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Abstract: 

Background - Tobacco smoke contains numerous agonists of the aryl-hydrocarbon receptor 

(AhR) pathway, and activation of the AhR pathway was shown to promote atherosclerosis in 

mice.  Intriguingly, cigarette smoking is most strongly and robustly associated with DNA

modifications to an AhR pathway gene, the aryl-hydrocarbon receptor repressor (AHRR). We 

hypothesized that altered AHRR methylation in monocytes, a cell type sensitive to cigarette 

smoking and involved in atherogenesis, may be a part of the biological link between cigarette 

smoking and atherosclerosis.  

Methods and Results - DNA methylation profiles of AHRR in monocytes (542 CpG sites ± 

150kb of AHRR, using Illumina 450K array) were integrated with smoking habits and 

ultrasound-measured carotid plaque scores from 1,256 participants of the Multi-Ethnic Study of 

Atherosclerosis (MESA). Methylation of cg05575921 significantly associated (p = 6.1x10-134)

with smoking status (current vs. never). Novel associations between cg05575921 methylation 

and carotid plaque scores (p = 3.1x10-10) were identified, which remained significant in current 

and former smokers even after adjusting for self-reported smoking habits, urinary cotinine, and 

well-known CVD risk factors. This association replicated in an independent cohort using hepatic 

DNA (n = 141). Functionally, cg05575921 was located in a predicted gene expression regulatory 

element (enhancer), and had methylation correlated with AHRR mRNA profiles (p = 1.4x10-17) 

obtained from RNA sequencing conducted on a subset (n = 373) of the samples.  

Conclusions - These findings suggest AHRR methylation may be functionally related to AHRR 

expression in monocytes, and represents a potential biomarker of subclinical atherosclerosis in 

smokers. 

Key words: smoking, atherosclerosis, gene expression/regulation, epidemiology, epigenetics,
DNA methylation
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Atherosclerosis (MESA). Methylation of cg05575921 significantly associated (pp == 6.6.6 1x1x1x101010--131313444)))

with smoking status (current vs. never). Novel associations between cg05575921 methylation 

annd d d cacacaror titiddd plplplaqqueueue scores (p = 3.1x10-10) were idedd nntn iiified, which remamm inededed significant in current 

aanandd d former smoookkekerrs evevevenenen afafafteeer r r adadjujujusststininng for seeelf-repepeporteteteddd smmmokoo inining hhahabibibitstst , urrinininaarary cococotitit ninininenene,, ananand ddff

wwewelllll-known CVDDD riskk k fafafactorrrs.s. TThis asaa ssoccciatiionnn repppliiicatattededed innn aaan indndndepe endededent ccoohohort usususininggg hhhepaaatiiic

DNAAA (((nnn == 11141))). FFFuncnctititiononaally,y  cgcgg050505575999212121 wawas lolol cacatteted d iinin aa ppprreredictctctededed ggenene e eexprresesessiision rregegululatattororyy

element (enhancer),,, ananand d d hahahad d d mememethththylylylatatatioioion n n cococorrrrrrelelelatatatededd wwwititthhh AHAHAHRRRRRR mRmRmRNANANA prprprofofofililileese (p = 1.4x10-17) 

bbobtttaiiin dded fffrom RNRNRNAAA sequen iicing condddu ttct dded on a subbbs ttet (((n = 3737373)3)3) offf thththe sampllles.  
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Background 

Smoking is a major preventable risk factor for many human diseases including cardiovascular 

diseases1, 2 (CVD), which cause a substantial health and economic burden worldwide. Decoding 

the molecular mechanisms by which smoking drives the development of CVD may provide both 

preclinical diagnostic biomarkers and drug targets for therapeutics of CVD. 

Epigenetic modifications such as DNA methylation of cytosine-(phosphate)-guanine 

(CpG) dinucleotides are functional biochemical alterations to DNA that are implicated in 

regulation of gene expression and disease development2, 3. Cigarette smoke contains thousands of 

chemicals4, including many known carcinogens such as polycyclic aromatic hydrocarbons 

(PAHs)5, which may lead to both mutagenic and epigenetic alterations to the genomes of 

smokers. Recent genome-wide association studies have shown that smoking is most significantly 

and robustly associated with DNA methylation alterations of the Aryl Hydrocarbon Receptor 

Repressor (AHRR)6-9, which appear to be at least partially reversible upon smoking cessation9,

and associated with higher mRNA expression levels of AHRR in human lung10, and 

lymphoblasts11.  

 Previous studies indicate that AHRR, a basic helix–loop–helix/Per-ARNT-Sim 

(bHLH/PAS) family transcription factor, is transcriptionally regulated through activation of the 

Ah Receptor (AhR) pathway12, 13. Tobacco smoke contains numerous agonists of AhR 

signaling14 and persistent activation of the AhR signaling pathway has been hypothesized to 

contribute to atherogenesis15-18. While there is currently no known role for AHRR in 

atherogenesis, recent studies implicate up-regulation of AHRR expression in monocyte-to-

macrophage differentiation19 and suppression of anti-inflammation13. We hypothesized that 

altered AHRR methylation levels in CD14+ monocytes, a cell type sensitive to cigarette 

PAHs)5, which may lead to both mutagenic and epigenetic alterations to the gennnomommesss ooof f f 

mokerrs.s  Reccene t gegg nome-wide association studiess hah ve shown that smokkini g is most significantly

anannd d d robustly aaasssssococociateteeddd wiwiwiththth DDDNANANA mmmetetethyhyhylaaatititiononon alteerrrationononsss ofofof theee AAAryryryl ll HyHyHydrdd occarararbobobon n n ReReRecececeptptptororor 

ReReReprprpressor (AHRRRR(( )))6-9, wwwhich apapppep ar ttto o bebebe at llleaaast ppparrrtiaaallllllyyy reeevvversibbllele upooon smmmokokoking cececesss atatiiion999,

and associated with hihihighghgher mmRNRNRNA exprp ession levvvelee s s of AHHHRRRRRR in humamaan n n lull ngg10, and 

yyympmpphohoblblasaststs11. .
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smoking20 and involved in atherogenesis21, 22, might provide a biological link between smoking 

and atherosclerotic plaque formation.  Therefore, we integrated methylation profiles of CpG sites 

within 150kb of AHRR (measured using the Illumina 450K array) in primary CD14+ monocytes 

with smoking status and ultrasound-measured carotid plaque scores from 1,256 participants of 

the Multi-Ethnic Study of Atherosclerosis (MESA)23, and sought replication in the 

Pathobiological Determinants of Atherosclerosis in Youth Study (PDAY, n = 141)24. To look for 

potential functional effects of smoking-associated AHRR methylation, we incorporated histone 

modification data in monocytes from the ENCODE25 and BLUEPRINT26 projects, and gene 

expression measured in monocytes from a subset of the population (n = 373) using RNA-

sequencing. Methylation and gene expression results were validated in independent monocyte 

samples using reduced representation bisulfite sequencing (RRBS, n = 4) and real-time PCR (n = 

10). 

