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Abstract 
 

Association of DNA Methylation Markers with C-reactive protein in African Americans  
By Yu-Hsuan Chuang 

 
 

             C-reactive protein (CRP), a nonspecific acute-phase protein in response to inflammatory 
reaction, has been shown highly correlated with increased risks for cardiovascular disease in 
epidemiological studies. DNA methylation is an epigenetic mechanism regulating gene expression. 
Investigating the association of DNA methylation sites with serum CRP levels may improve 
understanding of the etiology of inflammation and cardiovascular disease. A cross sectional study 
was used to determine the association between serum levels of CRP and gene-specific DNA 
methylation among African Americans. The study population consisted of 966 African Americans 
from 492 hypertensive sibships of the Genetic Epidemiology Network of Arteriopathy (GENOA) 
study. The GENOA data included demographic information and biomarkers of cardiovascular 
disease. DNA methylation data of 27,578 DNA methylation sites were obtained from Illumina 
Infinium HumanMethylation27 BeadChip using DNA samples extracted from peripheral blood cell. 
Linear mixed models were applied to identify gene-specific DNA methylation sites associated with 
the serum levels of CRP, and adjust for relatedness and potential confounders, including age, 
gender, BMI, and smoking status. Two hundred and fifty seven (1.12%) DNA methylation sites are 
significantly associated with serum level of CRP correcting for 22,927 tests using Bonferroni 
method. Moreover, among 257 significant DNA methylation sites, 80.5% (n=207) of the significant 
DNA methylation sites were hypomethylated with higher CRP levels. Analysis of the gene ontology 
showed that the CRP-associated DNA methylation sites were enriched by genes involved in 
inflammation and immune response. (Fisher Exact p-value= 4.50x10-4 and 2.10x10-15 respectively)  
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INTRODUCTION 

             C-reactive protein (CRP) is a nonspecific acute-phase protein produced by the liver in 

response to inflammatory reaction.1 Recent studies show that high serum CRP levels are correlated 

with increased risks for cardiovascular disease2, which  has been the leading cause of death in the 

United States since 1991.3 Also, CRP is stable enough to measure as a long-term predictor of 

coronary heart disease (CHD).4 In Ridker’s study, reducing the serum CRP levels by Rosuvastatin 

among people without hyperlipidemia was observed to significantly lower the incidence of major 

cardiovascular events, including myocardial infarction, stroke, unstable angina, and sudden cardiac 

death.5 Moreover, the association between CRP and cardiovascular disease is not only well 

established in population-based studies, but the functional involvement of CRP in CHD is  

demonstrated.6 CRP plays a role in binding with oxidized phosphocholine on low-density 

lipoprotein (LDL)  to increase the ability of phogocytosis by macrophage.6 When there is too much 

LDL in the blood, LDL passes through endothelial cells to enter the intima and undergoes 

oxidation. Oxidized-LDL is toxic and induces an inflammatory reaction, which in turn increases the 

serum level of CRP. 

             There are several environmental factors correlated with serum levels of CRP, such as age, 

gender, race, socioeconomic status, diet, behavioral factors (e.g. poor physical fitness or low levels of 

physical activity, smoking), and medical conditions, including hypertension, congestive heart failure, 

obesity, and metabolic syndrome.7 Additionally, Pankow’s study indicated that as much as 40% of 

the total variation in the serum CRP level is due to genetic factors.8 Some genetic association studies 

have shown significant correlations between single nucleotide polymorphisms (SNP) on metabolic 

and inflammatory regulation genes (e.g. LEPR, HNF1A, IL6R, and GCKR) and serum levels of  

CRP6,9, but the causal role for SNPs in cardiovascular disease remains unclear.6,10  
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             DNA methylation sites are measurable epigenetic markers which may contribute to  disease 

risks and can be modified by age and other physical conditions.11 A significant inverse association 

was observed between IL-6 methylation and the serum CRP level among people with depression 

in Uddin’s study.12 In order to better understand the etiology of CHD and inflammatory response, 

our study aims to identify gene-specific DNA methylation sites associated with serum CRP levels in 

966 African Americans. 
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LITERATURE REVIEW 

             C-reactive protein (CRP), produced by the liver, is one of major positive acute phase 

inflammatory markers in humans.13 The serum level of CRP increases when there is inflammation 

throughout the body. The elevated CRP level is measureable within 4-5 hours after an inflammatory 

stimulus, and the elevation ranges widely from 5 times to 1000 times normal CRP values.13 An 

elevated level of CRP can be caused by any forms of inflammation, such as bacterial infections (e.g. 

pneumococcal pneumonia, tuberculosis), inflammatory diseases (e.g. rheumatoid arthritis, lupus, 

cardiovascular diseases), and cancer.14 Although serum CRP tests cannot specifically check which 

locations of the body undergo the inflammatory reaction, a CRP test is included in routine blood 

examinations in clinics and hospitals to measure the level of systematic inflammation, especially for 

cardiovascular disease prediction. According to the American Heart Association, a CRP level less 

than 0.1 mg/dl, between 0.1 and 0.3 mg/dl, and more than 0.3 mg/dl, are three categories to 

differentiate low risk, average risk, and high risk of developing cardiovascular diseases.14 People with 

higher levels of CRP are more likely to develop cardiovascular diseases. The link of serum CRP 

levels and cardiovascular diseases has been established in several epidemiological studies since 

