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Abstract

Purpose—Genomic DNA hypomethylation is a hallmark of most cancer genomes, promoting 

genomic instability and cell transformation. In the present study, we sought to determine whether 

global DNA methylation in peripheral blood is associated with risk of renal cell carcinoma (RCC).

Experimental Design—A retrospective case control study consisting of 889 RCC cases and an 

equal number of age, gender, and ethnicity-matched controls was applied. Global DNA 

methylation was measured as 5-mC% content. Logistic regression was used to estimate odds ratio 

(OR) and 95% confidence interval (CI) for the association between DNA methylation level and the 

risk of RCC.

Results—The median 5-mC% was significantly lower in cases than healthy controls (p<0.001). 

In multivariate logistic regression analysis, individuals in the lowest tertile (T1) of 5-mC% had 

higher risk of RCC with OR of 1.40 (95%CI 1.06–1.84), compared to individuals in the highest 

tertile (T3) (Pfor trend=0.02). When stratified by RCC risk factors, associations between 

hypomethylation and increased RCC risk appeared to be stronger among males (OR=1.61, 

Pfor trend=0.01), younger age (OR=1.47, Pfor trend=0.03), never smokers (OR=1.55, Pfor trend=0.02), 

family history of other cancer (OR=1.64, Pfor trend=1.22E-03) and late stage (OR=2.06, 
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Pfor trend=4.98E-04). Additionally, we observed significant interaction between gender and 5-mC% 

in elevating RCC risk (Pfor interaction=0.03).

Conclusions—Our findings suggest an association between global DNA hypomethylation and 

RCC risk. To establish global DNA hypomethylation as a risk factor for RCC, future prospective 

studies are warranted. This study may provide further understanding of the etiology of RCC 

tumorigenesis.
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INTRODUCTION

Kidney cancer represents 3.8% of all new cases in the United States (US) (1). Adult kidney 

cancers are mainly adenocarcinomas, also known as a renal cell carcinoma (RCC). RCC 

accounts for more than 90% of adult kidney carcinomas (2). The incidence of RCC has been 

steadily rising by 2–4% each year and is now the 8th leading cancer type in the US. Despite 

improved diagnosis, about 20–30% of all RCC patients have developed metastases at the 

time of diagnosis and an additional 30–50% progress to metastatic disease during follow-up 

(3). The overall 5-year survival rate of RCC patients is in the range of 50–60%; however, the 

long-term survival diminishes in patients with distant metastasis (4). Previous studies 

reported that having a first degree relative with kidney cancer is associated with 2 to 3-fold 

increased risk (5). In the US, RCC incidence differs among racial and ethnic populations: 

African Americans have both higher incidence and mortality rates than other races/

ethnicities (6). Cigarette smoking, hypertension and obesity are established risk factors 

associated with RCC development (7). Dietary intake of vegetables and fruits has been 

inversely associated with RCC. Greater intake of red meat and milk products has been 

associated with increased RCC risk, although not consistently (8).

Lifestyle and environmental factors associated with RCC carcinogenesis likewise affect 

epigenetic statuses, and thus epigenetic mechanisms may mediate environmental influences 

on gene expression and cancer development. DNA methylation is one of the most studied 

epigenetic modifications in mammals. The covalent addition of a methyl group occurs 

mostly in cytosine within CpG dinucleotides, which are concentrated in large clusters called 

CpG islands. It is known that inactivation of certain tumor-suppressor genes occurs as a 

consequence of hypermethylation in the promoter regions, and genomic instability resulting 

from global hypomethylation promotes cell transformation. In addition, global DNA 

hypomethylation contributes less frequently to activation of silenced oncogenes (9). In 

normal cells, pericentromeric heterochromatin is highly methylated; satellite sequences and 

repetitive genomic sequences (such as LINE, SINE, IAP and Alu elements) are silenced, 

thereby ensuring genomic integrity and stability. However, in a variety of tumors, this 

mechanism is disrupted and loss of DNA methylation occurs. As a consequence, there is a 

chance of undesired mitotic recombination, and transposable elements can be reactivated 

and integrated at random sites in the genome, leading to mutagenesis and genomic 

instability. Also, loss of DNA methylation may activate latent viral sequences in the genome, 