Methods

Study Population 

The Multi-Ethnic Study of Atherosclerosis (MESA) was designed to investigate the prevalence, 

correlates, and progression of subclinical cardiovascular disease in a population cohort of 6,814 

participants. Since its inception in 2000, five clinic visits collected extensive clinical, socio-

demographic, lifestyle, behavior, laboratory, nutrition, and medication data23. The present 

analysis is primarily based on analyses of purified monocyte samples from the April 2010 – 

February 2012 examination (exam 5) of 1,264 randomly selected MESA participants from four 

MESA field centers (Baltimore, MD; Forsyth County, NC; New York, NY; and St. Paul, MN). 

The study protocol was approved by the Institutional Review Board at each site. All participants 

signed informed consent. 

equencing. Methylation and gene expression results were validated in independeeentntnt mmmonononocococytytyte

ampplees s usu inng gg reduduced representation bisulfite seqequeuencing (RRBS, n = 44))) and real-time PCR (n =

10100)... 

Methohohodsdsds

Study Population 



DOI: 10.1161/CIRCGENETICS.115.001097

5

Data collection 

Smoking status, average number of cigarettes smoked per day, age of smoking cessation, and 

pack-years of cigarette smoking were assessed via standard American Thoracic Society 

questionnaire items27. Participants who reported smoking fewer than 100 cigarettes in their 

lifetimes were classified as never smokers. Among participants who reported smoking greater 

than 100 cigarettes in their lifetime, those who reported smoking during the last 30 days were 

classified as current smokers and those who did not were classified as former smokers. Pack-

years of cigarette smoking were calculated from age of starting to quitting (or current age among 

current smokers) × (cigarettes per day/20). Urinary cotinine levels were measured via 

immunoassay (Immulite 2000 Nicotine Metabolite Assay; Diagnostic Products Corp., Los 

Angeles, CA)28.

 To obtain carotid artery plaque scores, readers adjudicated carotid plaque presence or 

absence, defined as a focal abnormal wall thickness (carotid IMT >1.5 mm) or a focal thickening 

of >50% of the surrounding IMT, as reported previously29, 30. Presence or absence of plaque 

acoustic shadowing was recorded. A total plaque score (range 0-12) was calculated to describe 

carotid plaque burden. One point per plaque was allocated for the near and far walls of each 

segment (CCA, bulb, ICA) of each carotid artery that was interrogated. For carotid plaque 

presence, intra-reader reproducibility was excellent (per reader Kappa = 0.82-1.0, overall Kappa 

= 0.83, 95% confidence interval [CI] 0.70-0.96), as was inter-reader reproducibility (Kappa = 

0.89; 95% CI 0.72 - 1.00)31.  

Weight was measured with a Detecto Platform Balance Scale to the nearest 0.5 kg. 

Height was measured with a stadiometer (Accu-Hite Measure Device with level bubble) to the 

nearest 0.1 cm. BMI was defined as weight in kilograms divided by square of height in meters. 

mmunoassay (Immulite 2000 Nicotine Metabolite Assay; Diagnostic Products CoCoCorprprp.,,, LLLososos  

Angelees,s,, CA)A))28.

To obbbtatataininin cccarrotototididid aaartrtrtery y y plplplaqaqaqueuee ssscocc rereres,s,s, readededers aaadjdjdjudududicicicatededed cccarararotottididid plaququque e e prprpreeeseeencncnce e e ororor 

ababbseeencn e, defineddd aaas a fffoccal abbbnnonormalall wwwallll thiiickkknessss (carararototo iddd IIMTTT >>>1.5 mmmmmm) ororor a focccalall thhhiccckennninnng

of >50% of the surrorooununundid nggg IIMTMTMT, as repeported prevevvioouslyy29, 30y . Presencecee ooor rr absence of plaque 

acacououststicic sshahadodowiwingngg wwasas rrececorordeded.d. AA ttototalal ppplalaququq e e scscororee (r(r( anangegeg 00-1212) ) ) wawas s cacalclcululatateded tto o dedescscriribebe 
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hypoglycemic medication. Fasting serum glucose was measured by rate reflectance 

spectrophotometry using thin-film adaptation of the glucose oxidase method on the Vitros 

analyzer (Johnson & Johnson Clinical Diagnostics, Rochester, NY). To achieve consistency of 

the serum glucose assay over examinations, 200 samples were reanalyzed and then recalibrated 

the original observations. LDL-cholesterol was calculated using the Friedewald equation. 

Resting blood pressure was measured three times in the seated position using a Dinamap model 

Pro 100 automated oscillometric sphygmomanometer (Critikon, Tampa, FL). The average of the 

last two measurements was used in analysis. Hypertension was assessed using the JNC VI (1997) 

criteria (systolic pressure greater than or equal to 140 mm Hg, diastolic pressure greater than or 

equal to 90 mm Hg or current use of anti-hypertensive medication).

Purification of Monocytes 

Monocytes were isolated with anti-CD14 monoclonal antibody coated magnetic beads, using 

AutoMACs automated magnetic separation unit (Miltenyi Biotec, Bergisch Gladbach, Germany).

Initially flow cytometry analysis of 18 monocyte samples collected from all four MESA field 

centers was performed to assess the cell purification quality across the labs and technicians. The 

purity was > 90% for all samples (see Data Supplement for details). 

DNA/RNA Extraction

DNA and RNA were isolated from samples simultaneously using the AllPrep DNA/RNA Mini 

Kit (Qiagen, Inc., Hilden, Germany; see Data Supplement for details).  

Methylation Quantification 

Illumina HumanMethylation450 BeadChips and HiScan reader were used to perform the 

epigenome-wide methylation analysis (see Data Supplement for details). This methylation data 

criteria (systolic pressure greater than or equal to 140 mm Hg, diastolic pressure gggrereeatatatererer ttthahahan n n or 

equal toto 990 mmm HHg g or current use of anti-hypertennsisive medication).