1990’s. A population-based prospective cohort study by Arima found that the risk of coronary heart 

disease in the highest CRP quartile group was 2.98 times higher compared to that in the lowest CRP 

group among individuals aged 40 years or older after adjusting for other cardiovascular risk factors, 

including age, gender, body mass index (BMI), smoking habits, alcohol intake and regular exercise.15 

A positive relationship between an elevated CRP level and atherosclerosis has also been found in 

young adults in the Pathobiological Determinants of Atherosclerosis in Youth study.16 Moreover, 

according to the Heart and Soul Study, coronary heart disease patients with elevated CRP levels have 
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a higher risk of being hospitalized due to heart failure, independent of prior history of heart failure, 

medication use, and severity of coronary heart disease.17  

             Among all of the biomarkers of cardiovascular disease, CRP has the strongest correlation. 

CRP is not only stable enough within the circulation system to be a long-term predictor of coronary 

heart disease, but also has been identified as a predictor of morbidity independent of LDL 

cholesterol values.4,18 A long-term observational study by Ridker found that even after adjusting for 

all major cardiovascular disease risk factors, including LDL cholesterol levels, the positive influence 

of plasma CRP levels on cardiovascular events remains.18 Ridker suggested that CRP is a stronger 

predictor of cardiovascular events relative to the LDL cholesterol values based on  the following 

evidence:18 The risk of first cardiovascular events among apparently healthy American women with 

the highest CRP quintile is 2.3 times higher than that among women with the lowest CRP quintile, 

but the corresponding relative risk of LDL cholesterol level between the highest quintile and the 

lowest is only 1.5 times higher.18 Furthermore, a significant decrease of the incidence of major 

cardiovascular events through lowering blood CRP levels by Rosuvastatin was shown among people 

without hyperlipidemia in the JUPITER trial (Justification for the Use of Statins in Primary 

Prevention).19 These studies emphasize the important role that CRP plays in cardiovascular disease 

prevention.   

             However, some scholars in the field believe that CRP is more than just an inflammatory 

marker that increases the risk of cardiovascular disease.20 CRP was shown to participate in the 

atherosclerosis process by involving foam cell formation and increasing LDL cholesterol uptake by 

macrophage in Zwaka’s study.21 CRP also facilitates the ability of phogocytosis by macrophage 

through binding with oxidized phosphocholine on LDL cholesterol.6 In addition, Fay found that 

high CRP levels are associated with increasing the risk of myocardial infarction by promoting 

thrombosis, with a focus on the effects of CRP on hemostasis, platelet function, and fibrinolysis.22 
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The evidence of CRP as a mediator of atherothrombotic diseases was demonstrated in a clinical trial.  

After infusion of CRP into the blood, the coagulation and inflammatory pathways are activated.23 In 

conclusion, CRP is not only a predictor of cardiovascular disease but also can be a therapeutic target.       

             DNA methylation is an epigenetic mechanism that regulates gene function through the 

addition of methyl groups to cytosine, resulting in the formation of 5-methyl-cytosine (5mC).24 

Epigenetics is the study of inheritable change in gene expression without altering nucleotide base to 

another.25 Recent studies have suggested that epigenetic differences may be associated with 

cardiovascular diseases. Newman has hypothesized that global DNA hypomethylation is associated 

with atherosclerosis due to elevated plasma homocysteine values.26 Elevated plasma homocysteine, 

which is a risk factor for atherosclerosis, causes DNA hypomethylation by inhibiting DNA 

methyltransferase.27 An epigenetic study by Cash found that LINE-1 hypomethylation in peripheral 

blood was associated with higher values of LDL cholesterol, which is also associated with 

atherosclerosis and high cardiovascular risk.28 But a correlation between DNA methylation in a 

LINE-1 repetitive element and plasma CRP levels was not seen in Baccarelli’s study.29 Stenvinkel 

found that the ratio of HpaII/ MspI is correlated with blood CRP values and increases 

cardiovascular mortality in chronic kidney disease patients.30 Although there are quite a few global 

DNA methylation studies aiming to investigate the etiology of cardiovascular diseases, mechanisms 

linking DNA methylation to increase cardiovascular risk are still unclear. A DNA methylation study 

focusing on inflammatory related genes by Kim found that Forkhead box P3 (FOXP3) DNA 

hypermethylation is related to elevated blood CRP levels.31 In addition, a relationship of IL-6 

hypomethylation and elevated plasma CRP levels has been found among individuals with lifetime 

depression by Uddin from the Detroit Neighborhood Health Study.12 These studies support the idea 

that the epigenetic marker, DNA methylation, is associated with the regulation of serum CRP levels 

at both the global level and the gene-specific level. 



