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Abstract: Chronic, noncommunicable, and inflammation-associated diseases remain the
largest cause of morbidity and mortality globally and within the United States. This is mainly
due to our limited understanding of the molecular mechanisms that underlie these complex
pathologies. The available evidence indicates that studies of epigenetics (traditionally defined
as the heritable changes to gene expression that are independent of changes to DNA) are
significantly advancing our knowledge of these inflammatory conditions. This review will
focus on epigenetic studies of three diseases, that are among the most burdensome glob-
ally: cardiovascular disease, the number one cause of deaths worldwide, type 2 diabetes
and, Alzheimer’s disease. The current status of epigenetic research, including the ability to
predict disease risk, and key pathophysiological defects are discussed. The significance of
defining the contribution of epigenetic defects to nonresolving inflammation and aging, each
associated with these diseases, is highlighted, as these are likely to provide new insights into
inflammatory disease pathogenesis.
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Introduction

Our fascination with inflammation is centuries old, yet the most recent figures indicate
that inflammation-associated diseases remain the most common health problem world-
wide and within the United States (http://www.who.int/chp/about/integrated cd/en/
and https://www.cdc.gov/chronicdisease/index.htm). These chronic, noncommunicable,

and complex pathologies include atherosclerosis, metabolic diseases such as type 2
diabetes (T2DM), and neurodegenerative disorders. Our knowledge of the molecular
mechanisms that dysregulate a physiological, beneficial, inflammatory response, and
render it pathological, remains limited.

Definition of the epigenetic changes that regulate genes associated with chronic
inflammatory diseases is advancing both our ability to predict disease risk and our
understanding of the underlying pathophysiological defects. Traditionally, epigenetics
is defined as heritable changes to gene expression that are independent of changes to
the DNA sequence.! Detailed discussion of the exceptions to this, eg, the dependence
of DNA methylation on allele-specific single nucleotide polymorphisms (SNPs), is
beyond the scope of this review but will be addressed briefly.>

This review will focus on explaining the current status of epigenetic research
in three chronic disorders that are among the most burdensome worldwide. First:
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atherosclerosis, the leading cause of cardiovascular disease
and deaths globally; second: T2DM, a rapidly emerging
pandemic; and third: Alzheimer’s disease (AD), responsible
for the international exponential growth of neurodegenera-
tive disorders. Although reviews on epigenetics exist for
each of the aforementioned diseases, this review provides
an update on the major types of epigenetic modifications of
all three pathologies together. This will allow comparisons
to be made and will address the contribution that epigenetic
mechanisms of nonresolving inflammation and aging could
bring to our understanding of these diseases. Areas where
further research is needed will be highlighted.

Physiological and pathological

inflammation

Physiological inflammation is an integral part of innate
immunity and functions as a protective combatant of infec-
tion, tissue stress, and injury with the aim of promoting
tissue repair and restoring homeostasis.*>* In chronic inflam-
matory disease, nonresolving or pathological inflammation
comprises persistent inflammatory events that damage tis-
sue and compromise function at the cellular or tissue level
(Figure 1). The nature of the inflammatory trigger and the
microenvironment in which the inflammation takes place
determine the recognition mechanism and the type of path-
ways and genes that are activated. The available evidence

suggests that epigenetic changes determine the specificity
and outcome of these physiological and pathological inflam-
matory pathways.’

A detailed description of the highly intricate and context-
dependent processes of physiological and pathological
inflammation is beyond the scope of this article. The reader
is referred to excellent reviews elsewhere on this topic.>®
The salient features of the inflammatory response will be
summarized in order to identify the key stages at which
epigenetic mechanisms have a regulatory role. I will begin
by discussing the initiation and resolution of inflammation.