PuPuPurrrificationn ooof f f MoMM nononocycycytetetesss

MMoMonnonocytes wereee isssolattteddd witthth aanti-CCCDD1444 mooonnnoclooonal aaantntntiibododody coooaatated mmmaaagneneetitiic c beadadadsss, uuusiing 

AutoMACs automatattededed magggneeetititic cc ses paraation unit (M(M(Miltenyyii BiBiBiottec, , Beergrgrgisisisch Gladbach, Germany)

nnititiaialllly y y flflowow ccytyty omometetryryy aananalylyysisiss ofof 1188 momononocycyytete ssamamplplp eses ccolollelectcteded ffrorom m alall l fofourur MMESESA A fifieleld d 
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has been deposited in the NCBI Gene Expression Omnibus and is accessible through GEO Series 

accession number (GSE56046). 

Quality Control and Pre-Processing of Microarray Data

Data pre-processing and quality control (QC) analyses were performed in R (http://www.r-

project.org/) using Bioconductor (http://www.bioconductor.org/) packages (see Data Supplement 

for detailed methods). The Illumina HumanMethylation450 BeadChip included probes for 485K 

CpG sites. Of these CpG sites, 484,817 passed the QC elimination criteria including: ‘detected’ 

methylation levels <90% of MESA samples using a detection p-value cut-off of 0.05 or overlap 

with a repetitive element or region. 

To estimate residual sample contamination for data analysis, we generated separate 

enrichment scores for neutrophils, B cells, T cells, monocytes, and natural killer cells. We 

implemented a Gene Set Enrichment Analysis32 as previously described33 to calculate the 

enrichment scores using the gene signature of each blood cell type from previously defined 

lists34.  

To remove technical error in methylation levels associated with batch effects across the 

multiple chips, positional effects of the sample on the chip, and residual sample contamination 

with non-monocyte cell types, we adjusted methylation M-values for chip, sample position on 

the chip, and estimated residual sample contamination with neutrophils, B cells, T cells, 

monocytes, and natural killer cells. 

mRNA quantification using RNA seq

A subset of 374 samples was randomly selected from the 1,264 MESA monocyte samples for 

RNA sequencing of mRNA (see Data Supplement for details).

To estimate residual sample contamination for data analysis, we generateedd d sess papaparararatetete 

enrichmement scoc rees s for neutrophils, B cells, T cells,, mmonocytes, and naturaral l killer cells. We 

mmmpplplemented dd a GeGeGenene SSSetetet EEEnrnrn iccchhhmemementntn AAAnananalyyysisisisss32 asss pppreviviviouououslslsly yy deeesscscririribebeb ddd333 to ccalalalcucuculalalatett ttthehehe 

enennriiichchc ment scoreees usinnnggg the gegegenen  sigggnanaatutuure ooof eachhh bbbloooododod ceeelll typpe ffrom prrrevvvioioousu ly dddeefefinnneeded

ists34.  

ToTo rrememovovee tetechchninicacal l ererroror r inin mmetethyhyylalatitionon llevevelelss asassosociciatateded wwitith h babatctch h efeffefectctss acacrorossss tthehe 
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Association Analyses 

The overall goal of the association analysis was to characterize associations between smoking 

and AHRR methylation, and AHRR methylation and carotid plaque scores. Analyses were 

performed using the linear model (lm) function of the Stats package and the stepAIC function of 

the MASS package in R. Reported correlations (r) represent the partial Pearson product-moment 

correlation coefficient, after adjusting for covariates.

To identify methylation sites associated with smoking, we fit separate linear regression 

models with smoking status as a predictor of the M-value for each CpG site genome-wide that 

passed QC. Covariates were age, sex, race/ethnicity, and study site. P-values were adjusted for 

multiple testing using the q-value FDR method35. The FDR was calculated at the genome-wide 

level, including all 484,817 CpGs passing QC, although only results from CpG sites within 150 

kb of AHRR (542 CpGs) are presented.    

To identify potential bimodal distributions, we calculated the kurtosis and skewness of 

the M-value distributions of the 542 probes investigated.  Six probes (1.1%) were found to have 

strong negative kurtosis (kurtosis < -.75) and some skewness (skewness < -.3 or skewness > .3), 

suggesting bimodal distributions.  Although linear regression estimates are robust to the 

normality assumption in large samples, we next performed permutation testing with the 542 

CpGs (H0: beta = 0, i.e. no difference in current smoking vs. never smoking) to ensure the 

validity of the linear regression results. The number of permutations was set to be 1,000 for all 

CpGs, and for CpGs with p-value < .10, we also ran 100,000 permutations. We found very 

consistent permutation p-values compared to the normal p-values from the linear regression 

analysis for all probes, including the six probes with bimodal distributions. The correlation 

between the normal and permutation p-values is 0.999, the correlation between the ranks based 

multiple testing using the q-value FDR method35. The FDR was calculated at the e e gegeenonoomememe---wiwiwidedde 

evel, inincludining alall l 484,817 CpGs passing QC, althohough only results fromm CpG sites within 150 

kbkbkb ooof AHRR (((544422 2 CpCpCpGsGsGs) ) ) ararare ee prprpresesesenenentetet d.d.d.    

To identiiifyyy potttennntial bibibimomm daal ll diiistttribuuutiiions,,, wwwe cccalalalcuuulaaated thhhe kurrrtooosisiss aaandn  skekekewnwnwnessss offf 

he M-value distributututioioions of ththhe e e 542 probo es investsttigigigated. SSSixixix pprobes (1(1(1.1.1.1%) were found to have

ttrorongngg nnegeggatativive e kukurtrtososisis (((kukurtrtososisis < -.7.75)5)) aandnd ssomome e skskewewnenessss (((skskewewnenessss < -.3.3 oor r skskewewnenessss > ..3)3)),,,
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on the normal and permutation p-values is also 0.999, and the sum of the absolute differences 

between the normal and permutation p-values divided by the sum of the normal p-values is 2% 

(0.02). 

To characterize the association between AHRR methylation and carotid plaque levels, we 

fit separate linear regression models with the M-value for the 542 CpGs within 150 kb of AHRR

as a predictor of carotid plaque scores [natural log (carotid plaque score + 1)]. Initial analysis 

covariates were age, sex, race/ethnicity, and study site. Secondary analyses adjusted for smoking 

status, the number of cigarettes per day, pack-years, traditional CVD risk factors (BMI, LDL

cholesterol, hypertension, diabetes mellitus) and statin use.

