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ABSTRACT

Genome-wide identification of DNA methylation associated with Systolic and Diastolic
Blood Pressures among African Americans
By Alexander K. Zaharoff

Hypertension is a major risk factor for numerous chronic health diseases. This study aims
to further the understanding of the gene-environment interaction related to hypertension.
The underlying molecular mechanisms that affect blood pressure measurements will be
evaluated. By conducting an epigenome-wide association study (EWAS) of 972 African
Americans from Jackson, Mississippi we identified novel methylation sites that were
associated with systolic and diastolic blood pressures. After correcting for confounders
and multiple testing, two methylation sites were found to be statistically significantly
associated with systolic blood pressure. These sites were located on the CCDC25 gene
(p-value = 1.5x107, FDR = 0.004) and COX7A2L gene (p-value = 1.5x10°, FDR =
0.020). Findings from this epigenomic study of African Americans may lead to a more

comprehensive understanding of hypertension.
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BACKGROUND

A leading chronic health issue in the United States for many Americans is that of
high blood pressure. Through measurement of a person’s blood pressure (BP), one is able
to determine the presence of high blood pressure or hypertension. Hypertension is
defined as a systolic blood pressure (SBP) greater than 140 mmHg and/or a diastolic
blood pressure (DBP) greater than 90 mmHg without any antihypertensive treatment.
High blood pressure is highly prevalent in the United States and leads to other co-
morbidities and chronic disease processes. Hypertension can also set the stage for
cardiovascular diseases such as heart failure and stroke. In fact, one in three adults in the
United States has hypertension (1). A clearer understanding of the causes of hypertension
and its resultant disease progression need to be investigated through a compilation of past
research and then supplemented by complex dataset analysis.

Based on findings from the 2011 American College of Cardiology
Foundation/American Heart Association (AHA) guidelines, hypertension in the United
States affects 72 million or 35% of all Americans (2). According to the Centers for
Disease Control and Prevention (CDC), the National Health and Nutrition Examination
Survey (NHANES) data from 2003 to 2010 estimated that the prevalence of hypertension
affected 66.9 million or 30.4% of Americans over 18 years of age (3). Comparatively, an
even higher prevalence of hypertension was noted in the 2011 Behavioral Risk Factor
Surveillance System (BRFSS)/CDC study conducted in Jackson, Mississippi where
39.3% of adults older than 18 years of age have been told they have high BP (4). From

2007-2009, the age-adjusted death rate due to the effects of high BP and its compounding



factors in the United States was 10.3 per 100,000 people for those 18 years of age and
older (5). Undoubtedly, hypertension is a serious contributor to mortality in the United
States.

Specifically, the prevalence of hypertension in African Americans continues to
rise, creating a significant public health issue. For example, high death rates exist for
hypertensive African Americans at 22.5 per 100,000 people (5). Documented prevalence
of high BP increased among African Americans from 35.8% to 41.4% during the time
periods of 1988-1994 to 1999-2002 (6). In spite of a range of rates across studies, the
upward trend of more African Americans having high BP continues to climb (6, 7).
Hypertension is a disease that affects African Americans more than any other race (2, 8).
The complexity of hypertension disease progression has led to needed research for many
races and ethnicities, though African Americans still remain under-represented (9, 10).

There are additional important factors that must be addressed when studying
hypertension. Older age, being African American and having a higher body mass index
(BMI) are associated with having a high BP (11). Smoking has also been shown to have
an effect on hypertension. Hypertensive smokers are at higher risk of developing more
serious forms of hypertension (12). Chronic smoking has been found to increase arterial
stiffness in hypertensive individuals for up to a decade after cessation (13). Hypertension
is a complex disease; therefore direct causal relationships have not been established.
Despite this, one prospective study found that cigarette smoking was associated with
increased hypertension among women that smoked at least 15 cigarettes a day (14).

Moreover, hypertension has also been demonstrated to be a strong predictor of

strokes in multiple populations (15). Research data has shown that compared to whites,



African Americans with hypertension “have a 1.3-times greater rate of nonfatal stroke, a
1.8-times greater rate of fatal stroke, a 1.5-times greater rate of death due to [heart
disease], and a 4.2-times greater rate of end-stage kidney disease” (16). The widespread
prevalence of hypertension in African Americans and its resultant disease progression
indicates the particularly heavy burden on public health systems caused by undiagnosed
and under-treated hypertension.

INTRODUCTION

Epigenetics can be modified by both environmental and genetic factors and can
mediate these risks for human diseases by heritable changes in epigenetic markers.
Epigenetics is most commonly defined as a change in the gene expression that occurs
without a change in the actual genome (17). Given the current technology, the most
common way of measuring the “epigenome” is through DNA methylation (17).

