
SUPPLEMENTARY DATA 

©2019 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-1193/-/DC1 

1. Framingham Heart Study (FHS). 
Study Sample. The FHS participants were from the Offspring cohort and Third Generation cohort, which 
have been described in detail elsewhere (1; 2). Briefly, the Offspring cohort recruited 5,124 participants 
in 1971 and the Third Generation cohort recruited 4,095 participants in 2002. The study sample for the 
present analysis is a subcohort of 2,740 participants who attended the Offspring examination cycle 8 
(2005-2008) or the Third Generation cohort examination cycle 2 (2008-2011) and whose hepatic fat 
were measured by multidetector computed tomography (CT) between 2008 and 2011. We excluded 
participants if they had a history of myocardial infarction or stroke, cancer (other than basal cell 
carcinoma), bariatric surgery, or heavy alcohol consumption (>14 drinks/week in women and >21 
drinks/week in men), or missing information on alcohol intake, current smoking status, physical activity, 
and BMI. After initial exclusion, data collected from 1,496 participants who had whole blood derived 
DNA methylation profiling were analyzed for the present study. All participants provided written 
informed consent and the Framingham Heart Study protocols and procedures were approved by the 
Institutional Review Board for Human Research at Boston University Medical Center. 
 
Genome-wide DNA methylation profiling.  Peripheral whole blood samples were collected. We obtained 
buffy coat fractions and extracted genomic DNA using the Gentra Puregene DNA extraction kit 
(Qiagen, Venlo, Netherlands). We used EZ DNA Methylation Kit (Zymo Research, Irvine, CA) to 
perform bisulfite conversion to the extracted genomic DNA. After whole genome amplification, 
fragmentation, array hybridization, and single-base pair extension, we then quantified DNA methylation 
in three laboratories using the Illumina Infinium HumanMethylation450 (450K) BeadChip. The number 
of participants assessed in three laboratories was 578, 135, and 783, respectively. The laboratory-
specific DNA methylation results were processed using the wateRmelon R package with the DASEN 
methodology, which included adjustment of methylated and unmethylated fluorescent intensities and 
technical variations and quantile normalization of the methylated and unmethylated probes with 
consideration of two types of assay methods (3). DNA methylation beta values were calculated as the 
ratio of methylated probe intensity to the overall intensity. Rigorous quality control procedures have 
been implemented as described elsewhere (4). Briefly, at the study sample level, we excluded 
participants with a probe missing rate >1%, poor SNP matching to the 65 SNP control probe locations, 
and outliers by multi-dimensional scaling techniques. We also excluded probes that: have a missing rate 
of >20% at p<0.01, have been previously identified to map to multiple locations (5), or have an 
underlying SNP (minor allele frequency >5% in European ancestry (EUR) 1,000 genomes project data) 
at the CpG site or within 10 bp of the single base extension. After quality control, about 430,000 
autosomal CpG sites were analyzed subsequently. The FHS methylation data are available at dbGaP 
under the accession number phs000724.v2.p9. 
 
Hepatic fat measurement. The protocol for assessing hepatic fat in the FHS has been reported previously 
(6-8). Briefly, participants underwent an abdominal scan with multidetector CT (64-slice scanners, 
General Electric Health Care). Hepatic fat content was estimated using the ratio of the mean Hounsfield 
unit from three regions in the liver to the mean Hounsfield unit of a calibration control (phantom) (6). A 
lower value of the liver-phantom ratio represents higher hepatic fat.  
 
Methylation Quantitative Trait Loci (meQTL). To determine meQTLs, defined as DNA sequences that 
affect methylation levels at CpG sites, we analyzed the association of SNPs and DNA methylation in 
4,170 FHS participants. We obtained SNP data in the FHS using Affymetrix 550K Array and imputed 
with the 1,000 Genomes Project reference panel (9). We first calculated the residuals for DNA 
methylation using linear mixed regression models adjusting for age, sex, and technical covariates. We 
then regressed the residuals on SNPs. We defined cis-meQTLs as SNPs associated with DNA 
methylation at nearby CpGs (±500 kilobases (kb) from CpG, MAF >0.01, imputation r2 >0.5, p-value 
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<1×10-4). 
 
Expression Quantitative Trait Loci (eQTL). We conducted eQTL analysis in 5,256 participants in FHS 
as previously described (10). We excluded eQTLs (SNPs) with MAF ≤0.01, imputation r2 ≤0.5, and p-
value ≥1×10-4. We defined cis-eQTLs as SNPs residing within 500kb of a nearby gene. 
 