 Methylation of the most significantly differentially methylated CpG associated with 

smoking status and with carotid plaques scores (i.e. cg05575921) was also investigated for 

association with nearby gene expression levels and genetic variants. We arbitrarily chose to 

investigate a large window (± 1Mb) surrounding the CpG to avoid missing any potential effects. 

For gene expression analysis, we fit separate linear regression models with the M-value as a 

predictor of mRNA expression for any autosomal gene within 1 Mb of the CpG. Covariates were 

age, sex, and race/ethnicity, and study site. For analyses of nearby genetic variants, we fit 

separate linear regression models with single nucleotide polymorphisms (SNPs) located within 1 

Mb as a predictor of the M-value in the MESA samples from Caucasian participants, including 

SNPs with a minor allele frequency > 0.05 in the MESA Caucasian population.  P-values were 

adjusted for multiple testing using the q-value FDR method35. 

Mediation analysis 

We performed mediation analysis to investigate the hypothesis that smoking may have an effect 

on atherosclerosis mediated through methylation alteration. We used Structural Equation 

Methylation of the most significantly differentially methylated CpG assoccciaiaattetedd d wiwiwiththth 

mokinng g g statusu aandnd with carotid plaques scores (i.e.e. cg05575921) was alslsoo investigated for 

asasssooociation wiwiw ththh  nenen arrbybyby gggenenene e exexexprprpresesessisiiononon levevevelslsls anddd gggenneteteticicic vvvaraa iaaannntsss... WeWeWe aaarbrr itrararariririlylyly ccchohoosesese ttto o o 

nnnvevevests igate a largggee windndndoow (±±± 1M1 b)) sssurrrroooundddinnng thehehe CCpGpGpG tooo aaavoiid mim ssiiinggg aaanynyny poteenenttitialll eeeffeccctsss. 

For gene expression n n anananala ysy is,, wwweee fit sepaparate lineaeaar rr regrg esssisisionoo models wiwiwith the M-value as a 

prprp ededicictotor r ofof mRmRNANA eexpxppreressssioion n fofor r anany y y auautotososomamal l gegeg nene wwitithihin n 11 MbMb oof f ththe e CpCppG.G. CoCovavaririatateses wwereree
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Modeling (SEM) with bootstrapping as implemented in the R package lavaan36 to estimate the 

indirect effects (mediated through methylation) of current smoking (cigarettes per day) and 

cumulative exposure (pack-years) on carotid plaque score in current and former smokers for the 

most significantly differentially methylated CpG associated with smoking status and with carotid 

plaques score.

Replication study

Replication analysis for the most significantly differentially methylated CpG associated with 

smoking status and with carotid plaques score included samples from 141 males from the 

Pathobiological Determinants of Atherosclerosis in Youth Study (PDAY)24 (see Data 

Supplement for details). Tests for association between methylation measured in hepatic samples 

and the extent of fatty streaks observed in the right coronary arteries and the left halves of the 

aortas were performed using linear regression, including the following risk factors: age, race, 

lipids (HDL, non-HDL), BMI, and glucose levels.  

Reduced Representation Bisulfite Sequencing (RRBS) methods and DMR Identification

To investigate the relationship between smoking and CpG methylation not captured by 

microarray, RRBS libraries of CD14+ monocytes from two smokers and two non-smokers were 

generated as previously described37 with minor modifications (see Data Supplement).  

To identify genomic regions that are differentially methylated regions (DMRs) between 

smokers and non-smokers, we used the method described in Ziller et al.38. Briefly, this method 

first uses the methylated and unmethylated counts to identify a set of dynamic CpGs, which are 

CpGs that are significantly differentially methylated between groups, using a model based on the 

beta difference distribution. Next, it merges any dynamic CpGs whose genomic locations are 

within 500 bp into a set of CpG clusters. Finally, all clusters that are significantly differentially 

Supplement for details). Tests for association between methylation measured in hehehepapp tititic c c sasasampmpmpllles

and thee exxtet nnt t off  fafatty streaks observed in the righghtt coc ronary arteries and d tht e left halves of the 

aoaoortttaas were ppperererfofoformrmr ededed uuusisisingngng lininineaeaear r r rerer grgrgresese siiiononon,, incllluuudinng g g thththe e e foff llllowowowinining g riririsksksk faccctototorsrsrs::: agaga e,e,e, rrracacace,e,e, 

iiipipp ddsds (HDL, nonnn-HHHDLLL)), BMMMI, and glglg ucccooose leeevvvels. 

Reduced Represenntatatatitit ono  Bisissulululfitet  Seqequencinggg (R(R(RRBS)) mmmetete hoh ds anannd d d DMDD R Identification

ToTo iinvnvesestitigagag tete tthehe rrelelatatioionsnshihip p p bebetwtweeeen n smsmokokining g g anand d CpCppG G memeththylyly atatioion n nonot t cacaptptp urureded bby y y
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methylated between groups are retained as the final set of DMRs. We defined the DMR location 

as the region between the outermost CpGs in the cluster. We excluded any DMRs that had fewer 

than five CpGs with nonzero methylation counts, and we also excluded any DMRs that had an 

overall methylation difference of less than 10%. 

Functional characterization

Histone modifications in monocytes and monocyte-derived macrophages from BLUEPRINT19

were downloaded from GEO (Series GSE58310) including H3K27ac and H3K4me1. Other 

histone modifications in monocytes from ENCODE39 were downloaded through the UCSC 

browser25, including H3K4me1 (GEO accession GSM1003535), H3K4me3 (GEO accession 

GSM1003536), and H3K27me3 (GEO accession GSM1003564), which were produced by the 

Bernstein lab at the BROAD Institute.

RT-qPCR

Reverse Transcription Quantitative Polymerase Chain Reaction (RTqPCR) was used for 

replication of gene expression in CD14+ monocytes from nonsmokers and smokers collected at 

the NIEHS Clinical Research Unit (see Data Supplement). 

Results

The study population (n = 1,256; Table 1) was composed of 47% Caucasians, 32% Hispanics, 

and 21% African Americans that were recruited from four different study sites across the US, as 

previously described33.

AHRR Methylation and Smoking

We identified 33 of 542 CpGs within 150 kb of AHRR whose degree of methylation was 

significantly associated with cigarette smoking at a genome-wide FDR threshold of 5% (p 

ranging 6.1x10-134 – 2.5x10-4, Figure 1) in monocytes from 114 current smokers and 502 never 

GSM1003536), and H3K27me3 (GEO accession GSM1003564), which were prooodududuceeed d d bybyby ttthehehe 

Bernsteie n n lab b at ttheh  BROAD Institute.