Initiation

The initiation of inflammation involves an intricate network
of molecular and cellular pathways and interactions. Many
of these, from the outset, contribute to both initiation and
resolution of the inflammatory response.’” Interestingly,
many of the classically regarded activators of inflammation
simultaneously drive anti-inflammatory and proresolution
responses at both the transcriptional and posttranscriptional
levels.® Both the latter levels of regulation are mediated by
epigenetic changes.

Triggers of inflammation can be pathogens, trauma,
pain, or tissue damage.**® Pattern recognition receptors
(PRRs) can be extracellular or intracellular and function
to recognize and bind pathogen-associated molecular
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Figure | Epigenetic factors are mediators of inflammation and chronic inflammatory disease.

Notes: Environmental triggers of inflammation initiate a series of regulated molecular events that are mediated by epigenetic, genetic, as well as other factors (such as the
microbiome which is not discussed here). This leads to the initiation and resolution of physiological inflammation and the restoration of homeostasis. Epigenetic modifications
also contribute to failure of the inflammatory response to resolve, leading to tissue damage and chronic inflammatory disease.
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patterns (PAMPs), and/or the products of cell necrosis
termed damage-associated molecular patterns (DAMPs).
Examples of PRRs include Toll-like receptors and NOD-like
receptors. The engagement of these receptors by PAMPs,
DAMPs, or inflammatory cytokines results in multiple
signaling pathways that culminate in the activation of
gene transcription.® Epigenetic modifiers (proteins that
alter chromatin structure), transcription factors, and other
proteins form transcription complexes that regulate the
expression of inflammatory genes. Inflammatory media-
tors induce the extravasation of neutrophils, and recruit
additional immune cells (eg, by chemokine attraction of
monocyte-derived macrophages) followed by the activa-
tion of adaptive immune cells and residential stromal cells.
The inflammatory response is perpetuated largely through
cytokine-mediated feed-forward loops by both immune and
resident cells to remove the initiating stimulus, activate tis-
sue repair, and restore homeostasis.

Resolution

The resolution phase of inflammation, initiated at the out-
set of the inflammatory response, is designed to remove
pathogens, cell debris, and inhibit proinflammatory cyto-
kine production. Proresolution factors, including interleu-
kin-10, transforming growth factor-f, annexin A1, lipoxins,
resolvins, protectins, and maresins’*!° are produced or
activated by inflammatory and/or other cells involved in the
initial phase. In addition, neutrophils undergo apoptosis and
are cleared by efferocytosis (nonphlogistic phagocytosis).
Inflammatory macrophages exit from the site of injury and
switch to a proresolving phenotype. Tregs are recruited with
the purpose of restoring the vasculature, architecture, and
function of target tissues. Proresolving mediators actively
resolve inflammation whereas anti-inflammatory mediators
inhibit the length and amplification of the inflammatory
response.!® Defects in pathways of resolution appear to
be key to the establishment of chronic inflammation and
disease (Figure 1).

Epigenetics, aging, and chronic
inflammatory disease

Despite intensive investigations of the pathways of inflam-
mation at the cellular and molecular level, the epigen-
etic mechanisms that contribute to the nonresolution of
inflammation and to the transition between protective and
pathological states remain elusive. Accumulating evidence
suggests that epigenetic changes have a fundamental role in

regulating pathophysiological cellular processes including
expression of protein and RNA coding genes, embryogen-
esis, cell differentiation, DNA replication, and repair.!! Epi-
genetic modifications can be stochastic (determined during
development by inherited genetic variants) or environmen-
tally induced.!? They are also reversible and transmissible
between cell generations.

A variety of epigenetic defects have been associated with
aging and age-related diseases.!>!* These include global loss
of genomic DNA methylation and changes in methylation
at specific CpG sites. Aging has also been associated with
increased levels of specific histone modifications due to the
dysregulated expression of chromatin-modifying enzymes,
DNA methylation of noncoding RNAs (ncRNAs), and spe-
cific microRNA (miRNA) activity.'*!* A major challenge is
to identify the epigenetic changes that are causal or drivers
of dysregulated gene expression, genomic instability, aging,
and disease.