which can contribute to tumor progression (9).
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Recently, global hypomethylation in peripheral blood DNA has been associated with 

increased risks of various cancers including head and neck (10), gastric (11), liver (12), 

bladder (13–15), colorectal (16–18) and breast cancer (19–22). Although alterations in DNA 

methylation from peripheral blood may not necessarily represent epigenetic changes in the 

tumor, the noninvasiveness of acquiring blood samples and the likelihood of tumor 

heterogeneity requiring multiple assessments of tumor tissues make the surrogate approach 

attractive. Global hypomethylation in leukocytes may reflect overall genomic instability of 

an individual, which may predispose to cancer development (19). To date, there was only 

one report in RCC in which higher levels of LINE-1 methylation were positively associated 

with RCC risk, particularly among current smokers (23). In the present study, we used a 

large case control study to evaluate the association of global DNA methylation levels of 

blood DNA with the risk of RCC, and investigate if any modifiable risk factors involved in 

the development of RCC could modify this association.

MATERIAL AND METHODS

Study Population

This is an ongoing case control study of RCC that has been recruiting RCC patients from the 

University of Texas MD Anderson Cancer Center in Houston, Texas, since 2002. The study 

design was described previously (24). Briefly, all recruited cases were individuals with 

newly diagnosed (within 1 year of diagnosis), histologically confirmed, and previously 

untreated RCC. Healthy control subjects without a history of cancer were identified and 

recruited with the use of random digit dialing (RDD) method. The control subjects were 

frequency matched to the cases according to gender, ethnicity and age (±5 years). The 

overall response rate for RDD screening was 51% and, among those who agreed to 

participate, the response rate was 88%. The response rate for the eligible cases was 87%. 

The study was approved by the MD Anderson Institutional Review Board. The blood was 

collected before patients received treatment at MD Anderson. All participants provided 

written informed consent before participating in the study. Immediately after each interview, 

a 40_ml blood sample was drawn into heparinized tubes for lymphocyte isolation and DNA 

extraction.

Data Collection

Epidemiological data were collected by MD Anderson interviewers in a 45-min structured 

in-person interview. Data included information regarding history of hypertension (yes/no), 

smoking status and pack-years of smoking, physical activity and usual weight, weight at age 

20 and 40 years, and family history of cancer was recorded.

Smoking status and pack-years of smoking were defined as such. An individual who had 

never smoked or had smoked <100 cigarettes in his or her lifetime was defined as a never 

smoker. An individual who had smoked at least 100 cigarettes in his or her lifetime but had 

quit at least 12 months before diagnosis (for cases) or before the interview (for controls) was 

classified as a former smoker. Current smokers were those who were currently smoking or 

quit <12 months before diagnosis (for cases) or before the interview (for controls). The 

number of pack-years was calculated as the average number of cigarettes smoked per day 
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divided by 20 cigarettes and then multiplied by smoking years. Weight at diagnosis (for 

cases) or recruitment (for control subjects) was recorded. Body mass index (BMI; kg/m2) 

was calculated through self-reported usual height and weight. BMI was categorized 

according to the standard classifications of the World Health Organization (normal = <25 

kg/m2; overweight = 25–29.9 kg/m2; obese = ≥30 kg/m2). Participants also reported the 

average frequency they spent on five broad groups of physical activities in the year before 

the interview. A metabolic equivalent (MET) value was assigned to each activity group and 

categorized into low (MET<27 per week), medium (MET 27–44.9 per week) and intensive 

(MET≥45 per week) (25).

Family history data included cancer history for all first-degree relatives (biological parents, 

siblings, and offspring). Specifically, the information collected included whether the relative 

ever had cancer (yes or no), the type of cancer (site), age at diagnosis, current age or age of 

death, vital status (dead or alive), smoking status (yes or no), years smoked, number of 

cigarettes smoked, and whether the relative ever had high blood pressure (yes or no).

Global DNA methylation analysis

Genomic DNA was isolated from peripheral blood using the QIAamp DNA blood maxi kit 

(QIAGEN, Valencia, CA). Quantitative and qualitative DNA analysis was performed using 

Nanodrop. The global DNA methylation was measured by the MethylFlash™ Methylated 

DNA Quantification Kit (Epigentek Inc., Farmingdale, NY USA) according to the 

manufacturer's instructions. The capture antibody in this kit binds to 5-methylcytosine, thus 

measuring total DNA methylation level as a percentage of total DNA present in the sample. 