RRRT---qPCR

ReReReveveverse Transcriiipptionn QQQuantttitatatative PPPolollymymmeraasase Chhhaaain ReReReactttiooon (RTRTRTqPCRCRCR) wawawas s useddd ffforrrff

eplication of gene exexexprprpressionnn iiin nn CDC 14+ monocycyytetetess fromm nnnonoo sms okersss ananand smokers collected at 

hhe e NINIEHEHS S ClClininicicalal RReseseaearcrch h UnUnitit (((sesee e DaDatata SSupuppplplp ememenentt).).)  
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smokers. Methylation of cg05575921 (chr5:373,378; hg19) within the AHRR gene body 

represented the most significantly (p = 6.07x10-134, FDR = 2.67x10-128) differentially methylated 

CpG.  

 To explore the smoking-associated cg05575921 methylation in more detail, we examined 

the relationship between smoking history/status, the dosage of exposure, the level of urinary

cotinine, and cg05575921 methylation. In agreement with the proposed reversibility of smoking-

responsive cg05575921 methylation9, the average methylation measured in former smokers 

(mean beta = 0.79) was more similar to never smokers (mean beta = 0.83, Figure 2a) than current 

smokers (mean beta = 0.59). Furthermore, we found that cg05575921 methylation was positively 

correlated with time since quitting in former smokers (partial correlation: r = 0.35, p < 2x10-16,

Figure 2b), and was negatively correlated with recent exposure measurements in current smokers 

such as the average number of cigarettes smoked per day (r = -0.39, p = 6.1x10-5, Figure 2c) and 

urinary cotinine levels (r = -0.43, p < 9.09x10-4, Figure 2d), after adjusting for age, sex, race, and 

study site. Consistent with these findings, cg05575921 methylation was also significantly 

negatively correlated with cumulative exposure measured by pack-years in current smokers (r = -

0.34, p = 3.97x10-4) and former smokers (r = -0.35, p < 2x10-16; Data Supplement Figure 1).  

AHRR Methylation and Carotid Plaque Scores 

Among all investigated CpGs within 150 kb of AHRR, methylation profiles of two CpGs were 

associated with higher carotid plaque scores (cg05575921, p = 3.08x10-10; cg21161138, p = 

7.73x10-8; Figure 3a), both of which were also associated with smoking. Including both CpG 

methylation profiles in the same model did not find independent effects for these CpGs on 

carotid plaque score (methylation correlation = 0.37).  

 Importantly, even after adjusting for statin use and traditional CVD risk factors including  

correlated with time since quitting in former smokers (partial correlation: r = 0.3555, ppp <<< 2x2x2x101010--161616,

Figure 22b)b)),, anand wawas negatively correlated with rececentn  exposure measuremments in current smokers

uuuchhh as the avavvererragagage nununumbmbmbererer of f f cicicigagagarerer tttttteseses smomomokekk d ppperr daaay y y (r(r(r === -0.0..393939,, , p pp == 6.6.6.1x10100-55, , FiFiFigugug rerere 222ccc))) ananand 

ururrininnaraa y cotinine leeevelsss (rrr = -000.4443, p << 9.0.09x10--4, Fiiiguuureee 222ddd), afffter adddjustinnnggg fofoor r aga e, sssexexex, raraacec , ananand

tudy site. Consistentntnt wwwith thhesesese ee findingsgs, cg0g 55757575929 1 meeethththylyly ata ion wawaasss alaa so significantly 
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DOI: 10.1161/CIRCGENETICS.115.001097

13

body mass index (BMI), low-density lipoprotein (LDL) cholesterol, hypertension, and diabetes 

mellitus, the CpG with methylation most strongly associated with carotid plaque score remained 

significant (cg05575921, r = -0.18, p = 1.14x10-9, Figure 3b). After additionally adjusting for 

smoking status, the effect of cg05575921 methylation on carotid plaque score remained 

significant (r = -0.13, p = 2.2x10-5).  We then stratified by smoking status and found the 

estimated effect of cg05575921 methylation was strongest among current smokers (r = -0.32, p = 

2.93x10-3) and was attenuated in former smokers (r = -0.13, p = 1.64x10-3).  No significant 

relationship was detected between AHRR methylation and carotid plaque score in never smokers 

(r = -0.03; p = 0.46), likely due to the predominantly hypermethylated state of cg05575921 in 

never smokers, and the associated reduced variability of methylation in never smokers compared 

with current and former smokers.   

 In current and former smokers, the effect of cg05575921 methylation on carotid plaque 

score was further attenuated, but remained significant (p < 0.05) after including self-reported 

pack-years and urinary cotinine levels in the model (Data Supplement Table 1). Standardized 

effect estimates of cg05575921 methylation (beta = -0.13, p = 0.01) and pack-years (beta = 0.13, 

p = 0.007) on carotid plaque score were similar in magnitude, each uniquely explaining ~1% of 

the variance of carotid plaque score.  The standardized effect size of cg05575921 methylation on 

carotid plaque score was similar in magnitude to the effect of LDL cholesterol on carotid plaque 

score (beta = 0.16, p = 0.001), as shown in the full model results presented in the Data 

Supplement Table 1.   

Using mediation analysis to explore if methylation was intermediate in the association 

between smoking (pack-years and cigarettes per day) and higher carotid plaque score, we found 

cg05575921 methylation significantly mediated 37% of the total effect of self-reported pack-

never smokers, and the associated reduced variability of methylation in never smmomokekekersss cccomomompapap red

with cuurrrrent ana d foformer smokers.   

In currrrrrenenenttt anana d d d fofoformrmrmeree sssmomomokekekersrss, , ttthehh eeeffffffecee t ooof ccg05055575757595959211 mmmetetethyhyhylalalatitition ooon n n cacacarororotid d d plplplaqaqaqueueue 

cccororreee was furtherr aaattennnuuuated,,, bbbutuu  remmmaiainenened siiignnnificccannnt (p(p(p <<< 000.0005) aaaftftfter incccluuudidiingngg selfff-ffff rererepooorrtrted 

pack-years and urinarararyyy coc tiniinenene levevels in the modddelee ((Data SSSupupu plp ement t TaTaTable 1). Standardized 

efeffefectct eeststimimatateses oof f cgcgg0505575759592121 mmetethyhyylalatitionon (((bebetata = -0.0.1313,,, ppp = 0.0.0101) ) ) anand d papap ckck-yyyeaearsrs (((bebetata = 00.1.13,3,,
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years on carotid plaque score -4) in current and 

former smokers, and 60% of the total effect of cigarettes per day on carotid plaque score 

-3) in current smokers.  