DNA methylation occurs by the addition of a methyl group (-CHs). Significantly,
almost all methylation takes place in CG dinucleotides in DNA, which is why these sites
are designated by cytosine-phosphate-guanine bonds and often called “CpG sites”.
According to Bruce Richardson, “approximately 70-80% of CG pairs are methylated”
(18). DNA methylation is critical because the methylation of DNA blocks transcription
and results in the blocking of gene expression. Alternatively, de-methylation can also
occur and lead to over expression of certain genes, as discovered in the progression of
some cancers. Ultimately, DNA methylation is an important mechanism that can alter
gene expression (18).

Age is an important modifier of DNA methylation. In some instances, DNA

methylation decreases with age, resulting in increased gene expression. This relationship



often follows a linear trend, but increasing or decreasing methylation is gene-specific
(19). One study applied this particular attribute specifically to monozygotic twin data.
The study noted that the older the twins were, the more dissimilar their DNA methylation
locations and levels appeared. Compared to younger twins, the monozygotic twins were
epigenetically “indistinguishable” (20). This illuminates that environmental factors are a
vital influence on one's DNA methylation status. Particular DNA methylation sites have
also been shown to be strongly associated with age (21). Also of importance is the
predictive power of DNA methylation data to assess an individual’s “epigenetic bio-age”.
One research group stated that this capability could be used as “a tool in routine medical
screening to predict the risk of age-related diseases and to tailor interventions based on
the epigenetic bio-age instead of the chronological age” (19). Furthermore, a more recent
investigation has shown through a longitudinal study that DNA methylation increases
with time, but at different rates for different individuals (22). DNA methylation is a
dynamic process in humans (22, 23).

The genome-wide study of DNA methylation is a relatively new strategy for
assessing high BP and essential hypertension (24, 25). A new research project evaluated
the role of the “methylome”, a term to designate an epigenome, using specific DNA
methylation sequencing sites as predictors of hypertension. The researchers found that
epigenetic factors may very well play a part in the development of hypertension (9). This
case-control study suggests an important connection between environmental exposures
and disease processes. Clearly, further research is needed so that data findings can be

substantiated and thereby validated.



Hypertension is a disease that is affected by many conditions, both genetic and
environmental. One review illustrated that studies have shown low birth weight increases
the risk of hypertension as an adult (26). Some academic arguments have even described
pathways of social stress factors describing the relationship from maternal stress during
pregnancy, to perinatal health disparities, to adult cardiovascular diseases (27). “Similarly
to type 2 diabetes, hypertension, atherosclerosis and other metabolic disorders, obesity
predisposition and weight loss outcomes have been repeatedly associated to changes in
epigenetic patterns. Different non-nutritional risk factors that usually accompany obesity
seem also to be involved in these epigenetic modifications, especially hyperglycemia,
inflammation, hypoxia and oxidative stress.” (28). Heritability of hypertension is about
30-50%, which indicates the important role of genetics (29, 30). Moreover, it has been
well established that age, sex, and environmental factors, in general, play crucial parts in
the pathogenesis of hypertension. Molecular mechanisms or cellular physiology, such as
chemical transport or cellular communication, have also been shown in the scientific
literature to be associated with hypertension (31). Other suggested risk factors for
hypertension include the evolution of the modern diet compared to the humans’
Paleolithic genome (32).

Hypertension is a condition that is becoming ever-present among Americans and
specifically African Americans. This is a public health concern since hypertension is a
precursor of many diseases including, but not limited to, heart disease, heart attack,
stroke, aneurysms, heart failure, kidney disease, metabolic syndromes and memory loss.
Furthermore, the risk factors of hypertension are just as numerous. Risk factors include

age, race, family history, obesity, physical inactivity, tobacco use, elevated sodium



intake, insufficient potassium, insufficient vitamin D, excessive alcohol, stress and other
chronic disease conditions. Evaluating hypertension by including all of these risk factors
and the resultant measurements in an analysis would be a daunting task. Using DNA
methylation data is particularly intriguing because it can incorporate all these
environmental exposures into one measurement, as in the case of CpG sites. It would still
be essential in one’s analysis to control for risk factors that have been proven to have a
definitive association with hypertension, such as age, BMI, sex and smoking status.

It was recently shown in a genome-wide association study (GWAS) that several
single nucleotide polymorphism (SNP) sites were associated with elevations in both
systolic and diastolic BP in African Americans (33). This is crucial information since this
study concluded “that blood pressure among [African Americans] is a trait with genetic
underpinnings but also with significant complexity” (33). Additionally, the latest
genome-wide methylation study found hypertension in young African American males
(9). Based on this case-control study, the group suggested that DNA methylation may
play a role in the pathogenesis of hypertension (9).

Further analysis will use DNA methylation data to utilize similar epigenetic
modeling methods. Understanding the pathway from epigenetic exposures to
hypertension as a disease outcome is a novel approach within hypertension research.
Research will allow a better comprehension of exposures and disease processes in older,
hypertensive African Americans in the United States. This study investigated the role
epigenetics studies play in understanding hypertension. In the past, medical treatment has
focused on high risk populations with determinants such as race, age, sex, body mass

index, and smoking status. A more reliable model would include both environmental and



genetic factors. This investigation focused on the role of epigenetics which encompassed
the effects of both environmental exposures and the genetics factors, in the outcome of

disease processes as related to hypertension.