6 
 

              Several risk factors of CRP levels, such as age, gender, BMI, and smoking habits, have been 

identified. Increased serum levels of CRP are associated with older age in several studies across a 

large span of age groups. A general adult population study including individuals aged 25-64 years by 

Hutchinson found that the plasma CRP level in the oldest (55-64 years) was approximately two 

times higher than the plasma CRP level in the youngest (25-34 years).32 The increasing linear trend 

of CRP with age could also be seen among U.S. children and young adults 3-19 years of age in the 

National Health and Nutrition Examination Survey, 1999-2000.33 In epidemiological studies 

targeting the elderly population, the association of CRP and age remain. A 20-year follow-up study 

of elderly men aged 60-79 years in the British Regional Heart Study showed that 57% of the median 

CRP increased between the 60-64 year age group  and the 75-79 year age group.34 Also, Caparevic 

indicated that healthy women over 56 years have higher levels of CRP compared with healthy 

women younger than 45 years.35 The influence of age on the CRP level can be observed in different 

age groups and different gender groups. 

              The mean of CRP levels varies widely between males and females.36 Overall, females have 

higher CRP levels and wider CRP ranges compared with males.36 Data from multiethnic study of 

atherosclerosis (MESA) showed that African American females aged 45-85 years have double the 

median CRP compared to African American males with similar ages.37  When matching the BMI of 

males and females, the significant gender differences in CRP levels can also be seen within different 

BMI groups: BMI<25 kg/m2 and BMI>30 kg/m2.38 In addition, Wener suggests a different upper 

reference limit of CRP values for males and females 25-70 years old based on the Third National 

Health and Nutrition Evaluation Survey.39 The upper reference limit of CRP values for females is 

0.6 mg/dl more than that for males of the same age. (CRP = age/50 mg/dl for males, and CRP = 

age/50 +0.6 mg/dl for females)39 This gender difference of serum CRP levels is maintained after 



7 
 

adjusting for age, BMI, smoking habits, and other cardiovascular disease risk factors, and is 

consistent across ethical groups.37  

              A higher level of CRP is positively correlated with obesity and higher BMI. A linear 

correlation between CRP and BMI after adjustments for age and gender was demonstrated in 

Pieroni’s study.38 The median CRP levels increased from 0.41 mg/dl for individuals with BMI less 

than 25 kg/m2 to 3.00 mg/dl for individuals having BMI more than 30 kg/m2.38 The evidence of this 

correlation can be found in both epidemiological studies focusing on adults and studies on children 

and adolescents. A case control study by Huffman found that both higher waist circumference and 

BMI have a strong association with an increasing CRP level among Cuban Americans over 30 years 

old, controlling for age, gender, and smoking status.40 Moreover, a study by MacKenzie found that 

the positive correlation between BMI and serum CRP levels is consistent over time, and the 

correlation is statistically significant among children with Type 1 Diabetes, but not among healthy 

children.41  

              There is also epidemiologic evidence showing that smoking is related to an elevated CRP 

concentration in serum. Current smokers have higher CRP levels compared to past smokers and 

non-smokers.42 A positive dose-response association was found by Madsen between CRP levels and 

the amount of current cigarette smoking per day, and between CRP levels and the number of pack-

years of smoking.42 The dose effect of cigarette smoking on an elevated CRP level has also been 

shown in adolescent studies and in elderly populations.43,44 Moreover, Ahonen’s study showed that 

the CRP level is significantly higher in smoking men compared to non-smoking men, but there is no 

significant difference in CRP between smoking women and non-smoking women.45 The association 

is particularly stronger among males relative to females.45 However, the gender difference of 

cigarette smoking and CRP concentrations was not seen in Tsai’s study focusing on older 

Taiwanese.46  Several studies have also found a negative relationship between smoking cessation and 
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CRP levels.  A cohort study by Ohsawa found that male past smokers with long smoking cessation 

(≧5 year) have a significantly lower mean CRP level compared to those male smokers who have 

smoking cessation less than 5 years, and their CRP level is similar to the mean CRP in non-

smokers.47  

              Other potential risk factors for serum CRP levels include ethnicity, low socioeconomic 

status, high fat and low fiber consumption, poor physical fitness or low levels of physical activity, 

and medical conditions, such as hypertension, congestive heart failure, obesity, and metabolic 

syndrome.7 
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METHODS 

Study Purpose: 

              Analyses were performed to determine if there are any associations between serum levels of 

CRP and gene-specific DNA methylation among African Americans. The null hypothesis of this 

study is that there is no significant association between the gene-specific DNA methylation and 

serum levels of CRP among African Americans after controlling for potential confounders. 

Study Design: 

              A cross-sectional study design was used to test the hypothesis. The data for this analysis 

was from the Genetic Epidemiology Network of Arteriopathy (GENOA) study. The GENOA 

study was a longitudinal cohort study of hypertensive sibships that had the goal of identifying 

genetic predictors of hypertension.48 The African American cohort of the GENOA study was 

recruited from Jackson, Mississippi from 1995-2001. Inclusion criteria for the GENOA cohort study 

were that at least two siblings had been diagnosed with essential hypertension before age 60. They 

were defined as a sibship. The diagnosis of hypertension was based on blood pressure levels 

measured at the study visit (systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 

mm Hg), or a prior diagnosis of hypertension by a physician and current use of antihypertensive 

medications. Exclusion criteria for the GENOA cohort study were potential causes of secondary 

hypertension, such as previously diagnosed kidney disease. The GENOA study collected data of 

demographic risk factors (e.g. age, gender, BMI, history of smoking, and history of disease and 

medication), biomarkers of cardiovascular diseases (e.g. CRP, homocysteine, fibrinogen, cholesterol, 

high-density lipoprotein cholesterol (HDL-C), triglyceride, systolic and diastolic blood pressure, 

etc.), and DNA methylation data. Questionnaires were used in the GENOA study to obtain 

demographic information. The values of biomarkers were collected by physical examination and 
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laboratory tests using blood samples. DNA methylation data containing 27,578 DNA methylation 

sites were obtained from Illumina Infinium HumanMethylation27 BeadChip (Illumina, San Diego, 

