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Background: Genetic variations in MicroRNA (miRNA) binding sites may alter structural accessibility of miRNA binding sites to
modulate risk of cancer. This large-scale integrative multistage study was aimed to evaluate the interplay of genetic variations in
miRNA binding sites of iron regulatory pathway, dietary iron intake and lung cancer (LC) risk.

Patients and methods: The interplay of genetic variant, dietary iron intake and LC risk was assessed in large-scale
case–control study. Functional characterization of the validated SNP and analysis of target miRNAs were performed.

Results: We found that the miRNA binding site SNP rs1062980 in 3’ UTR of Iron-Responsive Element Binding protein 2 gene
(IREB2) was associated with a 14% reduced LC risk (P value¼ 4.9�10� 9). Comparing to AA genotype, GG genotype was associ-
ated with a 27% reduced LC risk. This association was evident in males and ever-smokers but not in females and never-smokers.
Higher level of dietary iron intake was significantly associated with 39% reduced LC risk (P value¼ 2.0�10� 8). This association
was only present in individuals with AGþAA genotypes with a 46% reduced risk (P value¼ 1.0�10� 10), but not in GG geno-
type. The eQTL-analysis showed that rs1062980 significantly alters IREB2 expression level. Rs1062980 is predicted to alter a miR-
29 binding site on IREB2 and indeed the expression of miR-29 is inversely correlated with IREB2 expression. Further, we found
that higher circulating miR-29a level was significantly associated with 78% increased LC risk.

Conclusion: The miRNA binding site SNP rs1062980 in iron regulatory pathway, which may alter the expression of IREB2
potentially through modulating the binding of miR-29a, together with dietary iron intake may modify risk of LC both individually
and jointly. These discoveries reveal novel pathway for understanding lung cancer tumorigenesis and risk stratification.
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Introduction

The genetic variations in MicroRNAs (miRNA) binding sites of

genes may alter structural accessibility of miRNA binding sites

and potentially affect the regulatory role of miRNA on gene ex-

pression [1]. Studies have shown that miRNA-related single nu-

cleotide polymorphisms (SNPs) affect miRNA processing

machinery and target binding sites that modulate a variety of can-

cers [1], including lung cancer (LC) [2].

As an essential nutrient that facilitates DNA synthesis, cell prolif-

eration, and metabolism, iron is a crucial element that enables the

vital function of iron- and/or heme-containing enzymes for nor-

mal mammalian cells to survive and replicate [3]. Genes in iron

regulatory pathway, such as Iron-Responsive Element Binding

Protein 1 and 2 (IREB1 and IREB2), not only regulate iron metab-

olism but also play important roles in cancer cell reprogramming

contributing to malignant growth [3]. Iron also regulates crucial

signaling pathways in tumor cell formation including WNT, MYC,

and hypoxia-inducible factor (HIF) pathways [4, 5]. Torti et al. [3]

highlighted that both beneficial and deleterious aspects of iron and

iron regulatory pathway in development of cancer, which has been

proved by large-scale epidemiological studies [6, 7]. Although
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previous LC studies have examined disrupted homeostasis of iron-

related signaling pathways in LC cell lines and mice, the evidence

of genetic variants of miRNA binding site in intracellular iron

regulatory pathways in the risk of LC, especially in the context of

dietary iron intake, remains limited and inconclusive. Although

genome-wide association studies (GWASs) have identified suscep-

tibility loci on chromosomes 5p15.33, 6p21.33, 15q25, 22q12.1,

and 13q12.3 contributing to LC risk in Caucasians [8–10], genetic

variants in iron regulatory pathway genes, especially miRNA-

binding SNPs, are not well covered in GWAS chips.

Several studies have shown that dietary food intake may modu-

late the risk of cancer and may play a significant role in miRNA

expression in cancer tissues. These findings suggested that

miRNA expression may modulate the effect of dietary intake on

cancer risk [11]. Iron also participates in potentially harmful re-

actions such as reactive oxygen species through dietary intake,

which results in oxidative damage to DNA and initiates a muta-

genic process in host cells [12].

These facts suggests that an integrated investigation is need to

comprehensively evaluate the relationship, underline mechanism,

and interplay of miRNA-related genetic variants, dietary iron in-

take, expression of genes/miRNAs and LC risk. In this study, we

examined 1) whether miRNA binding site SNPs in genes from iron

regulatory pathways may modify LC risk; 2) functional character-

ization of the identified SNPs and its correlation with predicted

miRNAs; 3) the circulating miRNA which were predicted to regu-

late IREB2 and its association with LC risk; 4) the relationship be-

tween dietary iron intake and LC risk; and 5) whether the

association was modified by the genetic variants. To our know-

ledge, this is the first large-scale integrated investigation of miRNA

binding site polymorphisms of iron regulatory pathway together

with dietary iron intake in modulating the risk of LC.