A standard curve was run as were the positive and negative controls. Inter-assay coefficient 

of variation (CV) was <15%.

Briefly, 100 ng of DNA (20_ng/μl) was bound to the plate at 37°C for 90_min. The 

methylated fraction of DNA was detected using capture and detection antibodies and then 

the relative optical density (OD) units were quantified by reading the absorbance in a 

FLUOstar Optima microplate reader (BMG Labtech). The amount of methylated DNA was 

proportional to the OD measured. The absolute amount of methylated DNA was quantified 

from a standard curve, and the slope of the standard curve was used to calculate the 

percentage of methylated DNA (5-mC%) in the sample.

Statistical analysis

Continuous variables and amounts of global methylation were categorized into dichotomous 

or tertile variables based on the distribution among controls. Chi-square test was used to 

compare characteristics between cases and controls for categorical variables such as gender, 

smoking status, ethnicity, hypertension, family history of cancer, and categorized continuous 

variables (BMI, BMI at age 20, BMI at age 40, and physical activity). Student’s t-test was 

used for the differences in means of continuous variables between cancer cases and healthy 

controls (i.e. age, pack-year smoking, BMI, and 5-mC%). The Wilcoxon rank-sum test was 

used as a nonparametric comparison of median methylation levels in cases versus controls. 

To identify potential predictors of methylation levels and/or factors that may modify the 

association between methylation levels and RCC risk, univariate associations between DNA 
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methylation and each lifestyle or demographic factor were assessed among cases and all 

participants (cases and controls). To assess the associations between factors that may be 

related to global DNA methylation, we measured standardized β-coefficients among controls 

and all participants. A positive estimate (β-coefficient) of the correlation between the risk 

factor and the global methylation level reflects an increasing 5-mC% response to the risk 

factor; a negative estimate reflects a diminishing (hypomethylation) 5-mC% response to the 

risk factor. Additionally, global methylation levels (5-mc%) were categorized into three 

groups using the tertile cutoff points among all the control subjects for each category of the 

various covariates.

To evaluate the association between the global DNA methylation levels (5-mC%) and RCC 

risk, conditional logistic regression model adjusted for gender, age and ethnicity was 

initially used to estimate odds ratio (OR) and 95% confidence intervals (CI). The 5mC% 

content was defined using the tertile cutoff points among all the control subjects and the 

same cutoff points were used for all the subgroup analyses. The highest tertile (T3) of 

methylation (≥5.25) was used as the reference. We subsequently performed a multivariable-

adjusted stratified analysis of risk according to known and suspected RCC risk factors 

(Supplementary Table 1). The final model included gender (male or female), age 

(categorical variable, ≤60 and >60), ethnicity (Caucasian, Hispanic and African-American), 

smoking status (never, former and current), BMI (<25, 25–30 and ≥30), hypertension (yes or 

no), physical activity (low, medium and intensive) and family cancer history (no cancer 

history, kidney cancer or other cancer history). Potential interactions were evaluated using 

multiplicative interaction by including the cross-product term of 5-mC% variable and the 

risk factor variables in the logistic regression model. Significance of the interactions was 

determined using the Wald statistic for the cross-product term. Analyses were repeated for 

population subgroups based on the results stratified by possible confounders. All statistical 

analyses were conducted using STATA version 9.0 (Stata corporation, College Station, TX). 

All tests were two-sided and a P value of ≤0.05 was considered statistically significant.