Covariates assessment. We assessed all covariates when participants visited the research clinic in 
accordance with standard protocols. Body mass index (BMI) was calculated as weight divided by height 
squared (kg/m2). Current smokers were defined as participants who self-reported smoking at least one 
cigarette per day in the prior year. We used self-reported alcohol consumption for beer, wine, liquor, and 
spirits. We generated a physical activity score using the intensity and time spent performing each type of 
activity assessed by the physical activity questionnaire (11). A weighted genetic risk score for 
nonalcoholic fatty liver disease (NAFLD) was developed using regression coefficients and single 
nucleotide polymorphisms (SNPs) identified in a genome-wide association study (GOLD consortium) 
(12).  
 
Epigenome-wide association analysis. We first applied the sva R package to construct surrogate 
variables in each laboratory. To remove potential batch effects, we calculated the residuals of DNA 
methylation beta value with adjustment for surrogate variables that associated with hepatic fat at p-value 
<0.1. In the subsequent analysis, laboratory-specific residuals were pooled together and used as the 
dependent variable. Hepatic fat was analyzed continuously as the independent variable (liver-phantom 
ratio). Three models were implemented. Covariates in the first model included age, sex, laboratories, 
and white blood cell counts (B cells, granulocytes, monocytes, NK cells, CD4+ T-cells, CD8+ T-cells) 
estimated using the Houseman method (13). The second model additionally adjusted for current 
smoking status, physical activity level, and alcohol intake. The third regression model additionally 
adjusted for BMI. The relatedness in our study sample was accounted for using linear mixed models. 
 
2. Rotterdam Study (RS) 
Study sample. This study was performed among participants of the prospective population-based RS. In 
1989, all 10,275 residents aged 55 years or older in Ommoord, a suburb of Rotterdam, were invited to 
participate in the study. In 2000, the Rotterdam Study was extended by including 3,011 participants that 
moved to Ommoord or people who turned 55 (RS-II). The third cohort was formed in 2006 and included 
3,932 participants 45 years and older (RS-III). Participants have been re-examined every 3-4 years and 
have been followed up for a variety of diseases. The RS has been approved by the medical ethics 
committee according to the Population Screening Act: Rotterdam Study, executed by the Ministry of 
Health, Welfare and Sports of the Netherlands. All participants in the present analysis provided written 
informed consent to participate and to obtain information from their treating physicians. A more detailed 
description of the Rotterdam Study can be found elsewhere (14). For this study, we used data from the 
first visit of RS-III (a random set of 165 individuals), and another non-overlapping set of the third visit 
of RS-II and the second visit of RS-III (701 individuals) with both DNA methylation and NAFLD data.   
 
Genome-wide DNA methylation profiling.  DNA was extracted from whole peripheral blood (stored in 
EDTA tubes) by standardized salting-out methods. Genome-wide DNA methylation levels were 
measured using the Illumina Human Methylation 450K array. In short, samples (500ng of DNA per 
sample) were first bisulfite-treated using the Zymo EZ-96 DNA-methylation kit (Zymo Research, Irvine, 
CA, USA). Next, samples were hybridized to the arrays according to the manufacturers’ protocol. The 
methylation proportion of a CpG site was reported as a beta-value ranging between 0 (no methylation) 
and 1 (full methylation). The data preprocessing was additionally performed in both datasets using an R 
programming pipeline based on the pipeline developed by Tost & Toulemat (15), which includes 
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additional parameters and options to preprocess and normalize methylation data directly from idat files. 
11,648 probes at X and Y chromosomes were excluded to avoid gender bias. The raw beta values were 
then background-corrected and normalized using the DASEN option of the WateRmelon R-package. 
 
Hepatic fat measurement. Abdominal ultrasonography was performed by a certified and experienced 
technician on Hitachi HI VISION 900. Images were stored digitally and re-evaluated by a single 
hepatologist with more than ten years of experience in ultrasonography. The diagnosis of steatosis was 
determined by the ultrasound technician according to the protocol by Hamaguchi et al (16).  NAFLD 
was defined by the presence of hepatic steatosis on abdominal ultrasound, in the absence of secondary 
causes as excessive alcohol consumption (>14 alcoholic beverages weekly), hepatitis B surface antigen, 
and/or hepatitis C virus positivity and use of steatosis inducing pharmacological agents (such as 
amiodarone, tamoxifen, corticosteroids, and methotrexate). 
 
Covariates assessment. BMI was calculated by dividing weight in kilograms by height in meters 
squared. Information on current and past smoking behavior and medication use was acquired from 
questionnaires. Alcohol intake was assessed in grams of ethanol per day from food frequency 
questionnaires. Physical activity levels were assessed with an adapted version of the Zutphen Physical 
Activity Questionnaire (17). To quantify activity intensity, we used the metabolic equivalent of task 
(MET). We assigned MET values to all activities mentioned in the questionnaire, according to the 2011 
updated version of the Compendium of Physical Activities (18). Blood lipids and glucose levels were 
measured using automatic enzymatic procedures (Roche Diagnostics GmbH, Mannheim, DE). White 
cell counts  were used when available or estimated leukocyte proportions (B-cells, CD4+ T-cells, CD8+ 
T-cells, granulocytes, monocytes and NK-cells) were calculated as described by Houseman and 
implemented in the minfi package in R (19; 20). 
 