 We replicated both the associations of cg05575921 methylation (in hepatic cells) with 

smoking (p = 0.002), and with subclinical atherosclerosis (extent of fatty streaks in the right 

coronary arteries and left halves of the aortas; p = 0.002) measured at autopsy in biopsies from 

141 young males (< 35 years) from the PDAY study. 

Functional genomic characterization of the cg05575921 locus

Using reduced representation bisulfite sequencing (RRBS) to measure CpG methylation in non-

MESA monocyte samples from two smokers and two non-smokers, we recapitulated the 

association between smoking and methylation of cg05575921.  Additionally, RRBS revealed 

seven adjacent (within 180 bp) CpGs not included on the Illumina 450K microarray which 

displayed similar directional changes in methylation with smoking status, composing a smoking-

associated differentially methylated region (DMR) (Figure 4 and Data Supplement Figure 2). 

The AHRR DMR (chr5:373,378-373,556 hg19) is located in a potential poised enhancer 

region, based on the presence of both activating (H3K27ac/H3K4me1) and repressive 

(H3K27me3) histone modifications in a monocyte sample (from ENCODE25). This enhancer 

region appears to be strongly activated (based on the enrichment of histone marks 

H3K27ac/H3K4me1) upon monocyte differentiation to macrophage (from BLUEPRINT19, 26;

Figure 4).

DNA methylation of cg05575921 and cis-gene expression

In a subset of the MESA monocyte samples with both RNA-sequencing and methylation profiles 

(n=373, including 29 current smokers and 152 never smokers), cg05575921 methylation 

MESA monocyte samples from two smokers and two non-smokers, we recapitulalaateteted dd thththe e e 

associatatioon bebetweeeen smoking and methylation of ccg0g0g 5575921.  Additionnala ly, RRBS revealed 

eeeveeen adjacentnn (((wiwiwithhininin 111808080 bbbp)p)p) CCCpGpGpGs nononot tt innnclclcluduu edd ooon thhhe e e IlIlIllululumiminanana 44450505 K K K mimm crroaoaoarrrrrrayayay wwhihihichchch  

didiispspsplalal yed similarrr dddireccctiiional chchhangeesss innn mmmethyhyhylationonon wwwititith h h smmmoookinnng statusss, cooompmpmposinnng g a a smsmsmokiiinggg-

associated differentiaiaialllllly y y methhhylylylataa ede  regig on ((DMR)R)R) (((Figug reee 444 aand Datataa SSSupuu plp ement Figure 2). 

ThThee AHAHRRRR DDMRMR (((chchr5r5:3:37373,3,3, 7878-3-37373,5,5, 5656 hhg1g1g 9)9)) iiss lolocacateted d inin aa pppototenentitialal pppoioisesed d enenhahancncerer 
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significantly (FDR < 0.05) associated with mRNA expression of only one gene within 1 MB, 

AHRR (r = -0.42, p = 1.4x10-17, FDR = 4.32x10-15; Figure 5a). Analysis stratified by smoking 

status revealed that AHRR expression was strongly up-regulated in current smokers (p = 3.29x10-

21, Data Supplement Figure 3a), which was replicated using real-time PCR in a set of 

independent monocyte samples (p = 0.003; Data Supplement Figure 3b). 

Next, we tested for associations between AHRR expression and carotid plaque score and 

found suggestive evidence, even in our small sample size of current smokers with RNA-

sequencing measurements, for a positive association between AHRR expression and carotid 

plaque score (r = 0.53, p = 0.07, n = 21; Figure 5b). Carotid plaque score was also positively 

associated with AHRR expression in former smokers (r = 0.17, p = 0.03, n = 175), but not in 

never smokers (p > 0.05; n = 147).   

 Nearby genetic variants were also investigated for association with cg05575921 

methylation; however, no significant (FDR < 0.05) associations were observed with common 

genetic variants.

Discussion

Extending previous findings in other tissues, we found decreased methylation levels in human 

monocytes at the AHRR CpG cg05575921 is a significant biomarker of smoking. This finding is 

in line with several previous reports in other cell types6, 7, 11. Cg05575921 methylation appeared 

to be dosage-dependent and at least partially reversible upon smoking cessation. These results,

along with other published reports7, indicate that methylation levels at cg05575921 represent a 

biomarker of “effect” that integrates both smoking dose and duration. 

 Importantly, we uncovered novel associations between smoking-responsive methylation 

of AHRR in monocytes and subclinical atherosclerosis in a large, multi-ethnic human cohort, and 

associated with AHRR expression in former smokers (r = 0.17, p = 0.03, n = 175)),), bbbututut nnnototot iiin n n 

never smsmoko errs (p(pp > 0.05; n = 147).   

Nearbbby y y gegegenenn titiicc c vavavariririanaa tstss wwwererereee alalalsososo invnvnvesee tigaaateeed fofofor r r asasassoss ciiiaaatioioon nn wiwiwiththth cgg0505055757575959592111 

mmemethththylation; howewewever,,, nnno signgngnifii icannt t t (FFFDDDR <<< 000.05)) aaasssococociiaiatiiioonns wewewerer  obbbseeerveveveddd withhh cccomommmmmon 

genetic variants.
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replicated the association between subclinical atherosclerosis and AHRR methylation in hepatic 

cells from an independent cohort.  These results suggest that smoking-altered methylation of 

AHRR in multiple cell types may represent a biomarker for the risk of atherosclerosis associated 

with smoking.  

Our results also indicate that AHRR methylation could be a useful biomarker of 

atherosclerosis in addition to self-reported smoking exposure and other known CVD risk factors.  

For instance, in current and former smokers, AHRR methylation remained significantly 

associated with subclinical atherosclerosis even after adjustment for self-reported smoking 

exposure, urinary cotinine, and many other known CVD risk factors.  However, longitudinal 

studies are necessary to confirm AHRR methylation as a predictor of atherosclerosis.