RESULTS

The characteristics of the cases and controls are shown in the Table 1. A total of 1,778 

participants were enrolled in this study, including 889 RCC cases and an equal number of 

age, gender, and ethnicity-matched controls. The overall population was largely Caucasian 

(84% in cases and controls) with an average age of 59 years old, over two-thirds were males 

and ~50% were never smokers in cases and controls. Hypertension, BMI, physical activity 

and family history of cancer were significantly different between cases and controls; 

unexpectedly, we did not observe significant difference by smoking status, perhaps due to 

the possible presence of selection bias in our clinic-based study population. Most of the 

cases were of clinical stage I (47.58%) and clear cell RCC (73%). Compared with the 

controls, RCC cases were more likely to have a history of hypertension (p=5.81E-15), higher 

BMI (p= 0.01), low physical activity (p= 1.48E-20), and a family history of cancer (other 

than kidney cancer) (p= 5.42E-07). Overall, the median 5-mC% methylation level in cases 

was 3.64, significantly lower than the median level of 3.97 in controls (p<0.001 Wilcoxon 

rank-sum test).
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We analyzed the effect of demographics, clinic-pathological and lifestyle factors on global 

DNA methylation level in controls and among all participants (cases and controls). We used 

standardized β-coefficients to measure the estimates of the correlation. Global methylation 

levels were not associated with any of the demographics and lifestyle factors examined 

among controls Table 2 and Supplementary Table 1). Among all participants, on the other 

hand, showed significant correlations between BMI and physical activity and global DNA 

methylation were observed. Specifically, we saw a significant 21% decrease in the 

methylation level for subjects with higher BMI at age 40 (p=0.03) and significant 20% 

increase in the methylation level for subjects with intensive physical activity (p=0.03) (Table 

2). Association with genomic methylation levels did not vary by tumor characteristics, such 

as histological cell type and clinical stage.

As we observed differences in the distribution of 5-mC% methylation level between cases 

and controls, we performed logistic regression to elucidate the association of global DNA 

methylation level and risk of RCC, adjusted for known and suspected risk factors and 

cofounders (Table 3). In this model, the 5mC% content was defined using the tertile cutoff 

points among control subjects and the same cutoff points were used for all the subgroup 

analyses. The highest tertile (T3) of methylation (≥5.25) was used as the reference. Results 

from the gender-, age- and ethnicity adjusted conditional logistic regression analyses suggest 

that individuals with low 5-mC% levels exhibit significantly increased risk of RCC 

(OR=1.46, 95%CI 1.15–1.84, p for trend 1.49E-03)(Table 3). In multivariate analysis 

adjusted for gender, age, ethnicity, smoking status, BMI, hypertension, physical activity and 

family cancer history, individuals in the lowest tertile (T1) and middle tertile of 5-mC% had 

higher risks of RCC with ORs of 1.40 (95%CI 1.06–1.84) and 1.30 (95%CI 0.98–1.72) 

compared to individuals in the highest tertile (T3) of methylation (p for trend=0.02) (Table 

3).

In the stratified analyses, associations between hypomethylation and increased RCC risk 

appeared to be stronger among males (OR=1.61, 95%CI 1.14–2.28, p for trend 0.01), 

younger age at diagnosis (OR=1.47, 95%CI 1.04–2.08, p for trend=0.03), never smokers 

(OR=1.55, 95%CI 1.08–2.23, p for trend 0.02), family history of other cancer (OR=1.64, 

95%CI 1.21–2.20, p for trend=1.22E-03) and late stage (OR=2.06, 95%CI 1.36–3.12, p for 

trend=4.98E-04) Results also suggested significant interaction between gender and global 

DNA methylation in elevating RCC risk (p for interaction=0.03) (Table 4).

DISCUSSION

This case-control study showed that the median amount of global DNA methylation 

measured as 5-mC% content in leukocyte DNA was significant lower in cases than in 

controls and were independently associated with increased RCC risk in a dose-dependent 

manner. We found a significant 1.4-fold increased risk of RCC among subjects in the lowest 

tertile of methylation, compared with subjects in the highest tertile. Our results are 

consistent with previous studies in patients with head and neck cancer (10), bladder cancer 

(14, 15, 26), testicular cancer (27), breast cancer (28), gastric cancer (11) and hepatocellular 

carcinoma (12), where the authors reported lower methylation levels of repetitive elements 

were associated with increased risk of cancer. Global DNA hypomethylation of leukocyte 
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DNA, measured as 5-mC levels, has been associated with increased cancer risks in several 

studies, including bladder (13), colorectal adenoma (16, 17) and breast cancer (19). These 

studies are consistent with the fact that hypomethylation is promoting genomic instability 

and cell transformation. In contrast, a previous RCC case control study by Liao et al. 
measured LINE-1 methylation levels among 328 RCC cases and 654 controls from the 

central and eastern European renal cancer study that was conducted in seven centers in 