Epigenome-wide association analysis. We modeled associations between Dasen normalized beta-values 
of the CpG sites as the dependent variable and NAFLD (Yes/ No) as the independent variable. We used 
linear mixed effect models adjusting for age, sex, white blood cell proportions and technical covariates 
(array number and position on array). The second model additionally adjusted for current smoking 
status, physical activity level, and alcohol intake. In the third model, BMI was additionally added to the 
model. Technical covariates were modeled as random effects. In addition, we performed a fixed effects 
meta-analysis using the inverse-variance weighted method implemented in METAL to combine the two 
non-overlapping samples of our study (21). 
 
3. The Multi Ethnic Study of Atherosclerosis (MESA) 
Study sample. The 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 data (22). DNA methylation and gene expression were measured in purified 
(CD14+) 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) as previously described (23). The study protocol was approved 
by the Institutional Review Board at each site. All participants signed informed consent. 
 
Genome-wide DNA methylation profiling.  As previously described (23), blood was initially collected in 
sodium heparin-containing Vacutainer CPT™ cell separation tubes (Becton Dickinson, Rutherford, NJ, 
USA) to separate peripheral blood mononuclear cells from other elements within 2 h from blood draw. 
Subsequently, monocytes were isolated with the anti-CD14-coated magnetic beads, using AutoMACs 
automated magnetic separation unit (Miltenyi Biotec, Bergisch Gladbach, Germany). Based on flow 
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cytometry analysis of 18 specimens, monocyte samples were consistently >90% pure.   DNA was 
isolated from samples using the AllPrep DNA/RNA Mini Kit (Qiagen, Inc., Hilden, Germany). DNA 
QC metrics included optical density measurements, using a NanoDrop spectrophotometer.  
 
Illumina HumanMethylation450 BeadChips and HiScan reader were used to perform the epigenome-
wide methylation analysis.  Bead-level methylation data were summarized in GenomeStudio.  Because a 
two-channel system and both Infinium I and II assays were used, normalization was performed in 
several steps using the lumi package. “Smooth quantile normalization” was used to adjust for color bias. 
Next, the data were background adjusted by subtracting the median intensity value of the negative 
control probes.  Lastly, data were normalized across all samples by standard quantile normalization 
applied to the bead-type intensities and combined across Infinium I and II assays and both colors. QC 
measures included checks for sex and race/ethnicity mismatches, and outlier identification by 
multidimensional scaling plots. 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 Analysis  as previously described (23) to calculate the 
enrichment scores using the gene signature of each blood cell type from previously defined lists (24). 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 values for chip, sample position on the chip, and estimated residual 
sample contamination with neutrophils, B cells, T cells, monocytes, and natural killer cells. The final 
methylation value for each methylation probe was computed as the beta-value, essentially the proportion 
of the methylated to the total intensity.   
 
Hepatic fat measurement. Cardiac CT scans were performed either with an ECG-triggered (at 80% of 
the RR interval) electron-beam scanner (Chicago, Los Angeles, and New York field centers; Imatron C-
150; GE Imatron, Milwaukee, WI) or with prospectively ECG-triggered scan acquisition at 50% of the 
RR interval with a multidetector system that acquired 4 simultaneous 2.5-mm slices for each cardiac 
cycle in a sequential or axial scan mode (Baltimore, Forsyth Country, and St. Paul field center; 
Lightspeed (GE Medical Systems, Milwaukee, WI) or Volume Zoom (Siemens, Erlangen, Germany)). 
Three experienced CT analysts measured liver attenuation on these cardiac CT images using the 
Advantage Windows Workstation (GE Healthcare, Waukesha, WI) with volume analysis software. Liver 
attenuation was calculated as the average in Hounsfield units (HU) of three measurements 
(approximately 1 cm2 each).  The three circular regions were consistently placed in the parenchyma of 
the right lobe of the liver 15 mm from the top.     
 
Covariates assessment. Standard questionnaires were used to collect information on demographics, 
cigarette smoking, alcohol drinking, and physical activity.  Pack-years of smoking was the average 
number of packs of cigarette smoked per day times the number of years of smoking. Alcohol drinking 
was categorized into never, former and current. Physical activity was calculated on the basis of duration 
and intensity of the total intentional exercises, including moderate walking exercise, moderate dance, 
vigorous team/dual sports, moderate individual activities, and moderate and vigorous conditioning. 
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.   
 