CA) using DNA samples extracted from peripheral blood cell.49  

Study Population: 

              The African American cohort in the GENOA study had 1,482 participants. Subjects were 

excluded from analyses if they did not have DNA methylation results (n=510) or had missing values 

for the serum CRP levels (n=2). Four subjects whose BMI were missing were excluded from the 

database as well. After exclusion, 966 subjects from 492 sibships remained in these analyses. 

(Table3) The GENOA study was approved by the Institutional Review Boards of all participating 

institutions. Informed consent was obtained from all study participants. 

Data Analysis: 

              The outcome variable in these analyses was the serum CRP level, which was measured by a 

high sensitive immunoturbidimetric assay. CRP was natural log transformed (lnCRP) to obtain 

normality for the regression analysis. The main predictor variable for these analyses was DNA 

methylation sites. The DNA methylation data included DNA methylation sites on X and Y 

chromosomes, as well as 26,485 autosomal DNA methylation sites. Descriptive analyses and 

histograms were used for data cleaning, identification of missing values, and outliers.  

              Continuous variables that were considered in these analyses include: age (years); body mass 

index (BMI) (kg/m2); serum homocysteine value (umol/l); fibrinogen value (mg/dl); cholesterol 

average value (mg/dl); high-density lipoprotein cholesterol (HDL-C) value (mg/dl); triglycerides 

average value (mg/dl); the amounts of cigarette smoking over time (pack-year); and systolic and 

diastolic blood pressure (mmHg).  Mean and standard deviation of each continuous variable were 

identified overall and stratified by gender (Table1). Two sample t-tests were used to test for 

differences of the means for each continuous variable in the study cohort, and stratified by males 
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and females. If the variance of a continuous variable between males and females was not statistically 

different, the p-value was obtained by using a pooled method50 Otherwise, SAS calculated the 

standard errors by Satterthwaite method using the weighted average of the two variances to obtain 

the p-value. 

              Categorical variables analyzed in this study included: gender (male/female); ever smoker 

(yes/no); smoking status at the study visit (never/not in last year/smoker within 1 year); diagnosis of 

hypertension by a physician (yes/no); and history of antihypertensive medication (yes/no). Ever 

smoker was defined as having ever smoked more than 100 cigarettes. In the analyses, a binary 

variable - current smoker (yes/no) - was used to represent the status of cigarette smoking. People 

who reported smoking within one year were defined as current smokers. Number and frequency of 

each categorical variable were identified overall and stratified by gender (Table1). Chi-square test was 

used to test for differences in the frequencies of each categorical variable in the study cohort 

between males and females. 

Linear Regression Analysis: 

              In the univariate analyses, the estimated slopes (β-coefficients) represented the mean 

difference of lnCRP per unit of predictors.  

              Multiple regression models were used to control for potential confounders when estimating 

the correlation between lnCRP and the main predictor, DNA methylation sites. To adjust for the 

relatedness due to the sibship structure among participants, nlme (Linear and Nonlinear Mixed 

Effects Models) -package in R was used, and linear mixed model was performed to adjust for the 

random effect, sibships. Gender, BMI, and current smoker were identified as significant predictors 

of lnCRP based on the univariate analyses, and age was forced in the regression models.BMI In 

addition, to assess if age, gender, BMI, and current smoker modify the effect of DNA methylation 

sites in the prediction of lnCRP, we also performed analyses to investigate interactions between 
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DNA methylation sites and age (DNAm*age), DNA methylation sites and gender (DNAm*sex), 

DNA methylation sites and BMI (DNAm*bmi), and DNA methylation sites and current smoker 

(DNAm*smk) separately in the linear mixed models, after adjusting for the main effects of age, 

gender, BMI, and current smoker.  

              In this study, we excluded DNA methylation sites located on the X and Y chromosomes, 

and Bonferroni corrected p-values were calculated to adjust for repeated measurements. We also 

excluded 2,984 DNA methylation sites with non-specific binding probes indicated in Chen’s study 

and 875 DNA methylation sites reported in the database of genotypes and phenotypes because their 

probes were overlapped with SNPs from the analysis.51 After exclusion, 22,927 DNA methylation 

sites remained in the data to perform multivariate analyses. All statistical analyses were performed in 

SAS version 9.2. or in R 2.13.1 at the 5% significance level. The Bonferroni adjusted p-value 

threshold was used to identify the number of statistically significant lnCRP-associated DNA 

methylation sites or the number of significant interactions between DNA methylation sites and one 

of the covariates in the regression models. The Bonferroni adjusted p-value threshold for 22,927 

repeated measurements was 2.18x10-6. (Table 4) Annotation from NCBI build 36.1 was used to 

identify chromosome locations and genes of DNA methylation sites. (Table 5) In addition, a list of 

CRP-associated genes identified by multivariate analyses was used for functional annotation analysis. 