Eastern and Central Europe and found that the median LINE-1 methylation levels in 

leukocyte DNA were higher in RCC cases (81.97%) than in controls (81.67%, p=0.003, 

Wilcoxon test). Compared with individuals in the lowest LINE-1 methylation quartile, 

individuals in the highest quartile were associated with a 2-fold increased risk of RCC (p for 

trend= 0.004) (23). The discrepancy between our current study and that study could be due 

to different population and different techniques. Only a third of genomic DNA methylation 

is estimated to occur in repetitive elements (29) and its methylation level is not equivalent to 

global DNA methylation content (19). On the other hand, DNA methylation measured as 5-

mC content have been used in several epidemiological studies (13, 19, 30) as an alternate 

marker for global DNA methylation in entire genome. Though the number of methylation 

screening methods has expanded broadly and different approaches have been used to 

measure genomic DNA methylation, no single technique fulfills all criteria for generating 

unambiguous data on methylation (31). The percentage of 5-methylcytosine (5-mC%) using 

monoclonal antibodies against 5-mC allows the estimation of genomic DNA methylation 

levels and, compared with the measure of repetitive genomic regions such as LINE-1 or Alu, 

is a powerful tool which provides a direct measurement and permit the study of global DNA 

methylation contents in a highly quantitative way. No correlation between 5-mC% and 

LINE-1 were found in a previous study that found difference in methylation level between 

breast cancer cases and controls using the former but not latter method, suggesting 

differential sensitivity in the two methods to detect global DNA methylation (19). 

Furthermore, Phokaew et al. reported that LINE-1 methylation levels of white blood cells 

was highly variable depending on where the targeted sequence are located, suggesting that 

the targeted locus for LINE-1 methylation measurement should be cautiously selected (32). 

Several other methods are available to measure global DNA methylation but have not been 

widely used in epidemiological studies due to limitations in throughput, accuracy, and cost. 

Further investigation is needed to validate various quantification methods for global DNA 

methylation and to determine whether global DNA hypomethylation is a marker of cancer 

risk.

Epigenetic changes, particularly DNA methylation, are susceptible to change and may 

explain how certain environmental factors increase the risk of cancer. Several studies have 

reported significant associations between global DNA hypomethylation and the exposure to 

cancer risk factors (33–36), suggesting that DNA hypomethylation could be the result of 

carcinogenic exposures. Previous epidemiologic studies have investigated the association 

between demographic, environmental and lifestyle risk factors with global DNA methylation 

in leukocytes. The age-dependent decrease of global DNA methylation has been reported 

previously (37–39). Many studies have found that global DNA methylation was higher in 

males than in females (10, 14, 37–39). The association between race/ethnicity and global 

DNA methylation was investigated in a few studies with conflicting results (10, 26, 43). 
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Zhang, et al reported higher levels of methylation in Caucasians than Hispanic and non-

Hispanic black groups (43), but opposite findings were reported in another study (10). The 

association between global DNA methylation in leukocytes and smoking habits (10, 13, 39–

42), alcohol drinking, BMI and physical activity have also been investigated but the results 

were not consistent (12, 39, 43). Though, despite all of these studies, inconsistent levels 

arise due to the challenges of interpreting results from different assays and from different 

sources of DNA. There are still no epidemiologic studies examining whether changes in 

white blood cells methylation over time are associated with changes in disease endpoints. 

Large prospective studies will be needed to understand whether DNA methylation levels 

measured in blood samples represent a useful biomarker. To date, how global DNA 

hypomethylation increases cancer risk is less well understood. Evidence suggests that DNA 

hypomethylation functions in direct or indirect control of transcription and in destabilizing 

chromosomal integrity (29). The genome of the transformed cell undergoes simultaneously a 

global genomic hypomethylation and a dense hypermethylation of the CpG islands 

associated with gene regulatory regions (30). Three mechanisms may explain how DNA 

hypomethylation contributes to carcinogenesis: chromosomal instability, reactivation of 

transposable elements, and loss of imprinting. Low levels of methylation might favor mitotic 

recombination leading to loss of heterozygosity, karyotypically detectable rearrangements, 

and illegitimate expression. Additionally, extensive demethylation in centromeric sequences 

is common in human tumors and may play a role in aneuploidy (30). Global DNA 

hypomethylation may also cause activation of a wide spectrum of genes including 

oncogenes that contribute to proliferation, differentiation and cancer transformation (9).