Epigenome-wide association analysis. Data were analyzed with multiple linear regression models. We 
implemented three models. Covariates were age, sex, race/ethnicity, study site, technical covariates 
(methylation chip and sample position on chips), residual sample contamination with nontargeted cells 
(e.g., non-monocytes) in model 1. We additionally adjusted for smoking status, physical activity, and 
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alcohol intake in model 2. In model 3, we adjusted for model 2 covariates and BMI. 
 
4. Coronary Artery Risk Development in Young Adults (CARDIA) Study 
Study sample. The CARDIA study is a prospective multicenter study with 5115 adult, Caucasian and 
African-American participants ages 18–30 years at recruitment. The recruitment was done from four 
centers as follows: the total community in Birmingham, AL; selected census tracts in Chicago, IL, 
and Minneapolis, MN; and from the Kaiser Permanente health plan membership in Oakland, CA. 
Details of the CARDIA study design have been previously published (25; 26). Nighttime 
examinations were completed beginning with the study initiation in 1985–1986 and in examination 
years (Y) 0, 2, 5, 7, 10, 15, 20, 25, and 30. We excluded  participants if they had a history (at and 
before Y25, when liver attenuation was measured) of myocardial infarction or stroke, cancer (other 
than basal cell carcinoma), bariatric surgery, heavy alcohol consumption (>14 drinks/week in women 
and >21 drinks/week in men), medications (i.e. valproic, methotrexate, tamoxifen, or amiodarone), 
hepatitis, liver cirrhosis, and HIV..  
 
Genome-wide DNA methylation profiling. Infinium MethylationEPIC BeadChip raw data (IDAT files) 
were generated from a total of 2,181 blood samples [1,089 at Y15 and 1,092 at Y20] loaded by the R 
package minfi. Quality control and data preprocessing were conducted using the R package ENmix (27) 
with default parameter settings. In the quality control step, low-quality methylation measurements were 
identified by detection p-value <10-6 or number of beads <3 (27). We excluded 6,209 CpGs with a 
detection rate <95% and 87 samples with a percentage of low-quality methylation measurements >5% or 
extremely low intensity of bisulfite conversion probes (less than 3 × standard deviation of the intensity 
across samples below the mean intensity) (27). After excluding low-quality CpGs and samples, we 
further removed 95 samples that were extreme outliers, as defined by Tukey’s method [i.e., <25th 
percentile – 3 * interquartile range (IQR) or >75th percentile + 3 * IQR] (28) and based on the average 
total intensity value [intensity of the unmethylated signal (U) + intensity of the methylated signal (M)] 
or β value [M / (U + M + 100)] across CpG probes. The remaining samples were preprocessed using 
ENmix, a model-based background correction method which models methylation signal intensities with 
a flexible exponential-normal mixture distribution, together with a truncated normal distribution to 
model background noise (27). Dye bias was corrected using RELIC (regression on logarithm of internal 
control probes), which utilizes the intensity values of paired internal control probes that monitor the two-
color channels (29). We then separately quantile-normalized M or U intensities for Infinium I or II 
probes, respectively. Lastly, low-quality methylation values (detection p-value <10-6 or number of beads 
<3) and extreme β-value outliers across samples (defined by Tukey’s method) were set as missing. The 
final clean methylation working dataset contains 860,627 CpG probes and 1999 samples (1042 from 
Y15 and 957 from Y20). 
  
Hepatic fat measurement. At Y25, measurement of liver attenuation was performed in the right lobe of 
the liver using CT slices through the upper abdomen and was reported as the average of nine 
measurements on three slices using circular regions of interest of 2.6 cm2. The interclass correlation 
coefficient between different readers on a random selected sample of 156 participants was 0.975 for 
liver attenuation, indicating high reproducibility of CT measured liver attenuation in CARDIA. 
 
Covariates assessment. Smoker is defined as participant who is smoking cigarettes regularly (i.e. least 5 
cigarettes per week almost every week) for at least three months; former smoker is defined as participant 
is not smoking cigarettes regularly (regardless of the duration of smoking abstinence); non-smoker is 
defined as participant who has never smoked cigarettes (other tobacco products, such as cigars, tobacco 
pipe, chewing tobacco, etc. are permitted). Physical activity used an interviewer-administered 
questionnaire concerning the frequency of participation in 13 different activities during the past 12 
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months (30; 31) . Because participants were not asked specifically about duration of physical activity, 
the activity score is expressed in ‘Exercise Units’ (EU). A score of 100 EU is roughly equivalent to 
participation in activities such as a vigorous exercise class or bicycling faster than 10 miles per hour, 2 
or 3 h a week for 6 months of the year. Alcohol intake was measured as the total drinks of beer, wine, 
and liquor. 
 