Methods

Detailed description of methods can be found in supplementary
Methods, available at Annals of Oncology online.

Study design and data collection

The schematic of study design was displayed in supplementary Figure S1,
available at Annals of Oncology online. This study was approved by MD
Anderson’s Institutional Review Board, and written informed consent to
participate in the study was obtained from each participant before data
and biospecimens were collected.

SNP selection and genotyping

Based on previous literatures of iron regulatory pathways [3] and
Integrated Pathway Analysis (IPA) software, we identified 80 major can-
didate genes involved in regulating intracellular iron level and cancer de-
velopment (supplementary Table S1, available at Annals of Oncology
online). Genomic DNA isolation and genotyping were performed as pre-
viously described [13].

Dietary iron level analysis

We used a previously validated semi-quantitative food frequency ques-
tionnaire (FFQ), a modified version of the National Cancer Institute’s
Health Habits and History Questionnaire [14] to assess dietary intake for
the year prior to diagnosis or study enrollment.

Functional characterization and serum miR-29a
expression

We used public database to perform eQTL analysis. Predicted miRNAs
that alter IREB2 expression were identified using miRdSNP database
[15]. The association of IREB2 and miRNAs expression was analyzed in
TCGA dataset of 554 LC tumor tissues. Serum miR-29a expression was
analyzed in 150 stage I–II LC patients from MD Anderson Cancer Center
and 172 controls.

Statistical analysis

The association of each SNP with the risk of LC was estimated using the
odds ratio (OR) and 95% confidence interval (CI) for the additive models
of inheritance. Multivariable unconditional logistic regression was used
to adjust for age, gender and smoking status in the discovery population
and for age, gender, study, and significant principal components for
population stratification within studies (two for PLCO, and one each for
EAGLE and ATBC [16]) in the validation population. Meta-analysis was
used to estimate the OR and 95% CI for the pooled discovery and valid-
ation population. Multivariable unconditional logistic regression was
used to estimate the association of dietary iron intake and the risk of LC
while adjusting for age, gender, smoking status and total energy intake.
Interactions between dietary iron intake and each variable on LC risk
were assessed by the likelihood ratio test.

Results

Genetic variants as LC susceptibility loci

The discovery population included 1,656 LC patients from MD

Anderson Cancer Center and 1,486 controls. Of 160 SNPs exam-

ined, we found eight SNPs in six genes significantly associated

with LC risk (P< 0.05). Two SNPs in strong linkage disequilib-

rium (r2¼0.9) were found in the same IREB2 that were associ-

ated with LC risk: rs4887057 (OR¼ 0.85, 95%Cl¼ 0.76–0.95,

P¼ 0.005) and rs1062980 (OR¼ 0.85, 95%Cl¼ 0.76–0.95,

P¼ 0.006). The remaining six SNPs in iron regulatory pathway

that were significantly associated with LC risk were in Table 1.

In validation phase from dbGaP including a total of 5,699 LC

patients and 5,815 control subjects, genotyping data were identi-

fied for two SNPs (rs7579899 and rs1062980) and three tag SNPs

(rs235769, rs17621350, and rs12951103). Combining all subjects

(7,352 cases, 7,301 controls), the minor G allele of rs1062980 was

associated with a 14% reduced LC odds with an OR of 0.86

(95%CI¼ 0.82–0.91) and overall P value of 4.9�10� 9, which is

more than genome-wide significance level (Table 1).

As shown in supplementary Table S2, available at Annals of

Oncology online, in the combined analysis, compared to the com-

mon AA genotype, the heterozygous AG genotype was associated

with significantly reduced LC odds with an OR of 0.88

(95%CI¼ 0.82–0.95, P¼ 9.6�10� 4); and the variant GG geno-

type had strongest association with 27% reduced LC odds

(OR¼ 0.73; 95%CI¼ 0.66–0.81; P¼ 4.4�10� 9). This associ-

ation was more evident in male subjects, younger subjects and

ever-smokers.

