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4. Rationale:

Ambient particulate matter (PM) air pollution is a modifiable exposure that has been
consistently associated with cardiovascular disease (CVD) morbidity and mortality, partly
through autonomic imbalance, oxidative stress and pro-inflammatory pathways.! Although air
quality regulations in the US have led to declines in ambient PM, lower levels of exposure still
pose a CVD risk.2 Despite the ubiquity of air pollution exposure and the continued population
burden of PM, the molecular mechanisms underlying PM-associated cardiovascular health
effects have not been completely described.

DNA methylation (DNAm), a heritable but dynamic epigenetic modification that can
influence gene expression without altering the genome, may be central to pathways by which
environmental factors modify CVD risk.’ In fact, DNAm has been associated with other
modifiable risk factors for CVD (e.g. diet,*> smoking,® and exercise’). Moreover, DNAm near
genes related to coagulation and inflammation has been linked with PM exposure, albeit in
candidate-gene studies.®!* Only one study has agnostically evaluated DNAm associations with
PM on an epigenome-wide scale,'* but no studies have done so in large, sociodemographically
and environmentally diverse, well-characterized populations of women.

The proposed study will therefore do so within a minority over-sample of the WHI
Clinical Trial (WHI-CT) participants and replicate results in the biracial Atherosclerosis Risk in
Communities (ARIC) study. Additional replication cohorts currently include the Cooperative
Health Research in the Region Augsburg (KORA) study, and Normative Aging Study (NAS).

5. Main Hypothesis/Study Questions:

To leverage the biracial, geographically diverse data within ARIC to replicate the associations
between DNAm and ambient concentrations of particulate matter < 2.5, < 10, and between 2.5
and 10 micrometers in diameter (PMa.5, PMio, and PM2s-10) found within a minority-oversample
of WHI-CT participants.

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis,
and any anticipated methodologic limitations or challenges if present).

Overview. The general approach is to first conduct discovery analyses in WHI CT of PM-DNAm
associations for each Cytosine-phosphate-Guanine (CpG) methylation site on the Illumina 450K
Infinium Methylation BeadChip. The WHI CT analyses described herein will be based on DNA
methylation data generated by WHI Ancillary Study (AS) #315 entitled, “Epigenetic
Mechanisms of PM-Mediated CVD Risk” (WHI-EMPC; R01-ES020836; MPIs — Hou;
Baccarelli; Whitsel) and AS #534 entitled, “Longitudinal study of DNA methylation as a
mediator between age and cardiovascular risk” (HHSN268201100046C; MPIs — Conneely;
Whitsel). CpG sites will be ranked according to statistical significance followed by replication of
CpG sites identified as significant or suggestive of significance within ARIC, KORA, and NAS.
The replication analyses in ARIC will rely on air pollution data generated as part of the



“Modification of PM-Mediated Arrhythmogenesis in Populations” ancillary study (MOPMAP;
RO1-ES017794; PI — Whitsel).

Study Population. The WHI AS #315 focuses on the core analytes subpopulation, an exam site-
and race-stratified, randomly selected minority oversample of WHI-CT participants who had
repeated, fasting blood draws and resting, standard, twelve-lead electrocardiograms beginning at
baseline. From this population, AS #315 randomly selected 2,200 participants with an available
aliquot of DNA between 1993 and 2001 for DNA methylation assay, contemporaneous core
analyte data, an address in the contiguous 48 U.S., and no conditions that affect the availability
or accuracy of DNA methylation measures. The ARIC DNAm data are available from a subset of
African American participants at visit 2/3 (n=2,850) and will soon be available for a subset of
European American participants (n=1,102), allowing replication for the multi-ethnic WHI CT
analyses. Of these participants, 200 have a second assay from a subsequent annual visit and 43
have a third assay from the Long Life Study visit, yielding a total of 2,443 observations.