Epigenome-wide association analysis. Data were analyzed with multiple linear regression models. We 
implemented three models. Covariates were age, sex, race, and study center in model 1. To account for 
experimental batch effects and other technical biases, we derived surrogate variables from intensity data 
for non-negative internal control probes using principal components (PCs) analysis (27). We adjusted 
for the proportions of different leukocytes estimated using Houseman’s method. The top eight PCs 
explained 95.06% of the variation across the non-negative internal control probes and thus we also 
included them as covariates in model 1. We additionally adjusted for smoking status, physical activity, 
and alcohol intake in model 2. In model 3, we adjusted for model 2 covariates and BMI. 
 
5. Genetic Epidemiology Network of Arteriopathy (GENOA) 
Study sample. The GENOA study is a community-based study of hypertensive sibships that was 
designed to investigate the genetics of hypertension and target organ damage in African Americans from 
Jackson, Mississippi and non-Hispanic whites from Rochester, Minnesota (32). In the initial phase of the 
GENOA study (Phase I: 1996-2001), all members of sibships containing ≥ 2 individuals with essential 
hypertension clinically diagnosed before age 60 were invited to participate, including both hypertensive 
and normotensive siblings. Eighty percent of African Americans (1,482 subjects) and 75% of non-
Hispanic whites (1,213 subjects) from the initial study population returned for the second examination 
(Phase II: 2001-2005). Study visits were made in the morning after an overnight fast of at least eight 
hours. Demographic information, medical history, clinical characteristics, lifestyle factors, and blood 
samples were collected in each phase. In an ancillary GENOA study (2009-2011), 657 GENOA African 
Americans received computed tomography (CT) scans. Written informed consent was obtained from all 
subjects and approval was granted by participating institutional review boards. The current analysis is 
limited to African American participants, since CT scans and DNA methylation measures are only 
available in GENOA African Americans. After exclusions, a total of 150 African American participants 
were included in this analysis. 
 
Genome-wide DNA methylation profiling. Genomic DNA of 422 participants were extracted from stored 
peripheral blood leukocytes, bisulfite converted, and then measured for DNA methylation using the 
Illumina Infinium HumanMethylation450 BeadChip using stored blood samples collected during the 
Phase I examination. The Minfi R package was used to preprocess, normalize (SWAN), and calculate 
beta values. The proportion of each cell type were estimated using Houseman’s method. Detection p-
values were calculated for each site, and beta values were set to missing if a site had detection p-
value>0.01. In all samples, > 95% of probes had a detection P-value<0.01; thus, no samples were 
excluded from analysis. A total of 1,707 probes were removed due to detection P-value>0.01 in >5% of 
samples. 
 
Hepatic fat measurement. Hepatic fat was measured by CT scanning (GE Lightspeed 16 Pro, 
Healthcare, Milwaukee, WI) using a standardized protocol (33). A Calcium QCT phantom (Image 
Analysis, Inc., Columbia, KY) was used to adjust attenuation values as part of quality control.  Hepatic 
fat was measured at the T12 to L1 intervertebral space by calculating the mean Hounsfield units of three 
regions of interest (ROI’s) in the parenchyma of the right lobe of the liver. Participants weighing more 
than 160 kg were excluded from the CT scan. For participants who weighed more than 100 kg, the tube 
current (ie, mA) was adjusted upwards (25%). This adjustment was designed to maintain a more 
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consistent image quality over the spectrum of body sizes. The estimated effective dose was estimated to 
be 1.5 mSv (150 mrem) for men and 1.9 mSv (190 mrem) for women.  CT images were transmitted to 
the reading center at Wake Forest University. The mean attenuation of the three ROIs and the phantom 
provided a liver/phantom ratio (LPR) adjusted for scan penetrance. Exclusions made for this analysis 
include high alcohol consumers (N=1), history of myocardial infarction or stroke (N=43), and 
medication use (N=2 taking methotrexate, tamoxifen, corticoid steroid, or amiodarone). 
 
Covariates assessment. Smoking was defined categorically (current, former, never). Physical inactivity 
was defined as having zero hours of heavy activity and 1 or less hours of moderate activity per day. 
Alcohol consumption was defined as continuous drinks per week, and BMI was continuous (kg/m2).   
 
