thyroid Cancer in Genetic Models

SNP Gene Model Genotype Control Case OR (95% CI) p

rs429358 APOE Dominant TT 371 (71.3%) 317 (61%) 1 0.0004*

TC-CC 149 (28.6%) 203 (39%) 1.60 (1.23–2.07)

Recessive TT-TC 508 (97.7%) 503 (96.7%) 1 0.330

CC 12 (2.3%) 17 (3.3%) 1.45 (0.68–3.06)

Log-additive - - - 1.49 (1.18–1.88) 0.0006*

rs7412 APOE Dominant CC 376 (72.3%) 427 (82.1%) 1 0.0001*

CT-TT 144 (27.7%) 93 (17.9%) 0.56 (0.42–0.76)

Recessive CC-CT 510 (98.1%) 517 (99.4%) 1 0.051

TT 10 (1.9%) 3 (0.6%) 0.29 (0.08–1.06)

Log-additive - - - 0.57 (0.43–0.75) 0.0001*

rs34698726 BCL3 Dominant AA 208 (40%) 166 (31.9%) 1 0.0066*

TA-TT 312 (60%) 354 (68.1%) 1.42 (1.10–1.84)

Recessive AA-TA 456 (87.7%) 430 (82.7%) 1 0.018*

TT 64 (12.3%) 90 (17.3%) 1.52 (1.07–2.15)

Log-additive - - - 1.34 (1.11–1.60) 0.0016*

rs8100239 BCL3 Dominant TT 297 (57.1%) 251 (48.3%) 1 0.0037*

AT-AA 223 (42.9%) 269 (51.7%) 1.44 (1.12–1.84)

Recessive TT-AT 486 (93.5%) 460 (88.5%) 1 0.0049*

AA 34 (6.5%) 60 (11.5%) 1.86 (1.20–2.89)

Log-additive - - - 1.39 (1.15–1.68) 0.0006*

rs4076128 ALOX5AP Dominant AA 171 (32.9%) 236 (45.4%) 1 <0.0001*

GA-GG 349 (67.1%) 284 (54.6%) 0.59 (0.46–0.76)

Recessive AA-GA 438 (84.2%) 460 (88.5%) 1 0.043*

GG 82 (15.8%) 60 (11.5%) 0.69 (0.48–0.99)

Log-additive - - - 0.69 (0.58–0.83) 0.0001*

rs4073259 ALOX5AP Dominant AA 175 (33.6%) 158 (30.4%) 1 0.23

GA-GG 345 (66.3%) 362 (69.6%) 1.17 (0.90–1.52)

Recessive AA-GA 415 (79.8%) 413 (79.4%) 1 0.89

GG 105 (20.2%) 107 (20.6%) 1.02 (0.76–1.38)

Log-additive – – – 1.08 (0.91–1.28) 0.39

Note: *p < 0.05 indicates statistical significance.
Abbreviations: SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.
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Table 6 Association Between Candidate SNPs and Risk of Thyroid Cancer Stratified by Sex

SNP Gene Model Genotype Male Female

OR (95% CI) p OR (95% CI) p

rs429358 APOE Dominant TT 1.00 0.920 1.00 <0.0001*

TC-CC 0.98 (0.61–1.56) 2.00 (1.46–2.75)

Recessive TT-TC 1.00 0.950 1.00 0.240

CC 1.05 (0.26–4.28) 1.69 (0.69–4.16)

Log-additive - 0.99 (0.65–1.49) 0.950 1.81 (1.37–2.41) <0.0001*

rs7412 APOE Dominant CC 1.00 0.010* 1.00 0.004*

CT-TT 0.49 (0.28–0.85) 0.60 (0.42–0.85)

Recessive CC-CT 1.00 0.110 1.00 0.210

TT 0.22 (0.02–1.89) 0.37 (0.07–1.91)

Log-additive - 0.50 (0.30–0.83) 0.006* 0.61 (0.43–0.85) 0.003*

rs34698726 BCL3 Dominant AA 1.00 0.050 1.00 0.035*

TA-TT 1.57 (1.00–2.47) 1.40 (1.02–1.90)

Recessive AA-TA 1.00 0.046* 1.00 0.170

TT 1.84 (1.00–3.38) 1.34 (0.88–2.06)

Log-additive - 1.47 (1.07–2.02) 0.016* 1.28 (1.03–1.60) 0.028*

rs8100239 BCL3 Dominant TT 1.00 0.260 1.00 0.008*

AT-AA 1.28 (0.83–1.98) 1.49 (1.11–2.01)

Recessive TT-AT 1.00 0.360 1.00 0.004*

AA 1.40 (0.68–2.86) 2.24 (1.27–3.94)

Log-additive - 1.23 (0.89–1.69) 0.210 1.48 (1.17–1.87) 0.001*

rs4076128 ALOX5AP Dominant AA 1.00 0.034* 1.00 0.0008*

GA-GG 0.62 (0.40–0.97) 0.59 (0.43–0.80)

Recessive AA-GA 1.00 0.006* 1.00 0.530

GG 0.38 (0.18–0.78) 0.87 (0.57–1.33)

Log-additive - 0.61 (0.44–0.86) 0.004* 0.74 (0.60–0.92) 0.007*

rs4073259 ALOX5AP Dominant AA 1.00 0.006 1.00 0.700

GA-GG 1.96 (1.20–3.18) 0.94 (0.69–1.29)

Recessive AA-GA 1.00 0.800 1.00 0.980

GG 1.07 (0.64–1.79) 0.99 (0.68–1.45)

Log-additive – 1.34 (0.99–1.82) 0.059 0.97 (0.79–1.19) 0.780

Note: *p < 0.05 indicates statistical significance.
Abbreviations: SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.
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control cohort and found that ALOX5AP-rs4076128 was also correlated with a reduced risk of thyroid cancer. The results
provide new clues for functional studies on ALOX5AP in thyroid cancer.

Considering the high incidence rate of thyroid cancer in females, we performed a stratification analysis. The results
showed that APOE-rs7412, BCL3-s34698726 and ALOX5AP-rs4076128 remained significant in both males and females,
while APOE-rs429358 and BCL3-rs8100239 were associated with the risk of disease only in females. We suppose that
APOE-rs429358 and BCL3-rs8100239 may interact with hormonal regulation in female patients with thyroid cancer, and
the relatively small sample size of males may have influenced the different results.

Several limitations of this study need to be highlighted. Although we performed a stratification analysis based on sex,
the interaction between candidate SNPs and other factors, such as tumor size and presence or absence of metastasis,
could not be evaluated due to the limited information. However, the results identified here could not represent the
comprehensive genetic background and driver role of the APOE, BCL3 and ALOX5AP genes in patients with thyroid
cancer because only seven candidate SNPs were genotyped in this Chinese population. The underlying molecular
mechanism between APOE, BCL3 and ALOX5AP and thyroid cancer needs to be explored in further functional studies.

In conclusion, the present study found that APOE-rs429358, BCL3-s34698726 and rs8100239 were associated with
an elevated risk of thyroid cancer, while APOE-rs7412 and ALOX5AP-rs4076128 were related to a reduced risk of
disease. The results help us better understand how genetic polymorphisms in ferroptosis-related genes are relevant to
thyroid cancer susceptibility.
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