METHODS
STUDY SAMPLE

Data used in this analysis comes from the Genetic Epidemiology Network of
Avrteriopathy (GENOA\) study (34). The original GENOA study recruited multiple ethnic
groups, though this analysis focused on the African Americans from Jackson,
Mississippi, who had been epityped for genome-wide DNA methylation. The inclusion
criterion for the GENOA study was the essential diagnosis of hypertension prior to the
age of 60. The requirement was met if one or more of the following conditions existed:
average systolic BP of the last 2 out of 3 readings was hypertensive, average diastolic BP
in 2 out of the last 3 readings were hypertensive, or a previous diagnosis of hypertension
and antihypertensive medication prescribed by a physician to be taken daily within the
previous month of the visit.

The other inclusion criteria of the GENOA study was that at least two
hypertensive siblings were invited into the study and their non-hypertensive siblings. The
resulting data of a sibling cohort arranged in this fashion is often called a sibship.
Exclusion factors from the study included pregnancy, breast feeding, Type I diabetes, and
secondary causes of hypertension such as renal vascular disease and current alcohol
abuse. The cohort was originally ascertained from 1995-2000. Approval of the GENOA
study was given by all the participating Institutional Review Boards (IRB) (35). The
datasets used in this study were de-identified and did not require Emory IRB approval.

PHENOTYPE DATA
The subjects used in this analysis were African Americans from Jackson,

Mississippi. The first examination of this cohort had 1854 individuals, while the second



examination that occurred from 2000-2005 had 1482 individuals. For the purpose of this
analysis, only 972 individuals are included because these were the only individuals in
which high-quality DNA methylation data were available.
MEASUREMENT OF DNA METHYLATION

DNA methylation was measured from peripheral blood leukocytes. This genetic
data contained components that reflect genetic make-up as well as environmental
exposures. The DNA methylation sites were measured by fluorescent signals and given a
beta-value to quantify the level of methylation. A beta-value close to one represents high
methylation, while a beta-value close to zero represents very low methylation for a
specific site. Further description of the processing and methylation quantitation are
described by Sun et al (36).

DNA METHYLATION DATASET

The genotypic methylation data was processed as outlined in Sun et al (35). In
summary 1,008 participants were epityped for their methylation profile. Control probes
were present on each sequencing chip. Based on the control probes, 49 samples were
excluded for low and poor intensity measurements. DNA methylation sites were also
excluded from the analysis based on control probe measurements, non-specific probe
binding, sex chromosome location, multimodality, and probe overlap (35).

STATISTICAL METHODS

Based on past research criteria outlined in the prior sections of this paper, the final

model will include the variables: age, sex, BMI, and smoking status. Since this is a

sibship (case individual and their related siblings) dataset, relatedness must also be
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considered to adjust for the potential correlation between siblings. The linear mixed
effect (LME) model was applied with a random effect based on the sibship relationship.

Age was included as a covariate because it is associated with DNA methylation
and has been associated with blood pressure measurements (22, 23). Furthermore, age in
this dataset has been shown to have 1385 associated DNA methylation sites (37). This
study also controlled for sex, making sure the findings would not be influenced by the
unequal distribution of males and females (Table 1). Additionally, body mass index
(BMI) was included to control for weight factors as well as the correlation of BMI with
type 11 diabetes (28). Lastly, smoking status was also included in the model.

The primary study variables are the quality controlled 22,927 CpG sites recorded
from the 27K Illumina DNA methylation platform. Each CpG site was analyzed within
this study cohort to determine the association with hypertension. The covariates included
in this analysis were sex, body mass index (BMI), age, and smoking status. Body mass
index was defined as kilograms in weight per meter? in height on a continuous scale. Age
was also on a continuous scale, measured in years. Smoking status was evaluated as a
dichotomous variable comparing current smokers with the combined category of never
smokers and past smokers.

In this study, we assessed systolic blood pressure (SBP) and diastolic blood
pressure (DBP) as the outcome variables to study the epigenetic association with
hypertension. SBP measures the pressure in the arteries when the heart beats, which is the
biological process when the heart muscle contracts. DBP is the measurement of the
pressure between heartbeats, which can also be thought of as the pressure when the heart

muscle is resting between beats and is refilling with blood (38). Hypertension is often
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designated as a SBP greater than or equal to 140 mmHg or a DBP greater than or equal to
90 mmHg. Moreover, SBP and DBP were adjusted for those on hypertension medications
in which 10 mm Hg and 5 mm Hg were added, respectively, to the individuals average
blood pressure readings.

The phenotypic and genotypic data were merged using R (39). Further analysis
also utilized the R program and the “nlme” package (40). Within this package, a linear
mixed model was fit, adjusting for relatedness within the sibships. The raw p-values were
adjusted for multiple testing using a Bonferroni correction. Additionally, the raw p-values
were also converted to false discovery rates (FDR) as a less conservative adjustment for
multiple testing than the Bonferroni correction. Hence an FDR value of 0.05 was set to
establish significance. Secondary sites of interest beyond the highly significant sites using
the Bonferroni corrected p-value were assessed at an FDR value of 0.2 to suggest an
association. Lastly, we checked our results of DNA methylation sites in the PRCP and
SULF1 genes to replicate the findings reported by Wang et al (9).