 Genome-wide association studies have suggested that differential DNA methylation is 

often associated with expression changes of nearby genes33. Functionally, we found reduced 

methylation levels at cg05575921, measured by microarray, were associated with up-regulated 

AHRR mRNA expression in monocytes from 373 participants, measured using RNA-sequencing,

and in an independent sample using RT-PCR. Combined with a recent report in lung tissue from 

five smokers and five non-smokers that found smoking-associated methylation of AHRR was 

linked with increased AHRR expression (p=0.0047)10, these results provide evidence that altered

AHRR methylation profiles may mediate increased transcription of AHRR in smokers.  

 Previous studies indicate that AHRR is transcriptionally up-regulated by activation of the 

Ah Receptor pathway12, 13. Interestingly, RRBS showed that the AHRR cg05575921 locus is 

located in a smoking-associated DMR, which appears to overlap an intragenic enhancer that is 

activated, accompanied by up-regulation of AHRR expression, when monocytes differentiate into 

macrophages19. Taken together with the ability of DNA methylation profiles to predict enhancer 

tudies are necessary to confirm AHRR methylation as a predictor of atherosclerooosisiis.ss

GGenomome-wiw de association studies have suggggggese ted that differentiaal l DNA methylation is 

ofofofteeenn associatatatededd wwwith h exexexprprpresesessiononon ccchahahangngngeseses oof ff nenenearbyyy ggenneseses333.. FuFF ncncnctitionononalalllylyly, , we fffouououndndnd rreddducucucededed  

mmemethththylation leveeelsss at cgcgcg00557775959921, memm aaasuuureddd bbby mmmicccroaaarrrrrray,,, wwwereee aaassociiiattted d wwiwith uppp--rrregugugulal tedd 

AHRR mRNA expresesessisisiono  in momomononocyytes s from 37333 pppara ticipapapantntnts,, measuurerered d d using g RNA-sequencing

anand d inin aan n inindedepepep ndndenent t sasampmpplele uusisingngg RRT-T-PCPCRR.. CoCombmbinineded wwitith h a a rerececentnt rrepepporort t inin llunung g g titissssueue ffrorom m 
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activity40, 41, we hypothesize that smoking-induced Ah Receptor pathway activation drives 

methylation changes in the AHRR gene accompanied by histone modifications and enhancer 

activation, resulting in up-regulation of AHRR expression in monocytes. Residual levels of 

altered methylation and enhancer activity at the cg05575921 DMR in former smokers could 

partially explain why AHRR gene expression was previously reported to be up-regulated in 

former smokers compared with never smokers even decades after smoking cessation42. 

The consequences of AHRR up-regulation in monocytes is unclear, but given the 

potential role of AHRR in macrophage biology19 and suppression of anti-inflammation13, up-

regulation of AHRR could plausibly alter the function of monocytes and macrophages in 

smokers. While there is currently no known role for AHRR in atherogenesis, a number of studies 

have shown that activation of the Ah Receptor pathway promotes atherosclerosis. For instance, 

using in vitro and in vivo models in mice, Wu et al18 demonstrated that Ah Receptor pathway 

activation with treatments such as cigarette smoke extract or 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD), increased expression of inflammatory markers in macrophages, and were 

associated with the accumulation of lipids in macrophages and plaque formation. Vogel et al.43

showed that Ah Receptor pathway activation increased cytokine production and foam cell 

formation. A limitation of our study is it remains unclear if smoking-associated AHRR

expression is causally related to atherogenesis, or occurs in parallel to the Ah Receptor 

activation-related effects on plaque formation noted above. Mediation analysis results do not 

distinguish confounding from mediating effects; therefore, although we observe cg05575921 

methylation significantly mediating the effect of pack-years on carotid plaque score, these results 

do not confirm biological mediation and should be interpreted with caution.   

 In conclusion, we identified smoking-responsive methylation profiles at the cg05575921  

mokers. While there is currently no known role for AHRR in atherogenesis, a nuuumbmbmberrr ooof f f stststudududiiies

have shoh wnw tthah t acactivation of the Ah Receptor patthwhway promotes atherooscsclerosis. For instance, 

uuusssinnng in vitrooo aandndnd in vvvivivivooo momom dedeelslsls iiinnn mimimicecece, WuWuWu et alll1888 dememmonononstststratetetedd thththatat AAAh hh Reecececeptptptororor ppatatathwhwhwayayay 

acacctitivvvation with trrreeatmenenents suuuchhh as cigigigarrretttte sssmmmokee eeextrararactctct orrr 222,3,777,888-Tetrrraaachlhllororrodibenenenzozoo-ppp-

dioxin (TCDD), inccrerereasasa ed expxpxprereresssion ofo  inflammmmatata oro y y maaarkrkrkerere s s in macaccrororophphp agges, and were 
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locus which are associated with up-regulated AHRR expression in monocytes, and with 

subclinical atherosclerosis in a human population. Future functional studies are necessary to 

understand the potential role of AHRR in response to cigarette smoke and in atherogenesis.
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Table 1 Characteristics of the MESA participants

Cigarette Smoking Status 

Overall 
(n = 1,256) 

Never
(n = 502)

Former
(n = 640)

Current
(n = 114)

Proportion, Mean (SD), 
or Median (IQR) 

Proportion, Mean (SD), 
or Median (IQR) 

Proportion, Mean (SD), 
or Median (IQR) P-val* Proportion, Mean (SD), 

or Median (IQR) P-val*

Demographic 

Mean age (years) 70 (9) 70 (10) 70 (9) ns 65 (8) <0.001 
Gender (%) 51 62 44 <0.001 45 <0.001 
Race

Caucasian (%) 47 43 50 0.03 45 ns 
Hispanic (%) 32 34 31 ns 25 ns 
African American (%) 21 23 19 ns 31 ns 

Smoking exposure 

Mean pack-years 16 (20) 36 (27) 
Mean cigarettes per day 12 (8) 
Median urine cotinine (ng/ml)† 7 (0) 7 (0) 7 (0) <0.001 3,708 (3,772) <0.001 

Clinical and laboratory

Mean BMI 30 (6) 30 (6) 30 (5) ns 28 (6) 0.05 
Mean LDL cholesterol (mg/dl) 105 (32) 108 (32) 102 (33) 0.005 105 (32) ns 
Diabetes (%) 20 19 21 ns 26 ns 
Hypertension (%) 61 60 63 ns 54 ns 

Median carotid plaque score† 2 (4) 1 (3) 2 (4) <0.001 2 (4) 0.003 

SD, standard deviation; IQR, interquartile range (IQR); ns, P-val > 0.05
*compared to never smokers; t-test to compare means, Wilcoxon rank sum test to compare medians, and chi-square test to compare proportions  
† measured in a subset of samples: carotid plaque (n = 1,176) urine cotinine (n = 928)
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Figure Legends:

Figure 1: Cigarette smoking status is strongly associated with DNA methylation profiles of 

AHRR in monocytes from current smokers and never smokers. Regional association plot shows 

the significance (y-axis: -log10 p-value; FDRgenome-wide < 0.05 colored red; FDRgenome-wide

colored black) of the association between smoking status (114 current vs. 502 never smokers) 

and methylation in CD14+ monocytes (542 CpGs within 150 kb of AHRR, measured using the 

Illumina 450K microarray). The blue horizontal line represents a Bonferroni corrected 

 = 0.05) for the 542 CpGs examined. The genomic position (hg19) of 

AHRR relative to the CpGs is shown below the association plot (in blue). Regression covariates 

included age, sex, race, and study site.   