Primary Outcomes. DNA methylation (DNAm) at CpG sites as determined by the Illumina 450K
Infinium Methylation BeadChip, quantitatively represented by beta (the percentage of
methylated cytosines over the sum of methylated and unmethylated cytosines), then quality
controlled, batch-corrected, and normalized using Beta-Mlixture Quantile (BMIQ) to correct for
differences otherwise attributable to Type I and II probes.'*

Main Exposures. Geocoded participant address-specific 2-, 7-, 28-, and 365- day mean
concentrations of ambient PMz s, PMio, and PM2s.10 regulated under the Clean Air Act by the
U.S. Environmental Protection Agency (EPA) according to its National Ambient Air Quality
Standards (NAAQS). Concentrations at the time of blood draw were estimated using national-
scale, log-normal kriging and EPA Air Quality System monitoring data.'® Data on PM25 was not
widely available until 1999, so before that year, its concentrations were instead estimated using
generalized additive mixed models, the log-transformed ratio of PM2.s to predicted PMio, and
geographic information system (GIS)-based predictors.!” PM2.s.10 for each averaging period was
calculated as the difference of PMio and PM2s.

Covariates. Demographic covariates (age; center), technical covariates (plate; chip; row;
column), Houseman estimates of cell type proportions (CD8-T, CD4-T, B cell, natural killer,
monocyte, and granulocyte), principal components for ancestral admixture, randomly assigned
treatment group, relevant meteorological covariates, seasonality, and potential confounders of
interest (smoking status, alcohol use, body mass index, physical activity, individual-level
education, and neighborhood socioeconomic status).

STATISTICAL ANALYSIS

Discovery Association Analyses in WHI CT. For each PM size fraction and exposure averaging
period, covariate-adjusted, three-level, linear mixed effects longitudinal models will leverage
repeated measures to estimate PM-DNAm associations. There will be a random intercept and
slope for time at the participant level and for PM at the WHI center level as well as a random
intercept for technical covariates. These analyses will be stratified by race/ethnicity, and fixed-
effects inverse variance-weighted meta-analysis will be used to combine the stratum-specific



estimates.

Sensitivity Analyses. To assess sensitivity of WHI results, models will then be run on the entire
WHI-EMPC population (i.e. without stratification by race/ethnicity) to include additional
minority populations (i.e. American Indian or Alaskan Natives; Asian or Pacific Islanders;
Others) that were too small to include in stratified analyses. Race/ethnicity will be adjusted for in
sensitivity analyses.

Replication Association Analyses in ARIC and other cohorts. For each PM size fraction and
exposure averaging period assessed, CpG sites identified as significant (p<1.0x107) or
suggestive (p<1.0x107°) for PM-related methylation will be replicated within ARIC, KORA, and
NAS. Thresholds of significance for these analyses will be Bonferroni-corrected based on the
number of CpG sites carried over for replication. Analyses will be of European Americans in
NAS, Europeans in KORA, and stratified by race/ethnicity for ARIC (African Americans and
European Americans). Fixed-effects, inverse variance-weighting will again be used to meta-
analytically combine the race/ethnic-specific estimates for replication.

Quality Control & Meta-Analyses. We will follow established quality control protocols,
including review of results by e.g. graphing the observed P values for each CpG site against CpG
positions in Manhattan plots, by graphing them against the expected values from a theoretical >
distribution in quantile-quantile (Q-Q) plots, and applying genomic control (A) if inflation is
observed.

Functional Annotation. Function annotation for the implicated CpG sites will be assessed using
the UCSC Genome Browser'® and the WashU Epigenome Browser'? with data from the
Encyclopedia of DNA elements (ENCODE)** and Roadmap Epigenomics Project.?!

