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3. Timeline:
We expect to submit this manuscript for publication within four months of approval.

4. Rationale:

Cardiovascular disease (CVD) and cancer are the most common causes of death. Both
diseases share risk factors including smoking, physical inactivity, unhealthy diet, excess adiposity,
genetic predisposition, environmental toxicants, advanced age and others (1-4). Emerging
evidence reveals a complex connection between CVD and cancer (5,6), as they share inter-related
biological pathways, including chronic inflammation, oxidative stress, aberrant apoptosis and
angiogenesis (2,3,7). Cardiotoxicity can follow cancer treatment, such as chemotherapy,
radiotherapy (3,4,8,9) and, to a lesser extent, targeted cancer therapies and immunotherapy (10).
A deeper understanding of the molecular relationships between CVD and cancer can help identify
new and safer preventive and therapeutic approaches for both diseases.

Epigenetic modifications regulate gene expression (11) and are involved in biological
functions that influence health and disease (12). Cancer and CVD epigenetic changes, however,
are traditionally studied separately (13,14). For instance, DNA methylation (DNAm), the addition
of a methyl group in the carbon-5 position of cytosine followed by guanine separated by a
phosphate (CpG) (12) has not yet been jointly evaluated for cancer and CVD outcomes.

We will identify common epigenetic modifications for CVD and cancer by studying the
overlap of differentially methylated positions (DMPs) associated with incident cardiovascular
disease (CVD), cancer (Ca), and both (Ca-CVD) from separate epigenome-wide association
studies (EWAS). The study will be conducted in the Strong Heart Study (SHS), the oldest and
largest study of CVD and its risk factors in American Indian communities from the Northern
Plains, the Southern Plains and the Southwest as well as in the Atherosclerosis Risk in
Communities (ARIC) Study and the Framingham Heart Study (FHS). In each cohort, we will
jointly model a panel of ~450000 CpGs measured by the [llumina Infinium HumanMethylation450
BeadChip array (in the SHS the Infinium MethylationEPIC BeadChip is available, but we will
restrict the data to the Illumina 450K as these are the CpGs available in the other cohorts, including
ARIC). Using the CpGs identified as relevant for the 3 outcomes in each cohort, we will further
evaluate those CpGs in the other cohorts. We have successfully used this approach in a study of
DNAmM and coronary heart disease that is currently in press at JAMA Cardiology. We will
subsequently conduct molecular pathway analyses and other integrative analysis of findings. The
purpose of this paper proposal is to request approval to apply this methodology in ARIC. The
ARIC study is a unique setting to evaluate the epigenetic relationship between cancer and CVDs
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and to compare these signals to SHS and FHS. It has 14,688 participants, including cancer
incidence cases and over 30 years of follow-up for CVD.

5.  Main Hypothesis/Study Questions:

Hypothesis: Some of the common DMPs between cardiovascular disease and cancer identified in
SHS will also be identified in the ARIC study and the FHS, and reversely, some of the common
DMPs between cardiovascular disease and cancer identified in ARIC will also be identified as
relevant in the SHS and FHS, using the same methodology.

The main objective is to identify DMPs that are shared between CVD and cancer, and which are
the molecular pathways and networks shared across outcomes and commonly identified across
cohorts. This analysis can help us identify relevant DMPs for cancer and CVD. While many
pathways are known and might just be replicated in this analyses, other novel connections might
be identified in this study.

Aim 1: To study the epigenetic relationship between cancer and cardiovascular disease in the
ARIC study using four groups of participants: incident cardiovascular disease (CVD), cancer (Ca),
both (Ca-CVD) and non-cases (common reference).

Aim 2: To compare the DMPs identified in ARIC with those obtained from the SHS and FHS.

Aim 3: To conduct an integrative In-silico protein-protein interaction analysis to identify most
relevant biological pathways that could be intervened in future research and might help the
identification of potential precision medicine tools.

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).

Study design: prospective cohort study

Three different outcomes: incident cardiovascular disease (CVD) in those who do not develop
cancer over the follow-up; cancer (Ca) in those who do not develop CVD over the follow-up; and
a combined outcome for those who develop both incident CVD and cancer during the follow-up
(in this group the time to event will be the date of the first diagnosis, either CVVD or cancer, which
ever occurs first).

Inclusions and Exclusions

Individuals with prevalent CVD or cancer should be excluded for all analyses.

In_cardiovascular disease only: Both fatal and non-fatal all-cause CVD events should be
considered. Individuals who developed cancer at any time of the follow-up period should be
excluded from this analysis. CVD events include coronary heart disease, stroke, and heart failure.
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In cancer only: Both fatal and non-fatal all-cause cancer events should be considered. Individuals
who developed CVD at any time of the follow-up period should be excluded from this analysis.
In CVD & cancer: only individuals who developed both CVD and cancer during the follow-up
period should be considered. Individuals who developed CVD but not cancer and those who
developed cancer but not CVD should be excluded.

In Non cases: for all three groups of cases, non-cases are those who never developed CVD or
cancer during the follow-up.