PRINCIPAL COMPONENT ANALYSIS

After the first model was run for all the CpG sites, resulting QQ (quantile-
quantile) plots and inflation calculations of the p-values, led to a largely inflated DBP
analysis and a fairly largely inflated SBP analysis (Appendix Figures 4 and 5). These
issues were likely due to “batch effects” or slight variations because of the nature of
genome sequencing. These effects were adjusted for by including principal components
in the model. The top 10 principal components were included in the model to adjust for
these “batch effects”. Principal components are artificial variables that represent most of

the variation in data (41). The top principal components of 22,927 autosomal CpG sites
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were calculated to adjust for potential confounders, and to control for the inflation of low
p-values in the EWAS. The beta-values of each CpG site were first standardized by
subtracting the mean beta-value. Using the standardized beta-value, the top principal
components and the corresponding eigen-vectors were calculated for each individual
using the princomp package in R (39). Several studies have shown that by including the
main principal components, one can adjust for variation across samples, tissues and for
many more variables than are possible to measure (41-45). The principal component
analysis technique resulted in a final model that will evaluate the relationship of a high
systolic and/or diastolic blood pressure, defined as essential hypertension, based on DNA

methylation levels and the original possible confounders.
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RESULTS

The analysis itself began with previously cleaned phenotype and DNA methylome
data. The phenotypic data from the 1,482 African American individuals was collected
during the second visit of the GENOA study. The epigenetic (DNA methylation) data
was measured using the stored peripheral leukocytes as previously described (35, 36).
The final dataset had 972 individuals with both epigenetic data and phenotype data,
among which there were 493 sibships.

Characteristics of the study population by gender group are presented in Table 1.
Approximately 66% of the individuals in the study, for both males and females, provided
blood for genetic testing. The majority of both males and females were hypertensive
based on average adjusted systolic blood pressure, but not their average adjusted diastolic
blood pressure. The mean age, BMI, SBP and DBP for this cohort were generally higher
for hypertensive individuals than those that were normotensive (Table 1). Additionally, a
slightly higher percentage of females were hypertensive (71.6%) than normotensive
(66.5%). And overall, about 12% of the participants had been smokers in the last year
(Table 1).

The sibships were used to insert random effects based on relatedness into the
analysis. Batch effects were also adjusted for by including the top 10 principal
components of the DNA methylation data as covariates. The final model included several
covariates based on the literature in addition to the principal components, as shown in
Appendix Figure 1. The resulting linear mixed effects models found several sites that
were associated with high SBP. Using a suggestive false discovery rate (FDR) cutoff of

0.2 led to seven methylation sites of interest for SBP and none for DBP. Moreover, using
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a Bonferroni corrected p-value resulted in two specific significant sites relating to SBP.
The sites that were found to be significantly associated with the adjusted SBP levels were
cg08773844 on the CCDC25 gene and cg02278165 on the COX7A2L gene. The other
sites that were found to be possible sites of explanation, based on the FDR cutoff, of the
adjusted SBP were on several genes (C9orf48 [or KIF24], CDK10, KLHL25, APOLD1,
and PRKACA) and are shown in Table 2.

The site with the smallest p-value for SBP was also the site that was the second
most associated site, based on the corrected p-values, with adjusted diastolic blood
pressure (Appendix Table 1). Despite this, the site was found not to be significant with
DBP. Another site, cg04481779, on the IL20RA gene was found to have the smallest p-
value associated with adjusted diastolic blood pressure (Table 3). The analysis took
precautions to exclude as many false positives as possible, in order to prevent false

negative results.
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DISCUSSION

Using data from the hypertensive African Americans in the GENOA study, we
identified two CpG sites that were significantly associated with SBP. These two sites
were associated with the adjusted systolic blood pressure (Table 2). No significant sites
were found to be associated with DBP (Table 3).

The top associated site for SBP was on the coiled-coil domain containing 25
(CCDC25) gene. It has been shown to be associated with cholesterol and triglyceride
levels in the Family Heart Study (46, 47). In one particular study, the deletion of the
CCDC25 gene was associated with the decreased survival of those with hepatocellular
carcinoma (48). This is particularly intriguing because, generally, DNA methylation leads
to decreased expression of the methylated gene. The CCDC25 gene could be one that is
principally associated with poor health, or an expedited progression of disease.
Interestingly, another DNA methylation site within the CCDC25 gene was nearing
significance as shown by being the ninth ranked site for SBP (Table 2), which may
further indicate the relationship between the DNA methylation of CCDC25 gene and
SBP.