Dietary iron intake and susceptible loci in risk of LC

Among the MD Anderson study population, 1,340 cases and

1,317 controls had dietary information available that was used for
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analysis of dietary iron intake. A higher dietary iron intake level

was significantly associated with 39% reduced odds of LC

(OR¼ 0.61, 95%CI¼ 0.52–0.73, P¼ 2.0�10� 8). Similar results

of the association were also observed as dichotomized by tertiles

or continuous/ordinal analyses (supplementary Table S3, avail-

able at Annals of Oncology online) and adjusted for BMI at diag-

nosis or BMI 3 years before diagnosis (supplementary Table S4,

available at Annals of Oncology online). Bootstrap analysis good-

ness of fit showed excellent agreement between predicted and

observed events (supplementary Table S5, available at Annals of

Oncology online). The association was more substantial in males,

older subjects, and ever-smokers (Table 2).

The association of LC and dietary iron intake was also modu-

lated by the genotypes of rs1062980. We found a synergistic inter-

action between rs1062980 and iron intake in modulating LC risk

(P for interaction¼ 0.005). The protective effect of higher dietary

iron intake was evident in individuals carrying common allele

genotypes (AAþAG: OR¼ 0.54, 95%CI¼ 0.45–0.65,

P¼ 1.0�10� 10), but not in individuals carrying the rare homo-

zygous genotype (GG: OR¼ 0.97, P¼ 0.89). This interaction re-

mained significant in males, older age, and never-smokers with P

for interaction of 0.006, 0.003, and 0.01, respectively (Figure 1).

The result of additive joint-effects between genotypes of

rs1062980 and dietary iron intake was shown in supplementary

Table S6, available at Annals of Oncology online.

Functional characterizing of the SNP

We used eQTL-analysis to examine whether SNP rs1062980 regu-

lates gene expression in three independent public databases:

MuTHER, GRASP QTL and GTEx. We observed significant asso-

ciations of rs1062980 with IREB2 expression in MuTHER,

GRASP QTL (supplementary Figure S2A, available at Annals of

Oncology online), and GTEx (supplementary Figure S2B, avail-

able at Annals of Oncology online). The results indicated that indi-

viduals with the high-risk A allele at rs1062980 have significantly

lower IREB2 expression level in multiple tissues compared with

individuals with lower-risk G allele at rs1062980 with a dose re-

sponse relationship. All of linked SNPs (LP, r2>0.8) of

rs1062980 and their imputed function were checked by the

HaploReg database (supplementary Table S7, available at Annals

of Oncology online) and>95% of them were in or close to the

IREB2. The majority of linked SNPs were associated with changed

motifs and/or promoter/enhancer marks during protein

expression.

Predicted miRNAs that bind to the regions
encompassing rs1062980

Since rs1062980 is predicted to be a miRNA binding site SNP, it

could alter IREB2 expression by affecting the miRNA binding ac-

tivity. By using the miRdSNP database, we found 10 predicted

miRNAs alter IREB2 expression by binding to the region encom-

passing rs1062980 at IREB2 (supplementary Table S8, available at

Annals of Oncology online).

The correlation of IREB2 and the predicted miRNAs expres-

sion were analyzed in 554 LC tumor tissues. We found that miR-

29a and 29b were the most strongly inversely correlated with

IREB2 expression (rho¼�0.25 and �0.26, P¼ 2.0�10� 9 and

1.1�10� 9, respectively). Subsequently, we measured the expres-

sion of serum miR-29a in 150 early-stage LC patients and 172

healthy controls and found that a higher miR-29a level was sig-

nificantly associated with 78% increased odds of LC (OR¼ 1.78;

95%CI¼ 1.06–3.00, P¼ 0.03, supplementary Table S9, available

at Annals of Oncology online). The association was more evident

in females than that in males.

Discussion

To the best of our knowledge, this is the first large-scale integra-

tive analysis of iron regulatory pathway with LC risk that

included data on genotyping, gene expression, miRNA expres-

sion, and dietary iron intake levels. In this study, we performed a

comprehensive analysis of miRNA binding site SNPs in iron

Table 1. Significant associations of miRNA binding site SNPs in iron regulatory pathway with lung cancer risk

Gene: SNP Chromosome Minor allele Case Wild-type wild-type/wild-type variant/variant variant