The data of this case-control study suggest that the impact of global DNA methylation in 

increasing RCC risk may be limited to males, younger individuals, never smokers, late 

clinical stage and those with another family cancer history besides kidney cancer. Even 

though the exact mechanism for these differential associations remains unclear, our results 

suggest that the role of DNA hypomethylation in contributing to cancer risk may be more 

substantial for individuals without traditional RCC risk factors. Although gender did not 

affect the level of DNA methylation, it did modify the association between global DNA 

methylation and risk of RCC. In a stratified analysis by gender, the risk was higher in males 

than in females. However, unlike previous reports (13, 14), we observed higher methylation 

levels in females. Kidney cancer is most frequently diagnosed among people aged 55–64 

years old, in our study we found a more pronounced increased risk conferred by 

hypomethylation among individuals younger than 60 years old, suggesting that age may 

modify the effect of global hypomethylation on RCC risk.

Adult lifestyle factors such as smoking were reported to be associated with lower levels of 

genomic DNA methylation in individuals with head and neck tumors (26). In this study, 

stratified analyses showed that the association between DNA methylation and RCC risk was 

only evident in never smokers but not in former and current smokers. This observation is 

consistent with previous studies in bladder (13, 15) and breast cancer (19) where the authors 

reported stronger association of reduced LINE-1 methylation with increased risks of cancers 

among never smokers. It is established that tobacco smoking is a risk factor for renal cell 

cancer. The cellular modifications resulting from exposure to the chemicals present in the 

cigarette smoke have been widely investigated and include DNA adducts, gene mutations, 
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micronuclei, chromosome aberrations, sister chromatin exchanges and DNA strands breaks 

(44). However, given that smoking presumed to cause about 30% of kidney cancers in men 

and approximately 25% in women in the United States (1), our findings of the association 

between global hypomethylation and higher risk of RCC among never smokers, may add 

understanding to the biological mechanism of non-smoking related RCC carcinogenesis, 

though this conclusion may not be accurate and should be take carefully due to the lack of 

association between tobacco smoking and RCC in our data. Further research in this area is 

necessary to elucidate these associations.

Finally, global DNA methylation levels were not related with progression of the disease, we 

did not find changes in methylation levels between early and late stage RCC cases. We 

observed a higher risk of RCC associate with DNA hypomethylation in late stage cases, 

suggesting an independent effect of hypomethylation increasing RCC risk in this particular 

group; however given that the methylation levels were measured in DNA from blood cells 

and not in the tumor, and the sample collection time was right after cancer diagnosis, care 

must be taken interpreting these results.

Our study has several strengths including a relatively large sample size, careful matching of 

controls to RCC cases by age, gender, and ethnicity, and the use of 5-mC% content as a 

surrogate marker for global DNA methylation in the entire genome. Moreover, this is the 

first study to take into account suspected RCC risk factors, such as physical activity, as well 

as traditional risk factors in reference to the association between global DNA methylation 

and RCC risk. As this is a retrospective, cross-sectional case-control study, we cannot 

establish the temporal relationship and causality between DNA hypomethylation and the risk 

of developing RCC. Aberrant methylation is a hallmark of the carcinogenic process. 

Although we only included newly diagnosed RCC patients (within 1 year of diagnosis) for 

which blood samples were drawn at recruitment and before treatment to minimize the 

potential impact of disease and treatment on global DNA methylation, we cannot rule out 

the possibility of “reverse causation.” To establish global DNA hypomethylation as a risk 

factor for RCC, future prospective studies are warranted. Second, one of the methodological 

issues with our work is the utilization of genomic DNA isolated from whole peripheral 

blood, since differences in DNA methylation levels may result from changes in the relative 

proportions of blood cell subtypes present in each sample or due to different environmental 

exposures (45). Given the lack of cell purification in our study and possible variation in 

immune cell populations in individual samples, care should be taken in interpreting our 

results and when comparing data across different molecular epidemiologic studies. 