Epigenome-wide association analysis. We used linear mixed models to test for association between each 
phenotype and beta-values of DNA methylation with the technical covariates (array, row and column 
number) as random effects and the remaining covariates as fixed effects using R (v3.3.2; lme4_1.1-12). 
Three models were run as follows:  
Model 1:  Beta value (normalized) ~ Hepatic fat + age + sex + CD8T + CD4T + NK + BCell + Mono + 
technical covariates (plate, row, and column as random effects) 
Model 2: Beta value (normalized) ~ Hepatic fat + (Model 1 covariates) + smoking + physical activity + 
alcohol consumption 
Model 3: Beta value (normalized) ~ Hepatic fat + (Model 2 covariates) + BMI 
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Supplementary Figure S1. Mendelian randomization approach to analyze potential causal association 
for A) CpG to nonalcoholic fatty liver disease (NAFLD) and B) CpG to type 2 diabetes (T2D) in the 
Framingham Heart Study. cis-meQTLs: single nucleotide polymorphisms (SNPs) associated with DNA 
methylation at CpG site. 
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Supplementary Figure S2. Manhattan plots generated using the sex- and age-adjusted model. 
Plot 1A represents the discovery analysis in the FHS with a p-value threshold of 6.9x10-6 (dotted line) 
corresponding to FDR < 0.05. Plot 1B represents the replication meta-analysis of EA participants in the 
RS, CARDIA, and MESA using the Bonferroni corrected p-value threshold of 8.6x10-4. Orange dots are 
significant CpGs in the FHS and red dots are replicated CpGs. FDR=false discovery rate. EA=European 
ancestry. FHS=Framingham Heart Study. RS=Rotterdam Study. MESA=Multi-Ethnic Study of 
Atherosclerosis study. CARDIA=Coronary Artery Risk Development in Young Adults study. 
CpG=DNA methylation site. 
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Supplementary Figure S3. QQ plots with lambda values generated using the sex- and age-adjusted 
model. 
Plot 2A depicts FHS (discovery). Plot 2B depicts the meta-analysis of EA participants in RS, CARDIA, 
and MESA (replication). Plot 2C depicts RS EA participants. Plot 2D depicts CARDIA EA participants. 
Plot 2E depicts MESA EA participants. FHS=Framingham Heart Study. EA=European Ancestry. 
RS=Rotterdam Study. MESA=Multi-Ethnic Study of Atherosclerosis study. CARDIA=Coronary Artery 
Risk Development in Young Adults study. 
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Supplementary Figure S4. Correlation of 58 CpGs discovered in the FHS with replication cohorts.  
Plots depict the correlation of t-statistics of the 58 CpGs discovered in the FHS at FDR < 0.05 with t-
statistics of the same CpGs in EA participants in the RS, CARDIA, and MESA cohorts. FDR=false 
discovery rate. FHS=Framingham Heart Study. EA=European ancestry. RS=Rotterdam Study. 
MESA=Multi-Ethnic Study of Atherosclerosis study. CARDIA=Coronary Artery Risk Development in 
Young Adults study. CpG=DNA methylation site. 
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Supplementary Figure S5. Correlation of t-statistics for the associations between DNA methylation 
and hepatic fat for 58 CpGs significant in the discovery cohort (FHS). Left figure showed t-statistics 
with and without additional adjustment for the time gap between assessments of DNA methylation and 
hepatic fat in the FHS. Right figure showed t-statistics generated using DNA methylation data measured 
at year 15 versus year 20 of the CARDIA study. In the CARDIA study, hepatic fat was measured once 
using CT at year 20 examination cycle and DNA methylation was measured twice at year 15 and year 20 
examinations. CARDIA=Coronary Artery Risk Development in Young Adults study. FHS=Framingham 
Heart Study. CT=computed tomography. CpG=DNA methylation site. 
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Supplementary Figure S6. Forest plots for 22 replicated CpGs in European ancestry participants using 
regression coefficients and standard errors standardized by the cohort-specific standard deviation of the 
regression coefficients. 
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Supplementary Figure S7. Comparisons of leave-one-cohort-out meta-analysis with meta-analysis in 
all samples for European ancestry participants. Cohort-specific analysis used sex- and age- adjusted 
model with cohort-specific adjustment for technical variables and family structure 
 

 



SUPPLEMENTARY DATA 

©2019 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-1193/-/DC1 

Supplementary Figure S8. Effect of additional adjustment for lipid and glycemic traits on association 
between the 22 replicated CpG s and hepatic fat in FHS participants. Analysis was based on sex- and 
age-adjusted models. Upper panel (A and B) were additionally adjusted for fasting triglycerides, middle 
panel (C and D) were additionally adjusted for total fasting cholesterol, and low er panel were 
additionally adjusted for prevalent type 2 diabetes, fasting glucose, and HbA1c. Left panel (A, C, and E) 
were absolute value of regression coefficients, i.e., DNA methylation β value change for per standard 
deviation change of hepatic fat, and right panel (B, D, and F) were -log10 p-value.FHS=Framingham 
Heart Study 
 

 