The second site that was associated was the cytochrome c oxidase subunit Vlla
polypeptide 2 like (COX7A2L) gene (49). This gene has been shown to be expressed in
all tissues. Furthermore, in a laboratory study, it was up-regulated in a breast cancer cell
line (50). The COX7A2L gene has been shown to be a CpG island of intermediate
enrichment for p53 binding (51). This particular gene appears to have many functions and

could make it important in the pathogenesis of hypertension. Hypertension is an
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extremely complex disease and this gene, as well as the DNA methylation site should be
further studied.

The top site for DBP was not significant based on the Bonferroni correction and
FDR for multiple testing (Table 3). Regardless, the site with the smallest p-value is
located on the interleukin 20 receptor, alpha (IL20RA) gene (52). This gene and its related
beta gene (IL20RB) are highly expressed in skin. IL20RB is expressed almost
everywhere, when the IL20RA gene has been found to have a restricted tissue distribution
(53). They are also significantly up-regulated in psoriasis, a common skin condition that
causes skin redness and irritation (52, 54). This gene has also been associated with the
CD40 ligand, HDL and LDL cholesterol, and multiple sclerosis (46, 55).

The genes associated with SBP based on the FDR cutoff of 0.2 had a range of
roles. One was KIF24, a kinesin that is known to act in cellular division and intracellular
vesicle transport (56). This shows that the process leading to high SBP is an extremely
dynamic process, even when age, sex, BMI and smoking status are incorporated.

Of the next five associated sites (Table 2) that were nearing significance, three
had interesting phenotypic expressions. The C90rf48 gene was found to be a likely risk
factor for sporatic Frontotemporal Lobar Degeneration (56). One group found that the
expression of CDK10 is associated with hepatocellular carcinoma and biliary tract cancer
(57, 58). APOLD1 was found to be associated with testicular germ cell tumors among
differentially methylated regions (59). It is also believed to be important for vascular
function and endothelial cell signaling (60). Based on this analysis, these genes were not
statistically significant, but could be important for future studies investigating epigenetic

factors associated with hypertension.
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Traditional DNA sequence-based approaches are complemented by DNA
methylation data. Epigenetics in general has the potential to explain additional molecular
mechanisms and the pathogenesis of hypertension (9). Additionally, peripheral blood
leukocytes have been hypothesized to be a major measurement tool for the change in
DNA methylation (36). The resulting data obtained from genetic sample collection can be
used to characterize hypertension (9). Because of the small sample size, the Wang study
used cases and controls. They found two CpG sites, which were located in the SULF1
and PRCP genes, and attempted to validate the findings (9). The data located
fundamental genes that could be further validated to explain hypertension in African
Americans in the Southern part of the United States.

In addition to the findings presented in this analysis, we were able to separately
validate the findings of the Wang group study, without specifically including their same
sites. Similar to their study, we also were looking at hypertension among African
Americans. The Wang group used younger cases and controls of an African American
cohort, where as we used hypertensive sibships. We too found the same specific CpG site
(Illumina ID cg04845579) within the SULF1 gene as associated with elevated DBP when
controlling for age, sex, BMI, smoking status and the top 10 principal components. This
site was significant (nominal p-value = 2.6x10™), but based on our predetermined FDR
cutoff (FDR corrected p-value = 0.999) or the conservative Bonferroni p-value (p-value =
1) as shown in Table 3, the site was insignificant after the multiple test corrections.
Furthermore, the Wang study, using the same DNA methylation platform, found
associations with the PRCP gene (9). Despite these findings, the other CpG site related to

SULF1 and the two sites related to PRCP showed minimal probability of association
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(Table xx). In spite of these other discoveries, the top SULF1 related CpG site was still
among the most significant sites relating to DBP (Appendix Table 3). In addition, the
same study did a Gene Ontology (GO) analysis and found the interleukin-13 gene to be
“among the top GO categories” (9). In our epigenetic association study, the top CpG site
for DBP was within the interleukin receptor 20-alpha gene (Table 3), which belongs to
the same gene family of 1L13 and shares similar biological function. These findings show
that these genes respond to biotic stimulus by inflammation, such as IL20RA. The
implication is that hypertension is likely a disease that responds to epigenetic influences.

Awareness of environment and genetic components in diagnosing hypertension is
crucial. Future directions for this study would be to include more African Americans
from other parts of the United States. Epigenetics analysis can be further utilized to study
other chronic diseases where risk factors and genetic relationships are not well defined.
This same analysis using a different chronic disease could help establish the key role
epigenetics could play in a better understanding of chronic diseases and illnesses that
affect the health of Americans.

STRENGTHS AND LIMITATIONS

The first strength of this study is the large sample size compared to previous
epigenomic studies. This allowed for statistically significant results when corrections for
multiple testing were included. Further strengths of this analysis include a robust
modeling technique. The linear mixed effects model was crucial for adjusting the
relatedness of this sibship. A key strength of this study is the fact that the dataset has a
family structure of relatedness. This means the siblings that were normotensive were

excellent controls for their hypertensive counterparts. Furthermore, this study was able to



control for a huge inflation of the p-values by including principal components in the
model. This additional statistical analysis was likely a strong regulation technique in
reducing the bias based on the processing of the genetic data in the laboratory. The
control for inflation was also important for the reduction of type-1 errors.