Control ORa (95% Cl) P value

Discovery phaseb

XPD: rs3916874 19 C 831\689\136 820\549\117 1.19 (1.06–1.34) 4.27E-03
BMP2: rs235769 20 A 619\764\273 613\685\188 1.17 (1.05–1.31) 5.34E-03
IREB2: rs1062980 15 G 690\756\197 554\685\234 0.85 (0.76–0.95) 5.57E-03
STEAP2: rs17621350 7 A 971\577\105 916\507\63 1.17 (1.03–1.34) 0.01
PFAS: rs12951103 17 A 1059\530\67 885\517\84 0.83 (0.74–1.03) 5.78E-03
PFAS: rs1132554 17 C 523\788\334 397\733\342 0.87 (0.71–1.01) 8.90E-03
EPAS1: rs7579899 2 A 622\779\255 519\712\255 0.89 (0.79–0.99) 0.03

Validation phase
IREB2: rs1062980 15 G 2272\2679\745 2098\2809\903 0.87 (0.82–0.91) 2.51E-07

Meta-analysis
IREB2: rs1062980 15 G 2962\3435\942 2652\3494\1137 0.86 (0.82–0.91) 4.87E-09

aAdjusted for age, gender and smoking status in discovery and age, gender in validation.
bGenotyping data for rs4887057 was not shown here due to its strong linkage with rs1062980.
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regulatory pathway with LC risk and identified a functional SNP

rs1062980 in IREB2 as a LC susceptibility loci. Additionally, we

showed significant association of dietary iron intake with LC risk

and modulating effect of rs1062980 on the association between

dietary iron intake and LC risk. Functional characterization using

eQTL-analysis showed a strong correlation of genotypes with

IREB2 expression level. Further, evaluation of the predicted

miRNAs that target the binding site demonstrated a significant

correlation of mir-29a and IREB2 expression level and the signifi-

cant association between circulating mir-29a and LC risk.

Genetic variations in miRNA binding sites may alter structural

accessibility of miRNA binding sites, affect gene expression, and

modulate cancer risk. IREB2/IREB1 are master regulators in iron

homeostasis by increasing or decreasing protein expression level

to regulate intracellular iron [3]. On one hand, mice knocked out

IREB2 depleted functional cellular iron and developed microcytic

anemia by low TfR1 and high ferritin expression [17]. The

depleted functional intracellular iron may further negatively af-

fect the proliferation of host cells such as immune cells. On the

other hand, IREB2 expression was 2–10 times higher in cancer

cell lines than in somatic cells [18] suggesting that iron regulated

by IREB2 is necessary for cancer cell growth and proliferation.

IREB2 is located in the 15q25 region which is a well-known

GWAS identified LC susceptibility region. However, the molecu-

lar function of 15q25 locus is little known. Tekpli et al. [19]

showed that polymorphisms of nicotinic receptor genes

(CHRNA family) are associated with mRNA level of CHRNA5.

However, no GWAS identified SNPs have been shown to associ-

ate with IREB2 expression in eQTL-analysis. In this study, we

used three independent databases to perform eQTL-analysis and

found consistent association of rs1062980 with IREB2 expression.

Although rs1062980 was not in strong linkage disequilibrium to

any previous published GWAS LC SNPs in 15q25 (data not

shown), after adjusting the GWAS identified SNPs, the effect dis-

appeared. However, in contrast to GWAS identified SNPs [20],

rs1062980 was not associated with smoking behavior (data not

shown) or with nicotinic receptor genes in this study, suggesting

the involvement of different signaling pathways. Since smoking is

the predominant risk factor of LC, the effect of rs1062980 may be

masked by the GWAS identified SNPs related to nicotinic recep-

tor genes which represent mixed signals from smoking behavior,

nicotine addiction, acetylcholine receptor activity, and iron regu-

lation. Taken together, our study provides biological plausibility

for the rs1062980 polymorphism associated modification of

IREB2 expression, which altered LC risk.

In our study population with higher percentage of males than

females, the daily dietary iron intake of males in control subjects

(mean: 17.9 mg) was comparable to the values of adult male re-

ported by the National Health and Nutrition Examination

Survey (NHANES), 1999–2000, for the US population [21],

which are 17.2 mg. Consistent with NHANES, the iron intake of

female population of our study was lower than male. However,

the overall iron intake of adult female in our study (mean:

16.8 mg) was higher than NHANES (mean: 13.4 mg), which may

explain the divergent result in stratified analysis of male

(P¼ 1.6�10� 8) versus female (P¼ 0.06). As intake for dietary

trace metals may vary by region, our female subjects, the majority

of whom reside in Houston metropolitan area, might consume

more iron compared with the national average leading to the

observed results.