The number, variety and complexity of epigenetic marks
(chemical/structural modifications of DNA, RNA, and the
histone protein components of chromatin) associated with
chronic inflammatory diseases is expanding continuously.'>!6
Candidate gene approaches or genome-wide analysis of a
particular type of epigenetic modification at a given point in
time, or condition, ie, epigenomic profiling, has identified
key genomic regions that may be functionally important in
pathological gene expression. Epigenomic studies have also
helped to define epigenetic modifications associated with
increased risk, which can act as biomarkers of early pathology
and which can help stratify disease subtypes. In the following
section, I will summarize the key types of epigenetic modi-
fication and explain briefly what is currently known about
their functional significance.

DNA modifications

DNA methylation on the cytosines of CpG dinucleotides
was originally described as being inversely correlated with
transcription; however, more recent studies have shown that
this is not always the case.'” DNA methylation outside of
CpG islands may have other functions. For example within
gene bodies, methylated DNA has been linked with enhanced
gene transcription.

Currently, six different types of modified DNA bases
have been identified.'® Four of these are modifications
of position C5 on cytosine: C5-methylcytosine (5SmC),
C5-hydroxymethylcytosine (ShmC), C5-formylcytosine
(5fc), and C5-carboxyl cytosine (5caC). ShmC, 5fc, and
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ScaC are formed by stepwise oxidation and demethylation
of 5mC by the Ten-eleven translocation family (TET)
enzymes. A further two modifications comprise 1) the chemi-
cal addition of a methyl group to N3 of cytosine to form
N3-methylcytosine and 2) the addition of a methyl group by
a currently unknown mechanism to N6 on adenine to form
N6-methyladenine. Currently, DNA methylation has been
linked to the regulation of a number of pathophysiological
processes or states including imprinting, genome instabil-
ity, and chromosomal translocations. The role of DNA
methylation in aging is an active area of investigation as it
accurately reflects the chronological and biological age of
cells and tissues." It is evident that DNA methylation may
not only be a promising and reliable biomarker for early
diagnosis and classification of disease subtypes, but has
the potential to provide new insights into aging and chronic
disease pathogenesis.

Histone modifications

Currently, 12 distinct types of histone modifications have been
identified: acetylation, methylation, phosphorylation, butyry-
lation, formylation, sumoylation, propionylation, citrullina-
tion, ubiquitylation, crotonylation, proline isomerization, and
ADP ribosylation.!" These are all enzymatically catalyzed.
To date, 130 sites of modification have been identified within
the N terminal tails of the four core histones (H2A, H2B, H3,
and H4) and in 30 histone variants. Increased acetylation and
trimethylation of histone H3, lysine 4 (H3K4), H3K36, and
H3K79 are associated with accessible, actively transcribed
euchromatin, whereas low acetylation and increased levels
of methylated H3K9, H3K27, and H4K20 are linked with
transcriptionally inactive heterochromatin. Gene expression
requires crosstalk between the binding of key transcription
factors and specific levels/types of histone modifications or
marks.'>!® The permutations that are possible with respect
to combinations of histone marks and their interactions with
other proteins in the transcription machinery are staggering.
Only a fraction of these have been studied in development,
normal physiology, or chronic pathologies.

Non-coding RNAs (ncRNAs)

A number of ncRNAs function as structural, functional, and
regulatory molecules with essential roles in cellular homeo-
stasis.'®!” Hence, defects in the transcription, maturation,
and function of these may be causal factors in numerous
pathologies. The number and types of identified ncRNAs
are expanding rapidly and much remains to be discovered
about the regulation of their expression as well as their

physiological and pathophysiological activities. The major
categories of ncRNAs are as follows:? 1) long noncoding
RNAs (IncRNAs) (>200 nt), 2) mid-size RNAs (20-300
nt) and 3) short ncRNAs (<200 nt), which include miRNAs
(21-23 nt) and short interfering RNAs (20-30 nt). ncRNAs
generally function as silencers and also mediators of site-
specific transcriptional and posttranscriptional processes
including nuclear organization, RNA processing, and trans-
poson suppression.'® A single miRNA can directly repress
the expression of hundreds of proteins, and a protein-coding
gene can be modulated by more than one miRNA.