DNA methylation data preparation

Preprocessing and quality control is determined by the individual analysts of each study. For
example, the Strong Heart Study excluded CpGs with a p-detection value greater than 0.01 in more
than 5% of the individuals and individuals with low median intensities (<10). Single sample snoob
normalization was conducted using the R package minfi (15,16). Cross-hybridizing probes, sex
chromosomes and SNP probes with minor allele frequency > 0.05 (17,18) were removed for
analysis. Houseman cell proportions (CD8T, CD4T, NK, B cells, monocytes and granulocytes)
were estimated using the R package FlowSorted.Blood.EPIC (Houseman method). Batch effects
were detected and corrected using the combat function (sva R package). We will follow the steps
already established by ARIC.

Statistical analysis
Descriptive analysis. A descriptive table of the participant will be prepared, similar to this
example:

Non cases Incident cancer Incident CVD Incident Ca-
(no CVD) cases (no cancer) cases CVD cases

Number of participants

Sum of person-years

Age

Female %

Never smoking %

Former smoking %

Current smoking %

Packyears smoked

Methylation-predicted
packyears smoked

BMI kg/m?

Diabetes %
LDL-cholesterol, mg/dL
HDL-cholesterol, mg/dL
Hypertension %
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SBP, mmHg
Albuminuria > 30 mg/g, % *

Aspirin

Lipid-lowering drugs

Female HRT use
* Only if data on albuminuria status is available

Elastic-net models. Each cohort will run three epigenome-wide elastic-net models (one for each
outcome) using the R package glmnet. The alpha value will be set to 0.05 and the lambda value
will be selected by cross-validation (R code will be provided). C indexes for each elastic-net model
will be calculated.

Cancer models will be adjusted for the following covariates: age, sex, BMI, smoking status,
blood cell counts, methylation-predicted packyears smoked (19) and technical covariates (specific
to each population).

CVD models will be additionally adjusted for the following covariates: LDL cholesterol,
hypertension, type 2 diabetes, systolic blood pressure, HDL cholesterol and, if available,
albuminuria status.

The CVD adjustment set will be taken in all the models, including the combined outcome of
cancer and CVD.

For each of the outcomes, the cohorts will run an additional elastic-net model including the
union set of CpGs that have been selected by elastic-net by each of the cohorts. Then, traditional
Cox regression models will be run for the CpGs commonly selected by the cohorts. A meta-
analysis for the hazard ratios will be conducted (for each of the outcomes separately) in CpGs that
are common across cohorts in this second elastic-net model. As power might be limited in some
cohorts, we will also run the meta-analysis for CpGs that are selected in at least 3 of the 4 cohorts.

Molecular pathways analyses. The DMPs associated to protein coding genes will be included in
a protein-protein interaction network, after obtaining reported biological interactions between the
protein nodes from the STRING database v11.0 (20). All interactions with a confidence score of
0.5 or greater will be included (Figure S1). The networks will be analyzed and displayed using the
yFiles organic layout with Cytoscape v3.7.1 (21). A network enrichment analysis will be
performed by incorporating available information for the relationships between nodes based on
GO, KEGG, Reactome and UniProt databases through a combination of methods that include
multiple testing correction, two-sided Kolmogorov—Smirnov test, and hierarchical clustering of
the STRING network itself (21). We also attempted to identify common relevant biological
mechanisms for Ca and CVD by evaluating which nodes are drug targets within DrugBank
database v5.1.7. DrugBank combines detailed data annotations with comprehensive drug target
information (22), which enables assessing if gene-products are potential drug targets of specific
targeting compounds. Among the 5,225 non-redundant proteins corresponding to drug entries and
associated drug targets in DrugBank, we will search for those related to the common nodes from
overlapping Ca, CVD and Ca-CVD DMPs.
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Limitations:

Even though the sample size might be moderate, we already conducted a DMP analysis for
coronary heart disease in ARIC black (N=2,114; 350 cases), ARIC white (N=931, 121 cases) and
the SHS (N=2,321; 749 cases) for the previously mentioned paper that is currently in press at
JAMA Cardiology, which suggests we have sufficient power for the proposed elastic-net approach.

On the other hand, it is known that cancer and CVD share common risk factors. In this study,
we are attempting to adjust for smoking as well as possible based on CpG signatures of smoking
and pack-years in order to identify DMPs associated with cancer and CVD beyond smoking. For
other risk factors, it is harder to do as signatures for those factors are still under active investigation.
It is thus possible that some of the DMPs identified in this study reflect those risk factors. In part,
we might be able to assess this phenomenon by observing if traditional risk factors are no longer
kept by the elastic net models. We will also evaluate how the top DMPs are associated with CVD
and cancer risk factors (e.g., obesity, lipids, diabetes, etc.). Also, if during the conduction of this
study other epigenetic signatures are developed beyond smoking, we will also incorporate those
into the analysis.

Although the prevalence of risk factors and the distribution of the specific outcomes might
be different across cohorts (e.g., diabetes and liver cancer are more common in the SHS than in
ARIC), we believe that our proposed strategy will still contribute to identify general CpGs that are
relevant for cardiovascular and cancer outcomes. For instance, in the previously cited study of
DNAm and coronary heart disease that is currently in press in JAMA Cardiology, there was a
substantial number of common DMPs between SHS and ARIC. At the same time there were also
many distinct DMPs, which could reflect the specific differences across cohorts.