Table 2. Association between dietary iron intake and lung cancer risk

Dietary iron intake No. of cases No. of controls ORa (95% Cl) P value P for interaction

All All
Low 659 860 1(reference)
High 658 480 0.61 (0.52–0.73) 2.04E-08

Gender Male 1.34E-03
Low 482 403 1(reference)
High 202 402 0.50 (0.39–0.64) 1.58E-08

Female
Low 378 256 1(reference)
High 278 256 0.79 (0.61–1.01) 0.06

Age <60 years 0.60
Low 344 266 1(reference)
High 141 193 0.67 (0.50–0.89) 6.89E-03

�60 years
Low 516 393 1(reference)
High 339 465 0.59 (0.47–0.72) 7.85E-07

Smoking status Ever-smoker 3.60E-04
Low 749 350 1(reference)
High 364 326 0.52 (0.42–0.63) 2.36E-10

Never-smoker
Low 111 309 1(reference)
High 116 332 0.94 (0.69–1.29) 0.71

aAdjusted for age, gender, smoking status and total energy intake.
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Prior studies of serum iron level and cancer risk suggested a J-

shape model, both low and high end of iron associated with can-

cer risk [6], supporting the notion that iron regulatory pathway

both beneficially and deleteriously impacts cancer risk [3].

Mahabir et al. [22] found that increased dietary iron intake was

associated with decreased LC risk and that the population with

the lowest iron and suboptimal DNA repair capacity was at the

highest risk of developing LC. However, Zhou et al. [23] sug-

gested that higher LC risk was associated with higher total iron

intake, whereas lower cancer risk was associated with higher

heme iron. In a large scale meta-analysis study, no significant as-

sociation of iron intake and LC risk was observed [7]. These dis-

crepancies and inconsistencies might be due to distinct

questionnaires and the formulas used to calculate the iron intake

and/or the definition for iron/heme iron intake or genetic, gen-

der, age, smoking specific effects as shown in our study. In our

study, although we found significant association between high

dietary iron intake and LC risk, this association was modulated

by the genotype of rs1062980 in IREB2. Higher dietary iron intake

was associated with reduced LC risk among carriers of common

high-risk A allele containing genotypes of rs1062980; however,

higher dietary iron intake was not associated with LC risk among

carriers of minor homozygozite low-risk G allele genotype. As

shown by the eQTL-analysis, the common high-risk allele was

associated with lower IREB2 expression indicating lower

intracellular iron activity. Therefore, higher iron intake is needed

to boost the intracellular iron activity. The effect of interaction

appeared stronger in males, older age, or none smokers possibly

suggest the effect underlines the LC initiation and development

besides smoking associated LC. The association of miR-29a and

cancer has been extensively studied in multiple cancer sites

including LC. Consistent with us, at 10 months after diagnosis of

LC, the death rate for patients with a high level of miR-29a ex-

pression was 6.4 times higher than for patients with a low level of

miR-29a expression [24].

There were several strengths in this investigation. The large

sample size provided enough power for us to assess the LC risk

associated with genetic variants and to stratify all possible con-

founders to comprehensively evaluate the contribution of LC

risk. The validation phrase was conducted to avoid the possibility

of false-positive findings. The large population used in this study

provided genetic and dietary data as well as complete demo-

graphic information, which allowed us to test our hypothesis

integratively. The sensitivity analyses, including Bootstrap ana-

lysis and consistency of iron intake of general US population and

our population, suggested robustness of the findings. We used

commonly used FFQ methods to assess dietary intake in this

study. While nutrition data collected one-year prior to diagnoses

might be a concern, longitudinal studies indicated that a single

FFQ measurement could characterize dietary habits for a period
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Figure 1. Interaction of rs1062980 polymorphism with dietary iron intake in LC risk. The analysis was done for overall population (A), males
(B), age� 60 (C), never-smokers (D). Low and high are defined by the median cutoff in controls. OR adjusted for age, gender, smoking status
and total energy intake.
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of at least 5–10 years [25], and dietary patterns assessed with a

FFQ were stable over time [26]. However, these intriguing joint

associations between the rs1062980 genotype and dietary iron in-

take need to be confirmed in a prospective cohort study.

In summary, this is the first large-scale investigation of germ-

line miRNA-related genetic variants in genes of the iron regula-

tory pathway, miRNA expression, dietary iron intake level, and

LC risk. The miRNA binding site SNP rs1062980 in iron regula-

tory pathway, which may alter the expression of IREB2 poten-

tially through modulating the binding of miR-29a, and together

with dietary iron intake may modify the risk of LC both individu-

ally and jointly. These results reveal a novel pathway for under-

standing LC tumorigenesis and risk stratification.
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