We used an online bioinformatics tool – the Database for Annotation, Visualization and Integrated 

Discovery (DAVID) v6.7 – to identify the enrichment Gene Ontology (GO) terms among CRP-

associated genes. In DAVID, the p-value for gene enrichment analysis was measured by Fisher 

Exact test. We used 10-4 as the Fisher Exact p-value threshold for over-represented annotation 

terms. (Table 6) 
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RESULTS 

              The analyses included 966 African Americans from 492 sibships who participated in the 

GENOA study and had DNA methylation data. The baseline characteristics of the study population 

for all continuous and categorical variables considered in these analyses can be seen in Table1. 

Seventy (70.91%) percent of the subjects were female. Subjects included in the study had an average 

age of 66.27 ± 7.59 years and an average BMI of 31.16 ± 6.28 kg/m2. At the 5% significance level, 

the average BMI among females (32.06 ± 6.58 kg/m2) was significantly higher than that among 

males (28.98 ± 4.81 kg/m2) (p <0.0001). The study contained 797 (82.51%) subjects with self-

reported physician-diagnosed hypertension and 719 (74.43%) subjects taking anti-hypertension 

medicine. The average systolic and diastolic blood pressures were 140.06 ± 21.40 mmHg and 78.36 

± 10.97 mmHg respectively for these subjects. 67% of males and 30% of females were ever smokers 

(e.g. smoked more than 100 cigarettes during their life time) (p<0.0001). About twenty percent of 

males had smoked within 1 year before the visit, but only nine percent (9.49%) of females had 

smoked within past 1 year (p<0.0001). Among 401 ever smokers, the total amount of cigarette 

smoking (measured by pack-year) for males (29.64 ± 23.56 pack-year) was significantly higher than 

that of females (20.60 ± 17.66) with p<0.0001. The above three smoking related variables showed 

that the behavior of cigarette smoking is significantly different between males and females. The 

serum level of CRP ranged from 0.02 mg/dl to 27.10 mg/dl, and the distribution of CRP was right-

skewed with a median of 0.35 (Q1=0.17, Q3=0.71) mg/dl. There were significant differences in 

serum CRP levels, homocysteine values, fibrinogen values, serum cholesterol average values, and 

HDL-C values among different gender groups at alpha level of 0.05. Serum levels of CRP in females 

(0.71 ± 1.31 mg/dl) were significantly higher than that in males (0.54 ± 0.93 mg/dl) (p=0.025). 
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              Table 2 shows the distribution of sibships by size among 966 African American subjects 

from 492 sibships. The sibship size ranged from 1 to 10. The majority (59.76%) of subjects in the 

study had at least one sibling enrolled. About forty (40.24%) percent of the subjects did not have 

siblings involved in the analyses. Three hundred and sixty subjects (36.59%) had one sibling 

involved in the analyses 

              Table 3 shows the association of age, gender, BMI, biomarkers for hypertension, and 

smoking status with lnCRP in the study population from univariable linear regression analyses. 

Gender, BMI, serum fibrinogen values, HDL-C values, serum triglyceride average values, and 

current smoker were each significantly associated with lnCRP at the 5% significance level. Increased 

value of BMI, fibrinogen and triglycerides are positively associated with natural log transformed 

CRP levels. The elevation of lnCRP was also associated with female sex and cigarette smoking (e.g. 

current smoker). The average lnCRP among females was 0.33 mg/dl higher than the average lnCRP 

among males (p<0.0001). The average lnCRP among current smokers was 0.30 mg/dl (p=0.0043) 

higher than the average lnCRP among non-smokers and former smokers. Based on the univariable 

analyses in Table3, gender, BMI, and current smoker were considered in the multivariable regression 

models, because they were identified as significant predictors of lnCRP. Age was forced in the 

models because of previously reported association with CRP levels, although the correlation 

between lnCRP and age was not statistically significant in this study.  

              The results of multivariable linear regression models are summarized in Table 4. 

Controlling for age, gender, BMI, and current smoker, there were 5,634 (20.43%) DNA methylation 

sites significantly associated with lnCRP at the 5% significance level. Two hundred and fifty seven 

(1.12%) DNA methylation sites remained statistically significant, after Bonferroni corrected p-value 

threshold of 0.05 was implemented to adjust for multiple testing of 22,927 autosomal DNA 

methylation sites. Furthermore, sex was noted to have a modified effect on 326 (1.18%) DNA 
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methylation sites in the prediction of lnCRP at the 5% significance level, after adjustment for age, 

gender, BMI, and current smoker in linear mixed model. Using Bonferroni corrected threshold of 

0.05, we did not identify any significant interactions between covariates (Age, BMI, sex and cigarette 

smoking) and DNA methylation.   

              The top 30 most significant CRP-associated DNA methylation sites obtained from the 

linear mixed model, are listed in Table 5. The hypomethylation of all top 30 DNAm sites are 

associated with higher CRP levels.  In addition, among 257 significant DNA methylation sites across 

22 autosomes, 80.54% (n=207) of the significant DNA methylation sites were hypomethylated with 

higher CRP levels.  