Furthermore, hypertension in practice does not have a strict cutoff value. It is a
continuous measurement that varies by individual and fluctuates based on almost any
exposure. This means a linear model was appropriate to relating CpG sites to SBP and
DBP levels. This analysis also found two associated DNA methylation sites that are
strongly associated with hypertension. These sites can be further validated as genes of
interest in hypertension epigenetic studies.

The limitations of my study include that fact that most of the individuals were
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hypertensive. Because blood pressures are on a continuous scale, having participants that

cover more of the range of values may help with the strength of an epigenetic association.

Additionally, to prove that these sites are essential in explaining hypertension, additional

studies on other cohorts must be done. These cohorts could be ones where other medical

backgrounds are analyzed using related techniques and attempting to replicate these same

findings. Furthermore, there was also a lack of replication samples and the results could

not be further validated.
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FUTURE DIRECTIONS

The role of genome sequencing in public health and personal health care are
constantly discussed in research and policy alike. Genome sequencing is a relatively new
field that can play a crucial role in the preventative health of Americans. Knowing more
about the risks imposed by genetics and environmental exposures allows for a targeted
approach for better individual health.

Genetic analysis and applied applications along with technology advancements
and the drastically decreasing cost of sequencing will likely speed up a rapid increase in
the role DNA methylation and other individually targeted approaches. Tailoring
prevention towards groups and later individuals can help with the overall health of all
Americans. Individuals are exposed to many non-genetic factors such as aging, diet,
exercise and environmental chemicals. These exposures may function via epigenetic
mechanisms (i.e. DNA methylation) to cause chronic diseases. This knowledge can be
acted upon to better the health of people through prevention and targeted treatment.
Targeting particular groups or types of people at risk through education is essential. This
could lead to an early and accurate diagnosis of chronic diseases. Furthermore, knowing
particular sites related to a chronic disease could allow for studies that would focus on a
novel intervention or drug for therapy.

Of those in the most recent NHANES dataset, about 5.7 million or 15.8% with
hypertension were not receiving pharmacologic treatment (3). High blood pressure could
be explained more comprehensively by a combination of the known environmental risk
factors and genomic data. Hypertension is a modifiable risk factor when compared to

other diseases, particularly chronic diseases. Untreated hypertension can lead to highly
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debilitating and difficult to treat disease states.(15). Educating an individual as to the best
way to deal with hypertension could lead to better results in behavior change. Examples
could be a better diet, reducing chemical or pollutant exposures, and the cessation of
smoking. An individual’s actions could be monitored through their DNA methylation
profile. A correct diagnosis of hypertension is crucial in preventing further disease
development. The time has come to effectively deal with hypertension as greater health
care coverage seems imminent in the United States. Preventing chronic disease is a

feasible and effective way to keep health care costs down.
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Table 1. Stratified by Gender Characteristics of African Americans from Jackson, MS in the
Genetic Epidemiology Network of Arteriopathy (GENOA) Study (n=972)

Hypertensive (n=799)

Normotensive (n=173)

Mean+SD
Age, years 67.0+7.4
BMI, kg/m? 31.646.3
SBP, mmHg 152.2+21.2
DBP, mmHg 83.4+11.4
No.
Gender
Male 227
Female 572
Smoker
Yes, within last 100
year
Other® 699
On Hypertensive Medications
Yes 699
No 100

Range
[40.1-94.7]
[16.4-60.4]°
[89.0-253.0]
[50.0-126.0]

%

28.4
71.6

12.5

87.5

87.5
125

Mean+SD
63.2+7.8
29.245.7

125.2+10.4 [

75.7+6.9

No.

58
115

22
151

24
149

Range
[39.3-91.6]
[17.7-50.4]
95.0-163.0]
[54.0-91.0]

%

33.5
66.5

12.7

87.3

13.9
86.1

® Combined "Not in the last year" and "Never" responses

#There are four missing observations for BMI among hypertensive individuals

Table 2. Linear Mixed Effects Model Evaluating the Adjusted Systolic Blood Pressure by DNA Methylation Site, adjusting for

Age, Sex, BMI, Smoking Status, 10 Principal Components, and the Cohort Relatedness