Figure 2: Most significant smoking-associated methylation profile in monocytes strongly 

reflects smoking exposure. (a) Box plots showing distributions of AHRR cg05575921 

methylation (y-axis: beta-value) by smoking status (b-d) cg05575921 methylation (y axis: beta-

value) was (b) positively correlated with years since quitting smoking in former smokers (r = 

0.35, 95% CI: 0.26 – 0.44, p < 2x10-16) and negatively correlated with (c) the number of 

cigarettes smoked per day (r = -0.39, 95% CI: -0.54  – -0.22, p = 6.1x10-5) and (d) urinary 

cotinine levels (ng/ml)  (r = -0.43, 95% CI: -0.62 – -0.21, p = 9.09x10-4) in current smokers. 

Regression covariates included age, sex, race, and study site.

Figure 3: AHRR methylation is associated with carotid plaque score. (a) Regional association 

plot shows the significance (y-axis: log10 P-value) of the association between methylation (542 

AHRR relative to the CpGs is shown below the association plot (in blue). Regresssisionono cccovovovararariaiaiatetes 

ncludeded agegg , , , sex,x,, race, and study site.   

FiFiFiguguure 2: Most sssigggnififiicaaant smomomokinggg-asassosoociattteddd meeethhhylalaatitition pprofiilele in monnnoccycyttetes strroronngnglyly 

eflects smoking expxpposososuru e. (a(aa)) ) BoBB x plp otts showing g g did stribuuutititionoo ss of AHHRRRRRR cg0g 5575921 

memeththylyly atatioion n (y(y(y-axaxisis: : bebetata-vavalulue)e)) bby y y smsmokokining g g ststatatusus (b(b( -d)d)) ccg0g0g 55557575929211 memeththylyly atatioion n (y(y(y aaxixis:s: bbeteta-a
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CpGs within 150 kb of AHRR measured in 1,176 CD14+ monocyte samples) and ultrasound-

measured carotid plaque score [ln(plaque score + 1)]. Two methylation profiles (cg05575921 and 

cg21161138, r = 0.37) significantly associated with carotid plaque score (indicated as stars), 

based on a 

blue horizontal line). CpGs with methylation associated with smoking (FDRgenome-wide<0.05) are 

colored red. The genomic position (hg19) of AHRR relative to the CpGs is shown below the 

association plot (in blue). Regression covariates included age, sex, race, and study site.  (b)

Forest plot shows the estimated effect size (x-axis: beta and 95% CI) of cg05575921 methylation 

on carotid plaque score (overall and stratified by smoking status). Also shown are the sample 

size (n), the partial Pearson’s correlation coefficient (Cor) between methylation and carotid 

plaque score, the unique variance (Rsq) of carotid plaque score explained by cg05575921 

methylation, and the significance (P-value). Regression covariates included age, sex, race, study 

site, BMI, LDL cholesterol, diabetes, hypertension, and statin use.

Figure 4: Functional genomic characterization of the smoking-and carotid plaque score-

associated locus within AHRR. Cg05575921 is located on chromosome 5p15.33 in an AHRR

intron and a CpG island ‘shore’. Within 500 bp of cg05575921, the Illumina450 microarray 

captured two additional CpGs, both of which were associated with smoking in MESA 

(FDRgenome-wide < 0.05). Fine mapping using reduced representation of bisulfite sequencing 

(RRBS) revealed a statistically significant (p = 2.39x10-5) differentially methylation region 

(DMR, brown bar, chr5:373,378 – 373,556 hg19) by smoking status, including cg05575921 and 

seven other CpGs within 200 bp that were not included on the Illumina 450K microarray. RRBS 

was performed in non-MESA monocyte samples from two non-smokers (shown in dark blue) 

ize (n), the partial Pearson’s correlation coefficient (Cor) between methylation aaandndnd carararotototididid  

plaquee sscoc re,,, the e unu ique variance (Rsq) of carotid ppplal que score explaineed d by cg05575921 
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and two current smokers (shown in red), with the resulting percent methylation detected for 

nearby CpGs shown on the y-axis. This DMR overlaps potential functional features including 

histone modifications indicative of an active enhancer (H3K27ac and H3K4me1) in monocyte-

derived macrophages (Mf; from BLUEPRINT) and a poised enhancer (active: H3K4m1; 

repressed: H3K27m3) in a CD14+ monocyte sample (from ENCODE).  

Figure 5: AHRR expression associations with AHRR methylation and carotid plaque score. 

(a) mRNA expression profiles of AHRR measured using RNA sequencing (y-axis, normalized 

values) negatively correlate (r = -0.42, p = 1.36x10-17) with methylation of AHRR cg05575921 

(x-axis, beta-value) measured using the Illumina 450K microarray. Regression covariates 

included age, sex, race, and study site. (b) Forest plot shows the estimated effect size (x-axis: 

beta and 95% CI) of AHRR mRNA expression on carotid plaque score (overall and stratified by 

smoking status). Also shown are the sample size (n), the partial Pearson’s correlation coefficient 

(Cor) between AHRR expression and carotid plaque score, the unique variance of carotid plaque 

score explained by AHRR expression (Rsq), and the significance (Pval). Regression covariates 

included age, sex, race, BMI, LDL cholesterol, diabetes, and hypertension. 

x-axis, beta-value) measured using the Illumina 450K microarray. Regression coovovaraa iaiaatetetesss

ncludeded agegg , , , sex,x,, race, and study site. (b) Forest ppplolot shows the estimateed d effect size (x-axis: 
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