SUPPLEMENTARY DATA 

©2019 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-1193/-/DC1 

Supplementary Figure S9. Effect of additional adjustment for dietary factors on association between 
the 22 replicated CpGs and hepatic fat in FHS participants. Analysis was based on sex- and age-adjusted 
models with and without additional adjustment for caloric intake and total fat intake assessed by food 
frequency questionnaire in the Framingham Heart Study. 
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Supplementary Figure S10. Correlation of mean DNA methylation levels for the 22 replicated CpGs in 
EA participants measured in blood and inliver. CpG=DNA methylation site. EA=European ancestry 
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Supplementary Figure S11. Regional plots of cis-meQTLs for cg08309687. Plot depicts seven genes 
(ATP50,ITSN1, TMEM50B, MRPS6, SLC5A3, and IFNGR2) and one long intergenic non-protein coding 
RNA (LINC00649) for cg08309687. cis-meQTLs=cis-methylated quantitative trait loci. 
eQTL=expression quantitative trait loci. FHS=Framingham Heart Study. 
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Supplementary Figure S12. Potential causal association of cg14476101at PHGDH locus to hepatic fat 
accumulation using MR analyses. P-value-IVW=0.02, P-value-Egger=0.91, and P-value-Egger-i 
ntercept=0.27. MR=Mendelian randomization. IVW=inverse variance weighted. SNP=single nucleotide 
polymorphism. CpG=DNA methylation site. 
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Supplementary Table S1. Participant characeristics and methods for measurements of DNA 
methylation and Hepatic fat. 
 

 
 

Data are mean (SD), unless otherwise indicated. Physical actiivty score is based on cohort-specific 
definition. Regarding time interval between liver fat measurement and blood draw, a positive sign means 
liver fat was measured after DNA methylation measurement. EA: European ancestry. HA: Hispanic 
ancestry. AA: African ancestry. FHS=Framingham Heart Study. RS=Rotterdam Study. MESA=Multi-
Ethnic Study of Atherosclerosis study. CARDIA=Coronary Artery Risk Development in Young Adults 
study. GENOA=Genetic Epidemiology Network of Arteriopathy. BMI=body mass index. CT=computed 
tomography. HU=Hounsfield units. 
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Supplementary Table S2. 58 significant CpGs (FDR <0.05) in the discovery cohort (FHS) for hepatic 
fat using sex- and age-adjusted Model. 
 

 
Meta-analysis p-values were calculated in RS, CARDIA, and MESA using logit method based on the 
general fixed effect model. The direction column showed the sign of regerssion coefficients in order of 
FHS, RS, CARDIA, and MESA. FHS=Framingham Heart Study. RS=Rotterdam Study. MESA=Multi-
Ethnic Study of Atherosclerosis study. CARDIA=Coronary Artery Risk Development in Young Adults 
study. CpG=DNA methylation site. CHR=chromosome. SE=standard error. FDR=false discovery rate 
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Supplementary Table S3. Pairwise-Pearson correlation of 24 CpGs replicated in the European-ancestry 
participants 
 

 
 
Pearson correlation coefficients were calculated using data in the Framingham Heart Study. 
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Supplementary Table S4. Sensitivity analysis in EA participants with additional adjustment for 
lifestyle factors and BMI. 
 

 
 
Model adjusted for sex, age, smoking, physical activity, alcohol, and BMI. Discovery significance p-
value 1.2E-07 (FDR < 0.05); replication significance p-value < 0.025. Meta-analysis p-values were 
calculated in RS, CARDIA, and MESA using meta-analysis of p-values with logit method based on the 
general fixed effect model. FHS=Framingham Heart Study. RS=Rotterdam Study. MESA=Multi-Ethnic 
Study of Atherosclerosis study. CARDIA=Coronary Artery Risk Development in Young Adults study. 
EA=European ancestry. CpG=DNA methylation site. SE=standard error. 
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Supplementary Table S5. Mediation analysis by fasting serum triglycerides levels for the association 
of DNA methylation (CpGs) and hepatic fat 
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Supplementary Table S6. Replication of the 22 signficant CpGs identified in the EA participants in the 
MESA HA cohort (N=401). 
 

 
 
Model adjusted for sex and age. Bonferroni-corrected p-value threshold is 0.002 (0.05/22 CpGs). 
MESA=Multi-Ethnic Study of Atherosclerosis study. HA=Hispanic ancestry. EA=European ancestry. 
CpG=DNA methylation site. SE=standard error. 
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Supplementary Table S7. Replication of the 22 signficant CpGs identified in the EA participants in AA 
participants in the MESA, CARDIA, and GENOA cohorts (N=721). 
 