Previous experience in the SHS:

Our preliminary findings in the Strong Heart Study (n=2,186; 823, 277, and 142 cases of
CVD only, Cancer only, and Cancer-CVD, respectively) support there is a network of DMPs
annotated to biologically interconnected genes that are related to cancer and CVVD outcomes, as
observed in our protein-protein interaction network (Figure 1). In our previous study focused on
CHD (in press in JAMA Cardiology), our proposed strategy for this manuscript allowed to
identify a subset of DMPs that were common across 4 or 5 cohorts, as well as DMPs that were
distinct across cohorts. Given this previous experience, which used the same cohorts and had
similar sample sizes, we believe we can identify a set of DMPs that are commonly related to
Cancer and CVD that replicated across diverse cohorts.

Figure 1. Protein-protein interaction network for protein-coding genes associated with cancer,
CVD or cancer-CVD endpoints.
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7.a. Will the data be used for non-ARIC analysis or by a for-profit organization in this

manuscript? Yes _ X _No

b. If Yes, is the author aware that the current derived consent file ICTDERO5 must be

used to exclude persons with a
and/or “Not for Profit” ?

value RES_OTH and/or RES_DNA = “ARIC only”

Yes No
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(The file ICTDER has been distributed to ARIC Pls, and contains
the responses to consent updates related to stored sample use for research.)

8.a. Will the DNA data be used in this manuscript? X Yes No

8.b. If yes, is the author aware that either DNA data distributed by the Coordinating
Center must be used, or the current derived consent file ICTDERO05 must be used to
exclude those with value RES_DNA = “No use/storage DNA”? _ X __ Yes No

9. The lead author of this manuscript proposal has reviewed the list of existing ARIC
Study manuscript proposals and has found no overlap between this proposal and
previously approved manuscript proposals either published or still in active status.
ARIC Investigators have access to the publications lists under the Study Members Area of
the web site at: http://www.cscc.unc.edu/aric/mantrack/maintain/search/dtSearch.html

_X__Yes No

10. What are the most related manuscript proposals in ARIC (authors are encouraged to
contact lead authors of these proposals for comments on the new proposal or
collaboration)?

The previous paper proposals that consider only cancer methylation (for example ARIC
Manuscript Proposal #3248) or only CVD methylation (for example ARIC Manuscript Proposal
#1928) have no common objectives with this proposal, since our main interest is studying the
epigenetics relationships of cancer and CVD together. For this reason, the paper proposals that
are most related to the subject of study are those including both CVD and cancer outcomes as
mentioned below.

ARIC Manuscript Proposal #3563: Polter et al. CVD risk in Cancer Survivors

ARIC Manuscript Proposal #3257: Moran et al. Heart Failure Prediction in Cancer Survivors
ARIC Manuscript Proposal #3028: Florido et al. Cardiovascular Risk among Cancer Survivors in
the ARIC study

ARIC Manuscript Proposal #2912: Florido et al. Subclinical Myocardial Damage among Cancer
Survivors in ARIC

Previous Manuscript Proposals were focused on specific types of CVD developed by cancer
survivor participants in ARIC. In this paper proposal, we investigate the underlying epigenetic
mechanisms of the relationship between the incidence of both all cancer and all CVD, using four
groups of participants: Ca, CVD, Ca-CVD and non-cases (excluding prevalent CVD or cancer).
Therefore, the approach is presented here for the first time.

11.a. Is this manuscript proposal associated with any ARIC ancillary studies or use any
ancillary study data? X __Yes _ No
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http://www.cscc.unc.edu/aric/mantrack/maintain/search/dtSearch.html

11.b. If yes, is the proposal
_X_ A primarily the result of an ancillary study (list number*
Enhancing the Infrastructure of the Atherosclerosis Risk in Communities (ARIC) Study
for Cancer Epidemiology Research: ARIC Cancer (PMID: 29263187)
Novel associations between blood DNA methylation and body mass index in middle-
aged and older adults (PMID: 29278407)

____ B.primarily based on ARIC data with ancillary data playing a minor role
(usually control variables; list number(s)* )

*ancillary studies are listed by number https://sites.cscc.unc.edu/aric/approved-ancillary-studies

12a. Manuscript preparation is expected to be completed in one to three years. If a
manuscript is not submitted for ARIC review at the end of the 3-years from the date of the
approval, the manuscript proposal will expire.

12b. The NIH instituted a Public Access Policy in April, 2008 which ensures that the public
has access to the published results of NIH funded research. It is your responsibility to upload
manuscripts to PubMed Central whenever the journal does not and be in compliance with this
policy. Four files about the public access policy from http://publicaccess.nih.gov/ are posted in
http://www.cscc.unc.edu/aric/index.php, under Publications, Policies & Forms.
http://publicaccess.nih.gov/submit_process_journals.htm shows you which journals
automatically upload articles to PubMed central.
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