              A bioinformatic analysis of the significant CRP-associated sites identified over-represented 

biological pathways (Table 6).  Two hundred and forty one genes were annotated to 257 CRP-

associated DNA methylation sites and were mapped to GO terms in human to determine the 

enrichment. Through the gene-enrichment analysis, we found 4 “biological process” (BP) GO 

terms, 3 “cellular component” (CC) GO terms, and 1 “molecular function” (MF) GO terms over-

represented among CRP-associated genes. Moreover, “immune response” and “defense response” 

were identified as the major biological processes that these CRP-associated genes are involved. 

(Fisher Exact p-value= 2.10x10-15 and 6.60x10-10 respectively)  
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DISCUSSION 

              In this epigenome-wide association study on a population of 966 African Americans, we 

identified 257 DNA methylation sites on 241 genes across 22 autosomes significantly associated 

with serum CRP levels after adjusting for age, gender, BMI, and smoking status. The most 

significant CRP-associated DNA methylation site is cg07073964, which is located on chromosome 

19 in kallikrein-related peptidase 10 (KLK10) gene (Bonferroni corrected p-value of 1.34x10-7, 

Table5). KLK10 has been indicated as a tumor suppressor gene, and the expression of its encoded 

protein is used as a marker of prognosis for hepatocellular carcinoma, colorectal cancer, breast 

cancer, and prostate cancer.52-55 Moreover, Ni et al. reported that the expression of KLK10 in 

endothelial cells was down regulated by disturbed blood flow, which is associated with 

hypertension.56 The result inferred that KLK10 may play a role in the development of vascular 

diseases, such as atherosclerosis.56 

              Cg09358725, the second significant CRP-associated DNA methylation site in the analysis, 

is located on chromosome 11 on LIM domain only 2 (LMO2) gene (Bonferroni corrected p-

value=3.88x10-7). The LMO2 protein is a transcription factor involved in the early stage of 

hematopoiesis.57 Without the participation of LMO2 protein in hematopoietic development, 

hematopoietic stem cells cannot be differentiated into erythrocytes.57 It is likely that the expression 

of LMO2 has a comprehensive effect on cell differentiation, including leukocytes, since 

hematopoietic stem cells are the origin of all kinds of blood cells. In addition, cg09358725 is not the 

only significant CRP-associated DNA methylation site on LMO2, cg11822932 has also shown a 

significant associationwith serum CRP levels (rank 43/257, Bonferroni corrected p-value=1.65x10-4). 

              The coagulation factor XII (F12) gene, where cg06625767 (Bonferroni corrected p-

value=2.38x10-5) is located, is on chromosome 5. Its encoded protein coagulation factor XII has a 
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role in the initiation of coagulation and fibrinolysis, as well as the release of bradykinin and 

angiotensin.58 The association between inflammation and coagulator factor XII can be linked by 

bradykinin, which results in vasodilation when coagulator factor XII stimulates the kalikrein-kinin 

system.59  Since angiotensin has an opposite effect on vascular permeability, the counterbalancing 

influences of bradykinin and angiotensin on inflammatory reactions were also suggested in 

Schmaier’s study.59 

              The relationship between inflammation and the annotated genes can also be seen from 

gene-enrichment analysis using GO terms. The most significant GO term was immune response, 

which contains 41 genes (Fisher Exact p-value of 2.10x10-15, Table6). The annotated genes, such as 

CCL26, F12, IRF7, and IL9, were defined highly associated with this biological process. CCL26 

(chemokine (C-C motif) ligand 26) is an inflammatory chemokine, which act as a chemoattractant to 

guide leukocytes from the blood to the site of infection or tissue damage, and initiate immune 

response.60 Interferon regulatory factor 7 (IRF7) is a regulator of type I interferons against 

infections.61 Aberrant production of type I interferons was demonstrated to associate with cancers 

and autoimmune disorders.61 Also, interleukin 19 (IL19) is an anti-inflammatory cytokine.62 IL19 was 

suggested to have a role in chronic inflammatory disorders because of its function to induce cell-

mediated immune response.62 

              Using the same platform for measuring DNA methylation, Breitling et al. reported that 

cg03636183, located in coagulation factor II (thrombin) receptor-like 3 (F2RL3) gene, was 

significantly hypomethylated among smokers compared to non-smokers and former smokers.63 

Also, smoking status has been identified as a risk factor for higher serum CRP levels in several 

studies.42-44 These results imply that smoking status can be a confounder for studying epigenetic 

association with CRP levels, and needs to be considered in the analyses. In our analyses, the p-value 

of cg03636183 is not significant in the linear mixed model adjusted for smoking status (p-
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value=9.94x10-2), but the p-value is norminally significant in the model without adjusting for 

smoking status (p-value=2.11x10-4)) (model1 vs. model6 in Table3). The stronger association 

between serum CRP levels and cg03636183 in model6 compared to the association in model1 could 

be explained by the mixed effect of smoking. 