Bonferroni FDR
Methylation Beta Standard Uncorrected Corrected Corrected
Site Chromosome Gene Estimate Error P-value P-value P-value
cg08773844 8 CCDC25 210.3 394 1.5x107 0.004 0.004 *
€g02278165 2 COX7A2L 201.4 41.4 1.5x10°® 0.041 0.020 *
€g19947621 9 C90rf48 121.5 27.8 1.5x10° 0.402 0.102
€g12119029 16 CDK10 -50.1 11.5 1.6x10° 0.417 0.102
€g24345138 15 KLHL25 424.1 98.2 1.9x10° 0.510 0.102
€g02813863 12 APOLD1 166.2 39.4 2.9x10° 0.778 0.130
€g03856723 19 PRKACA 203.8 49.1 3.9x10° 1 0.148
€g05942970 10 C10o0rf39 -119.3 29.6 6.6x10° 1 0.218
€g13467649 8 CCDC25 122.5 31.1 9.3x10° 1 0.272
€g20609368 11 HBD -29.9 7.7 1.1x10* 1 0.303
€g19278809 4 KIAA0232 -224.4 58.9 1.6x10™ 1 0.377
cg09766383 6 GPR63 424.6 112.1 1.7x10™ 1 0.380
€g21505886 4 TMEM129 -66.8 17.8 2.0x10™ 1 0.397
cg02164442 16 ITGAD 112.7 30.2 2.1x10™ 1 0.397

These are all the sites with an FDR <0.4
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Table 3. Linear Mixed Effects Model Evaluating the Adjusted Diastolic Blood Pressure by DNA Methylation Site, adjusting for
Age, Sex, BMI, Smoking Status, 10 Principal Components, and the Cohort Relatedness

Bonferroni FDR

Methylation Beta Standard Uncorrected Corrected Corrected

Site Chromosome Gene Estimate Error P-value P-value P-value
cg04481779 6 IL20RA 43.3 10.0 2.0x10° 0.531 0.531
cg08773844 8 CCDC25 80.9 20.0 6.3x10° 1 0.609
cg01602416 16 GCSH -51.8 12.9 6.9x10° 1 0.609
cg04845579 8 SULF1 19.1 5.2 2.6x10™ 1 0.999
cg08451957 2 FOXD4L1 37.5 10.2 2.8x10™ 1 0.999
€g20657383 19 CEACAM1 -37.9 10.4 3.0x10™ 1 0.999
cg00646492 10 GSTO1 -54.6 15.3 4.1x10* 1 0.999
€g10691387 3 IQCF2 59.5 17.2 5.7x10™ 1 0.999
€gl17132967 19 ZNF83 -195 5.6 5.9x10™ 1 0.999
€g22477971 1 C1QB 29.8 8.6 6.1x10™ 1 0.999

These are the top 10 associated sites




FIGURES AND FIGURE LEGENDS

Q-Q Plot of LME Model of adjSBP with Top 10 PC adjusting for Age, Gender, BMI and Smoker
Number of CpGs:26428; Inflation Factor=1.034

Observed -log(p-value)

T I T T I T I
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Expected -log(p-value)

Figure 1. Log quantile-quantile plot of the observed and expected p-values for adjusted SBP using
the final model
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Q-Q Plot of LME Model of adjDBP with Top 10 PC adjusting for Age, Gender, BMI and Smoker
Number of CpGs:26428; Inflation Factor=0.9512

Observed -log(p-value)

0 1 2 3 4

Expected -log(p-value)

Figure 2. Log quantile-quantile plot of the observed and expected p-values for adjusted DBP using
the final model
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Manhattan Plot of the P-values Associated with SBP and DNA Methylation
with sex, BMI, age, smoking status and the top 10 PCs

Observed -log 10(P-values)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 19 21

chromosome

Figure 3. Manhattan plot of the observed p-values for adjusted SBP using the final model. The red-
line represents the Bonferroni corrected p-value significance level. The yellow-line represents the
False Discovery Rate significance level (g-value=0.05).

Manhattan Plot of the P-values Associated with DBP and DNA Methylation
with sex, BMI, age, smoking status and the top 10 PCs

Observed -log 10(P-values)

chromosome

Figure 4. Manhattan plot of the observed p-values for adjusted DBP using the final model. The red-
line represents the Bonferroni corrected p-value significance level. The yellow-line represents the
False Discovery Rate significance level (g-value=0.05).
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APPENDICES

SBP or DBP = ,CpG + prage + fssex + ,BMI + fssmoker + BgPC1 + ,PC2
+ ,BgPC3 + ﬂgPC4 + ﬁ10PC5 + ﬁ11PC6 + ﬂ12PC7 + ﬂ13PC8 + ,314PC9
+ 15sPC10 + random effects for sibship

Appendix Figure 1. The final model fit for this analysis. Each DNA methylation site was run

(n=24,618) for SBP and DBP and controlled for covariates described in the literature and ten
principal components. This model was adjusted using related sibships as a mixed effect in the model.