Additional research is needed to understand the association between levels of global DNA 

methylation in different blood cell subtypes. Although the methodology of sample collection 

(e.g. time from blood draw to processing of sample; freezing and storage conditions) might 

affect the integrity of 5-mC, the same protocols for blood collection, processing, storage and 

DNA extraction were applied for all specimens analyzed in this study.

In summary, we report that low genomic DNA methylation in peripheral blood was 

significantly associated with increased risk of RCC; further studies in large prospective 

cohort studies are warranted to confirm our findings. More systemic approach is needed to 

investigate the influence of various RCC risk factors, such as BMI and physical activity, on 
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DNA methylation and RCC development. So far, the results of this study add to the growing 

body of evidence that hypomethylation of epigenome may be associated with increased 

cancer risk. Assessing the level of global DNA methylation in peripheral blood may provide 

additional phenotypic marker for RCC risk estimation, which merits further study in other 

cancer types. Changes in the epigenome may offer clues to unveil the etiologic mechanism 

of RCC tumorigenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Renal cell carcinoma (RCC) is the most lethal genitourinary cancer. Cigarette smoking, 

hypertension and obesity are the major risk factors for RCC; however, much of the 

etiology of this disease remains to be elucidated. In this large-scale study, we found that 

low genomic DNA methylation in peripheral blood was significantly associated with 

increased risk of RCC. Stratified analyses revealed stronger association in males, younger 

age at diagnosis, never smokers, late clinical stage, and family history of other cancer 

indicating combined or interaction effects with traditional risk factors in the etiology of 

RCC. The results of this study add to the growing body of evidence that hypomethylation 

of epigenome may be associated with increased cancer risk. Further studies in 

prospective cohorts are warranted to confirm these results and to apply the findings to 

clinical assessment of RCC risk.
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Table 1

Characteristics of renal cell carcinoma and control subjects

Variable Cases n (%) Controls n (%) P value

Age, mean (SD) 59.29(10.42) 59.39(10.30)

Pack-years, mean (SD) 24.69(22.01) 25.46(29.52) 0.68

BMI, mean (SD) 29.61(6.13) 28.91(6.56) 0.04

Gender

 Male 596(67.04) 596(67.04)

 Female 293(32.96) 293(32.96)

Smoking status

 Never 428(50.18) 463(52.20)

 Former 318(37.28) 307(34.61)

 Current 107(12.54) 117(13.19) 0.51

Ethnicity

 Caucasian 754(84.81) 754(84.81)

 Hispanic 77(8.66) 77(8.66)

 African-American 49(5.51) 49(5.51)

 Other 9(1.01) 9(1.01)

Hypertension

 Yes 490(61.48) 323(41.79)

 No 307(38.52) 450(58.21) 5.81E-15

BMI

 <25 145(22.00) 192(26.34)

 25~30 248(37.63) 298(40.88)

 ≥30 266(40.36) 239(32.78) 0.01

BMI at age 20

 <25 427(65.19) 579(79.53)

 25~30 187(28.55) 123(16.90)

 ≥30 41(6.26) 26(3.57) 1.70E-08

BMI at age 40

 <25 191(29.43) 351(49.16)

 25~30 282(43.45) 252(35.29)

 ≥30 176(27.12) 111(15.55) 6.67E-14

Physical activity

 Low 336(54.19) 205(28.71)

 Medium 185(29.84) 305(42.72)

 Intensive 99(15.97) 204(28.57) 1.48E-20

Family History

 No Cancer 82(10.29) 119(15.41)

 Kidney Cancer 81(10.16) 31(4.02)

 Other Cancer 634(79.55) 622(80.57) 5.42E-07

5-mC% methylation level Median range) Median (range)
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Variable Cases n (%) Controls n (%) P value

3.64( 0.28–20.77) 3.97( 0.56–21.57) 6.35E-04

Clinical Stage

 I 423(47.58)

 II 49(5.51)

 III 237(26.65)

 IV 165(18.56)

Histological cell type

 Clear Cell 650(73.11)

 Others 194(21.82)

BMI, body mass index; 5-mC%, 5-methylcytosine percentage
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