              There are several limitations in this study. The study population is composed of only one 

African American cohort. Without further replication studies,  the significant association of serum 

CRP levels with DNA methylation sites may not be generalizable to other populations or ethnic 

groups. In addition, DNA methylation was demonstrated to associate with physical conditions, such 

as essential hypertension, and the GENOA cohort is highly enriched with hypertensive subjects.64  

Therefore, the significant association of serum CRP levels with DNA methylation sites might be 

confounded by hypertension.   

              In conclusion, our results on the African American population in the Jackson, Mississippi 

area demonstrated the epigenetic modifications on serum levels of CRP, a biomarker of systemic 

inflammation.  Our results provide gene-specific evidence about the epigenetic association with 

serum levels of CRP . Many genes involved in inflammatory process and immune responses are 

implicated as associated with CRP levels. Although inflammation is a known mechanism underlying 

chronic diseases such as cardiovascular disease and cancer, further investigations are warranted to 

understand how epigenetics influence these diseases on the gene-specific level.  
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TABLES 

 
Table1. Characteristics of the Study Participants Stratified by Gender (n=966). 

 

Overall                                                                                               
n=966 

Male                                                                                               
n=281 (29.09%) 

Female                                                                                               
n=685 (70.91%) 

 variable mean (±SD) mean (±SD) mean (±SD) p-value* 

        Age, years 66.27 -7.59 66.70 -7.64 66.10 -7.56 0.2651 
C reactive protein, mg/dl a 0.66 -1.22 0.54 -0.93 0.71 -1.31 0.0247 
lnCRP, mg/dl  -1.05 1.09 -1.28 1.09 -0.95 1.08 <0.0001 
Body Mass Index, kg/m2 31.16 -6.28 28.98 -4.81 32.06 -6.58 <0.0001 
Homocysteine, umol/l 10.78 -4.57 11.86 -4.78 10.33 -4.41 <0.0001 
Fibrinogen, mg/dl 369.43 -82.29 353.54 -86.02 375.95 -79.87 0.0001 
Cholesterol, mg/dl 203.87 -42.03 192.59 -40.41 208.50 -41.83 <0.0001 
HDL-C, mg/dl 58.34 -18.00 50.20 -14.60 61.67 -18.20 <0.0001 
Triglycerides, mg/dl 119.86 -64.34 119.90 -74.07 119.84 -59.96 0.9896 
Cigarette, pack-year b 24.86 -21.12 29.64 -23.56 20.60 -17.66 <0.0001 
Systolic Blood Pressure, mmHg 140.06 -21.40 138.05 -20.75 140.88 -21.62 0.0622 
Diastolic Blood Pressure, mmHg 78.36 -10.97 80.39 -11.06 77.52 -10.83 0.0002 

        
 

n (%) n (%) n (%) 
 Ever smoker (≥ 100 cigarettes) 401 -41.51 189 -67.26 212 -30.95 <0.0001 

Current smoker 122 -12.63 57 -20.28 65 -9.49 <0.0001 
Diagnosis of hypertension 797 -82.51 225 -80.07 572 -83.50 0.2022 
Using hypertension medications 719 -74.43 199 -70.82 520 -75.91 0.0993 
* P-values are significant at alpha = 0.05, and p-value is for difference between male and female  
   using two sample t-test for continuous variables and chi-square test for categorical variables. 
a The distribution of CRP is skewed.  
   (All: median = 0.35; Q1 = 0.17; Q3 = 0.71; Male: 0.27 (0.12, 0.58); Female: 0.38 (0.19, 0.80)) 
b Information is only available for ever smokers, 92 males and 473 females have missing 
values.  
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Table 2. Summary of sibships. (n=966) 
sibship size sibships no. subject 

  n (%)  
1 198 40.24 198 
2 180 36.59 360 
3 72 14.63 216 
4 29 5.89 116 
5 7 1.42 35 
6 4 0.81 24 
7 1 0.2 7 
8 0 0.00 0 
9 0 0.00 0 
10 1 0.20 10 

Total (n) 492 - 966 
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Table 3. Univariable Linear Regression Analyses for Predictors of lnCRP. (n=966) 
variable Beta SE P-value 

Age, years -0.0018 0.0046 0.6909 
 Gender, female 0.3280 0.0766 <0.0001 *** 

Body Mass Index, kg/m2 0.0569 0.0053 <0.0001 *** 
Homocystiene, umol/l 0.0046 0.0077 0.5500 

 Fibrinogen, mg/dl 0.0066 0.0004 <0.0001 *** 
Cholesterol, mg/dl 0.0001 0.0008 0.9450 

 HDL-C, mg/dl -0.0059 0.0019 0.0024 ** 
Triglycerides, mg/dl 0.0016 0.0005 0.0039 ** 
Ever smoker 0.0855 0.0712 0.2300 

 Current smoker 0.3015 0.1053 0.0043 ** 
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Table 4. The number of significant CRP-associated DNA methylation sites and interactions in multivariable 
linear regression models using different p-value thresholds. (n=966) 

No. model variable 
p-value p-value* 
< 0.05 < 2.18x10-6  

      n (%) n (%) 
1 lnCRP~DNAm+age+sex+bmi+smk DNAm 5634 20.43 257 1.12 
2 lnCRP~DNAm+age+sex+bmi+smk+DNAm*age DNAm*age 506 1.83 0 0.00 
3 lnCRP~DNAm+age+sex+bmi+smk+DNAm*sex DNAm*sex 326 1.18 0 0.00 
4 lnCRP~DNAm+age+sex+bmi+smk+DNAm*bmi DNAm*bmi 260 0.94 0 0.00 
5 lnCRP~DNAm+age+sex+bmi+smk+DNAm*smk DNAm*smk 801 2.90 0 0.00 
6 lnCRP~DNAm+age+sex+bmi  DNAm 6880 24.95 347 1.51 

* Bonferroni adjusted p-value threshold for 22,927 tests; smk: current smoker 
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Table 5. The summary of top 30 significant CRP-associated DNA methylation sites. 