Scatterplot of top DNA methylation site and SBP
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Appendix Figure 2. Scatterplot of the participants adjusted SBP and the corresponding beta-value
for a DNA methylation site in the CCDC25 gene (cg08773844)



Scatterplot of significant DNA methylation site and SBP
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Appendix Figure 3. Scatterplot of the participants adjusted SBP and the corresponding beta-value

for a DNA methylation site in the COX7A2L gene (cg02278165)
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Appendix Table 1. Relationship of the most significant SBP sites for the final model and the related values for DBP

SBP DBP
Bonferroni Bonferroni FDR

Methylation Uncorrected Corrected Corrected Uncorrected Corrected Corrected
Site Chromosome Gene P-value P-value P-value P-value P-value P-value
cg08773844 8 CCDC25 1.5E-07 0.004 0.004 6.30E-05 1 0.609
cg02278165 2 COX7A2L 1.5E-06 0.041 0.020 6.71E-04 1 0.999
€gl19947621 9 C9orf48 1.5E-05 0.402 0.102 7.15E-04 1 0.999
€g12119029 16 CDK10 1.6E-05 0.417 0.102 1.10E-02 1 0.999
€g24345138 15 KLHL25 1.9E-05 0.510 0.102 3.09E-03 1 0.999
cg02813863 12 APOLD1 2.9E-05 0.778 0.130 3.17E-03 1 0.999
cg03856723 19 PRKACA 3.9E-05 1 0.148 2.49E-02 1 0.999
cg05942970 10 C10orf39 6.6E-05 1 0.218 2.12E-01 1 0.999
cgl13467649 8 CCDC25 9.3E-05 1 0.272 1.09E-02 1 0.999
€g20609368 11 HBD 1.1E-04 1 0.303 2.26E-01 1 0.999
€g19278809 4  KIAA0232 1.6E-04 1 0.377 1.08E-01 1 0.999
cg09766383 6 GPR63 1.7E-04 1 0.380 3.89E-01 1 0.999
€g21505886 4 TMEM129 2.0E-04 1 0.397 1.95E-02 1 0.999
cg02164442 16 ITGAD 2.1E-04 1 0.397 1.53E-01 1 0.999
These are all the SBP associated sites with an FDR <0.4
Appendix Table 2. Relationship of the most significant DBP sites for the final model and the related values for SBP

DBP SBP

Bonferroni Bonferroni FDR

Methylation Uncorrected Corrected Corrected Uncorrected Corrected Corrected
Site Chromosome Gene P-value P-value P-value P-value P-value P-value
cg04481779 6 IL20RA 2.0E-05 0.531 0.531 0.013106 1 0.746
cg08773844 8 CCDC25 6.3E-05 1 0.609 1.48E-07 0.004 0.004
cg01602416 16 GCSH 6.9E-05 1 0.609 0.00385 1 0.695
€g04845579 8 SULF1 2.6E-04 1 0.999 0.008525 1 0.742
cg08451957 2 FOXD4L1 2.8E-04 1 0.999 0.024057 1 0.780
€g20657383 19 CEACAM1 3.0E-04 1 0.999 0.025991 1 0.791
cg00646492 10 GSTO1 4.1E-04 1 0.999 0.004954 1 0.708
€g10691387 3 IQCF2 5.7E-04 1 0.999 0.077956 1 0.876
€g17132967 19 ZNF83 5.9E-04 1 0.999 0.014599 1 0.759
€g22477971 1 Cl1QB 6.1E-04 1 0.999 0.137927 1 0.907

These are all the DBP associated sites with an FDR <0.4
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Appendix Table 3. Relationship of the most significant sites for the Wang Study compared to this analysis

SBP DBP
Bonferroni FDR Bonferroni FDR
Methylation Uncorrected Corrected Corrected Uncorrected Corrected Corrected
Site Chromosome Gene P-value P-value P-value P-value P-value P-value
cg04845579 8 SULF1 0.009 1 0.742 0.0003 1 0.999
cg02283643 8 SULF1 0.011 1 0.746 0.040 1 0.999
cg09772827 11 PRCP 0.123 1 0.896 0.281 1 0.999
€g27561006 11 PRCP 0.739 1 0.991 0.492 1 0.999

These are all the associated PRCP and SULF1 sites




Q-Q Plot of LME Model of adjSBP adjusting for Age, Gender, BMI and Smoker
Number of CpGs:26428; Inflation Factor=1.664

Observed -log(p-value)

Expected -log(p-value)

Appendix Figure 4. Log quantile-quantile plot of the observed and expected p-values for adjusted
SBP using a linear mixed effects model without principal components
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Q-Q Plot of LME Model of adjDBP adjusting for Age, Gender, BM| and Smoker
Number of CpGs:26428; Inflation Factor=3.457

Observed -log(p-value)

Expected -log(p-value)

Appendix Figure 5. Log quantile-quantile plot of the observed and expected p-values for adjusted
DBP using a linear mixed effects model without principal components
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Manhattan Plot of the P-values Associated with SBP and DNA Methylation
with sex, BMI, age, and smoking status
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Appendix Figure 6. Manhattan plot of the observed p-values for adjusted SBP using a linear mixed
effects model without principal components. The red-line represents the Bonferroni corrected p-
value significance level. The yellow-line represents the False Discovery Rate significance level.

Manhattan Plot of the P-values Associated with DBP and DNA Methylation
with sex, BMI, age, and smoking status

Observed -log 10(P-values)

chromosome

Appendix Figure 7. Manhattan plot of the observed p-values for adjusted DBP using a linear mixed
effects model without principal components. The red-line represents the Bonferroni corrected p-
value significance level. The yellow-line represents the False Discovery Rate significance level.