CONCLUSIONS

In this epigenome-wide association study, we will estimate associations between ambient
particulate matter air pollution and DNA methylation, the nature of which may ultimately affect
our understanding of molecular consequences of exposure.
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3. Timeline:Primary analyses & draft manuscript to be completed by late 2016

4. Rationale:

Ambient particulate matter (PM) air pollution is a modifiable exposure that has been
consistently associated with cardiovascular disease (CVD) morbidity and mortality, partly
through autonomic imbalance, oxidative stress and pro-inflammatory pathways.! Although air
quality regulations in the US have led to declines in ambient PM, lower levels of exposure still
pose a CVD risk.? Despite the ubiquity of air pollution exposure and the continued population
burden of PM, the molecular mechanisms underlying PM-associated cardiovascular health
effects have not been completely described.

DNA methylation (DNAm), a heritable but dynamic epigenetic modification that can
influence gene expression without altering the genome, may be central to pathways by which
environmental factors modify CVD risk.? In fact, DNAm has been associated with other
modifiable risk factors for CVD (e.g. diet,* smoking,® and exercise’). Moreover, DNAm near
genes related to coagulation and inflammation has been linked with PM exposure, albeit in
candidate-gene studies.®!* Only one study has agnostically evaluated DNAm associations with
PM on an epigenome-wide scale,'* but no studies have done so in large, sociodemographically
and environmentally diverse, well-characterized populations of women.

The proposed study will therefore do so within a minority over-sample of the WHI
Clinical Trial (WHI-CT) participants and replicate results in the biracial Atherosclerosis Risk in
Communities (ARIC) study. Additional replication cohorts currently include the Cooperative
Health Research in the Region Augsburg (KORA) study, and Normative Aging Study (NAS).

5. Main Hypothesis/Study Questions:

To leverage the biracial, geographically diverse data within ARIC to replicate the associations
between DNAm and ambient concentrations of particulate matter < 2.5, < 10, and between 2.5
and 10 micrometers in diameter (PMa.5, PMio, and PM2s-10) found within a minority-oversample
of WHI-CT participants.

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis,
and any anticipated methodologic limitations or challenges if present).

Overview. The general approach is to first conduct discovery analyses in WHI CT of PM-DNAm
associations for each Cytosine-phosphate-Guanine (CpG) methylation site on the Illumina 450K
Infinium Methylation BeadChip. The WHI CT analyses described herein will be based on DNA
methylation data generated by WHI Ancillary Study (AS) #315 entitled, “Epigenetic
Mechanisms of PM-Mediated CVD Risk” (WHI-EMPC; R01-ES020836; MPIs — Hou;
Baccarelli; Whitsel) and AS #534 entitled, “Longitudinal study of DNA methylation as a
mediator between age and cardiovascular risk” (HHSN268201100046C; MPIs — Conneely;
Whitsel). CpG sites will be ranked according to statistical significance followed by replication of
CpG sites identified as significant or suggestive of significance within ARIC, KORA, and NAS.



The replication analyses in ARIC will rely on air pollution data generated as part of the
“Modification of PM-Mediated Arrhythmogenesis in Populations™ ancillary study (MOPMAP;
RO1-ES017794; PI — Whitsel).

Study Population. The WHI AS #315 focuses on the core analytes subpopulation, an exam site-
and race-stratified, randomly selected minority oversample of WHI-CT participants who had
repeated, fasting blood draws and resting, standard, twelve-lead electrocardiograms beginning at
baseline. From this population, AS #315 randomly selected 2,200 participants with an available
aliquot of DNA between 1993 and 2001 for DNA methylation assay, contemporaneous core
analyte data, an address in the contiguous 48 U.S., and no conditions that affect the availability
or accuracy of DNA methylation measures. The ARIC DNAm data are available from a subset of
African American participants at visit 2/3 (n=2,850) and will soon be available for a subset of
European American participants (n=1,102), allowing replication for the multi-ethnic WHI CT
analyses. Of these participants, 200 have a second assay from a subsequent annual visit and 43
have a third assay from the Long Life Study visit, yielding a total of 2,443 observations.