         
Bonferroni 

DNAm Gene Chr.* Beta ( SE ) P-value P-value** 
cg07073964 KLK10 19 -4.12 ( 0.58 ) 5.85 x10-12 1.34 x10-7 
cg09358725 LMO2 11 -3.60 ( 0.52 ) 1.69 x10-11 3.87 x10-7 
cg04121771 TM4SF4 3 -4.42 ( 0.68 ) 2.05 x10-10 4.70 x10-6 
cg08458487 SFTPD 10 -2.79 ( 0.43 ) 2.26 x10-10 5.18 x10-6 
cg09305224 FUT7 9 -3.38 ( 0.52 ) 2.48 x10-10 5.69 x10-6 
cg00645579 IRF7 11 -3.80 ( 0.59 ) 2.94 x10-10 6.74 x10-6 
cg05556717 CCL26 7 -3.32 ( 0.52 ) 3.94 x10-10 9.03 x10-6 
cg17496921 TSPAN16 19 -2.94 ( 0.46 ) 4.97 x10-10 1.14 x10-5 
cg03801286 KCNE1 21 -2.62 ( 0.41 ) 5.61 x10-10 1.29 x10-5 
cg21969640 GPR84 12 -3.08 ( 0.49 ) 6.03 x10-10 1.38 x10-5 
cg05501357 HIPK3 11 -3.35 ( 0.53 ) 6.29 x10-10 1.44 x10-5 
cg03600318 SFTPD 10 -3.58 ( 0.57 ) 7.01 x10-10 1.61 x10-5 
cg18084554 ARID3A 19 -2.68 ( 0.43 ) 7.91 x10-10 1.81 x10-5 
cg06625767 F12 5 -2.80 ( 0.45 ) 1.04 x10-9 2.38 x10-5 
cg15248035 CCIN 9 -2.62 ( 0.42 ) 1.22 x10-9 2.80 x10-5 
cg05546038 NOL3 16 -3.96 ( 0.64 ) 1.40 x10-9 3.21 x10-5 
cg09303642 NFE2 12 -2.70 ( 0.44 ) 1.60 x10-9 3.67 x10-5 
cg03330678 SEPT9 17 -2.62 ( 0.43 ) 1.69 x10-9 3.87 x10-5 
cg17753124 IER2 19 -3.34 ( 0.54 ) 1.72 x10-9 3.94 x10-5 
cg22242539 SERPINF1 17 -3.25 ( 0.53 ) 2.08 x10-9 4.77 x10-5 
cg17166812 NDUFS2 1 -3.89 ( 0.64 ) 2.28 x10-9 5.23 x10-5 
cg22266967 S100P 4 -2.84 ( 0.47 ) 2.29 x10-9 5.25 x10-5 
cg12380764 IL19 1 -2.93 ( 0.48 ) 2.35 x10-9 5.39 x10-5 
cg10275770 ICAM2 17 -3.64 ( 0.60 ) 2.51 x10-9 5.75 x10-5 
cg21492378 CEP1 9 -3.68 ( 0.60 ) 2.53 x10-9 5.80 x10-5 
cg22381196 DHODH 16 -2.24 ( 0.37 ) 2.99 x10-9 6.86 x10-5 
cg23140706 NFE2 12 -4.22 ( 0.70 ) 2.99 x10-9 6.86 x10-5 
cg20283107 FAM91A1 8 -3.65 ( 0.60 ) 3.12 x10-9 7.15 x10-5 
cg27606341 FYB 5 -2.55 ( 0.42 ) 3.21 x10-9 7.36 x10-5 
cg26861460 PARVG 22 -2.90 ( 0.48 ) 3.27 x10-9 7.50 x10-5 
*Chromosomal location is obtained from NCBI 36.1.         
**Bonferroni adjusted p-value for 22,927 tests. 
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Table 6. GO Terms for CRP-associated genes (p-value threshold=10-4) 
GO Term 

ID GO Term Name 
GO 

Domain* 
Number 
of Genes p-value 

GO:0006955 immune response BP 41 2.10x10-15 
GO:0006952 defense response BP 31 7.50x10-10 
GO:0009611 response to wounding BP 22 9.20x10-6 
GO:0009617 response to bacterium BP 12 6.00x10-5 
GO:0031226 intrinsic to plasma membrane CC 39 1.20x10-6 
GO:0005887 integral to plasma membrane CC 38 1.90x10-6 
GO:0044459 plasma membrane part CC 54 2.00x10-5 
GO:0019955 cytokine binding MF 9 4.50x10-5 
* BP: Biological Process; CC: Cellular Component; MF: Molecular Function 

  
 