 

 
 

Model adjusted for sex and age. Bonferroni-corrected p-value threshold is 0.002 (0.05/22 CpGs). Meta-
analysis p-value was calculated using meta-analysis of p-values with logit method based on the general 
fixed effect model. MESA=Multi-Ethnic Study of Atherosclerosis study. CARDIA=Coronary Artery 
Risk Development in Young Adults study. GENOA=Genetic Epidemiology Network of Arteriopathy. 
EA=European ancestry. AA=African ancestry. CpG=DNA methylation site. SE=standard error. 
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Supplementary Table S8. 26 CpGs identified (FDR <0.05) in AA participants in the MESA, CARDIA, 
and GENOA cohorts. 
 

 
 

Model adjusted for sex and age. Meta-analysis in AA participants using p-values with logit method 
based on the general fixed effect model. The corresponding p-value for false positive rate (FDR) <0.05 
was 2.7E-06 in meta-analysis in AA particiants. Bonferroni corrected p-value threshold in lookup in 
global meta-analysis in EA participants was 0.05/26 (0.002). MESA=Multi-Ethnic Study of 
Atherosclerosis study. CARDIA=Coronary Artery Risk Development in Young Adults study. 
GENOA=Genetic Epidemiology Network of Arteriopathy. EA=European ancestry. AA=African 
ancestry. CpG=DNA methylation site. CHR=chromosome. SE=standard error. 
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Supplementary Table S9. Functional description for the 18 Illumina annotated genes. 
 

 
Gene information is taken from NCBI Genes. CHR=chromosome. 
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Supplementary Table S10. Liver-specific differentially expressed genes in GTEx v6. 
 

 
 
Gene set enrichment analysis depicts genes that are upregulated and downregulated in the liver by 
overlapping Illumina annotated genes with DEG. GTEx=Genotype-Tissue Expression. 
DEG=differentially expressed genes. 



SUPPLEMENTARY DATA 

©2019 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-1193/-/DC1 

Supplementary Table S11. The Enriched Biological Processes for Genes Mapped to the 18 Illumina 
annotated genes. 
 

 
 
Ref List quanitifies the number of genes in the database for the GO analysis. The 'Observed' column 
quantifies the number of genes in the testing set. The 'Expected' column depicts the expected number of 
genes for the testing set. When comparing the observed versus expected number of genes, '+' denotes 
over-representation while '-' denotes under-representation. Raw p-values are reported along with the 
FDR threshold. GO=gene ontology. FDR=false discovery rate. 
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Supplementary Table S12. Traits associated with cis -meQTLs or proxies of cis -meQTLs using the 
NHGRI-EBI GWAS Catalog. 
 

 
 
cis -meQTL=cis -methylation quantitative trait loci. CpG=DNA methylation site. CHR=chromosome. 
BP=base pair. GWAS=genome-wide association study. PMID=PubMed identification number 
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Supplementary Table S13. Three-way association of CpGs, gene expression, and hepatic fat in the 
FHS. 
 

 
 
Gene expression levels were derived from whole blood in the FHS. Regarding direction, '+' sign 
represents a positive association and '-' sign represents an inverse association. CpG=DNA methylation 
site. FHS=Framingham Heart Study. CHR=chromosome. TSS=transcription start site. 
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Supplementary Table S14. MR analysis for CpGs association to nonalcoholic fatty liver disease 
(NAFLD) 
 

 
 
A positive beta value means that the instrument SNPs (cis-meQTLs) increased DNA methylation and 
increased hepatic fat, whereas a negative beta value means that the instrument SNPs increased DNA 
methylation but reduced hepatic fat. The inverse variance weighted (IVW) approach was implemented 
for all CpGs and the MR-Egger method was implemented for CpGs with three or more instrumental 
variables (IVs) and significant using IVW. MR=Mendelian randomization. CpG=DNA methylation site. 
SNP=single nucleotide polymorphism. SE=standard error. CpG Supplemental 
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Supplementary Table S15. Cross-sectional association between hepatic fat-associated CpGs with 
prevalence of type 2 diabetes in 4,068 Framingham Heart Study participants 
 

 
 
Model 1 adjusted for sex, age, alcohol intake, smoking status, physical activity level, laboratory for 
DNA methylation assessment, DNA methylation chip ID, row, and column, top three PCs, and 
estimated leukocyte composition. 
Model 2 adjusted for model 1 covariates and BMI. 
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Supplementary Table S16. MR analysis for causal associations from CpGs to type 2 diabetes 
 

 
 
The inverse variance weighted (IVW) approach was implemented for all CpGs and the MR-Egger 
method was implemented for CpGs with three or more instrumental variables (IVs) and significant using 
IVW. MR=Mendelian randomization. FHS=Framingham Heart Study. CpG=DNA methylation site. 
SNP=single nucleotide polymorphism. SE=standard error. 