Primary Outcomes. DNA methylation (DNAm) at CpG sites as determined by the Illumina 450K
Infinium Methylation BeadChip, quantitatively represented by beta (the percentage of
methylated cytosines over the sum of methylated and unmethylated cytosines), then quality
controlled, batch-corrected, and normalized using Beta-Mlixture Quantile (BMIQ) to correct for
differences otherwise attributable to Type I and II probes.!?

Main Exposures. Geocoded participant address-specific 2-, 7-, 28-, and 365- day mean
concentrations of ambient PM2 s, PMio, and PM2.s.10 regulated under the Clean Air Act by the
U.S. Environmental Protection Agency (EPA) according to its National Ambient Air Quality
Standards (NAAQS). Concentrations at the time of blood draw were estimated using national-
scale, log-normal kriging and EPA Air Quality System monitoring data.'® Data on PM2.5 was not
widely available until 1999, so before that year, its concentrations were instead estimated using
generalized additive mixed models, the log-transformed ratio of PM2s to predicted PMio, and
geographic information system (GIS)-based predictors.!” PM2s.10 for each averaging period was
calculated as the difference of PMio and PM2s.

Covariates. Demographic covariates (age; center), technical covariates (plate; chip; row;
column), Houseman estimates of cell type proportions (CD8-T, CD4-T, B cell, natural killer,
monocyte, and granulocyte), principal components for ancestral admixture, randomly assigned
treatment group, relevant meteorological covariates, seasonality, and potential confounders of
interest (smoking status, alcohol use, body mass index, physical activity, individual-level
education, and neighborhood socioeconomic status).

STATISTICAL ANALYSIS

Discovery Association Analyses in WHI CT. For each PM size fraction and exposure averaging
period, covariate-adjusted, three-level, linear mixed effects longitudinal models will leverage
repeated measures to estimate PM-DNAm associations. There will be a random intercept and
slope for time at the participant level and for PM at the WHI center level as well as a random
intercept for technical covariates. These analyses will be stratified by race/ethnicity, and fixed-



effects inverse variance-weighted meta-analysis will be used to combine the stratum-specific
estimates.

Sensitivity Analyses. To assess sensitivity of WHI results, models will then be run on the entire
WHI-EMPC population (i.e. without stratification by race/ethnicity) to include additional
minority populations (i.e. American Indian or Alaskan Natives; Asian or Pacific Islanders;
Others) that were too small to include in stratified analyses. Race/ethnicity will be adjusted for in
sensitivity analyses.

Replication Association Analyses in ARIC and other cohorts. For each PM size fraction and
exposure averaging period assessed, CpG sites identified as significant (p<1.0x107) or
suggestive (p<1.0x107) for PM-related methylation will be replicated within ARIC, KORA, and
NAS. Thresholds of significance for these analyses will be Bonferroni-corrected based on the
number of CpG sites carried over for replication. Analyses will be of European Americans in
NAS, Europeans in KORA, and stratified by race/ethnicity for ARIC (African Americans and
European Americans). Fixed-effects, inverse variance-weighting will again be used to meta-
analytically combine the race/ethnic-specific estimates for replication.

Quality Control & Meta-Analyses. We will follow established quality control protocols,
including review of results by e.g. graphing the observed P values for each CpG site against CpG
positions in Manhattan plots, by graphing them against the expected values from a theoretical >
distribution in quantile-quantile (Q-Q) plots, and applying genomic control (A) if inflation is
observed.

Functional Annotation. Function annotation for the implicated CpG sites will be assessed using
the UCSC Genome Browser'® and the WashU Epigenome Browser!® with data from the
Encyclopedia of DNA elements (ENCODE)?® and Roadmap Epigenomics Project.?!

CONCLUSIONS

In this epigenome-wide association study, we will estimate associations between ambient
particulate matter air pollution and DNA methylation, the nature of which may ultimately affect
our understanding of molecular consequences of exposure.
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