The IncRNAs field is in its infancy.'® Currently, IncRNAs
are classified as natural antisense (those RNAs transcribed
from the opposite DNA strand of other RNA transcripts) and
long intergenic RNAs (transcribed from intergenic regions).
These IncRNAs are thought to modulate gene expression
through interactions with chromatin modifiers as well as
miRNAs, RNA binding proteins, and mRNAs to form regu-
latory complexes.?!

Chromatin architecture and epigenetic

modifiers

The chromatin packaging and topology of high-order chroma-
tin structures are important determinants of gene expression.
Chromatin undergoes active reorganization of its architecture
to regulate transcription and thus a variety of physiological
and pathological processes. A compact chromatin structure
(heterochromatin) represses gene expression by preventing
access of transcription proteins to regulatory elements. In
contrast, an open chromatin conformation (eucromatin)
allows proteins to bind to DNA regions required for gene
activation. An example of research in this area is the recently
devised 4D Nucleome project, which aims to link genetic
and epigenomic features with their interacting enhancer and

promoter regions in 3D space (https://www.4dnucleome.
org/). Posttranslationally modified nonhistone protein com-
plexes containing epigenetic modifiers modulate chromatin
structure and the accessibility to chromatin of the transcrip-
tion machinery.

Research is ongoing to determine the mechanism by
which the many epigenetic factors, including modifica-
tions of DNA, RNA, histone, and nonhistone proteins, and
epigenetic modifiers interact with chromatin to affect dis-
ease phenotypes.'>!¢ Elegant techniques involving genetic
engineering of modifications or epigenetic modifiers and
targeting of chromatin enzymes to manipulate modifica-
tions in situ (epigenetic editing) are exciting developments.
Such approaches will permit the contribution of specific
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epigenetic changes to transcriptional states to be determined.
Epigenetic editing could also provide a hierarchical order
of epigenetic modifications that would distinguish between
causal/driver and consequential or passenger ‘epimutations’.
A great deal of research remains to be done to identify the
epigenetic changes relevant to specific pathophysiological
conditions.

Epigenetics and risk factors for

chronic disease

Chronic nonautoimmune diseases such as cardiovascular dis-
ease, T2DM, and Alzheimer’s disease share preventable bio-
logical risk factors such as unhealthy diet, physical inactivity,
and tobacco use. It is compelling that aging is also associated
with the development of each of these diseases. Importantly,
both aging and lifestyle factors impact epigenetic changes and
the regulation of pathological gene expression.'* Select studies
of epigenetic changes in atherosclerosis, (the focus of most
research on cardiovascular disease), T2DM and Alzheimer’s
disease will be described in the following sections.

Atherosclerosis

Molecular and clinical features

Atherosclerosis is responsible for the majority of morbidity and
mortality worldwide.??? Altered laminar flow leads to arterial
endothelial dysfunction, and oxidized low-density lipoprotein
(OxLDL), the major carrier of cholesterol, activates an endo-
thelial cell inflammatory response. Monocyte-derived mac-
rophages ingest the OxLDL and form foam cells. Continued
activation of endothelial cells results in the further accumulation
of inflammatory cells including foam cells and T cells. Defec-
tive resolution of inflammation, eg, defective efferocytosis by
macrophages,’* leads to focal necrosis and vascular smooth
muscle cell (VSMC) proliferation which thickens the arterial
wall. Ultimately, a “fibrolipid plaque” is formed consisting
of a necrotic core rich in lipids and capped by VSMCs and a
collagen-containing matrix. The arterial lumen decreases in
size, hampering blood flow when the plaque becomes too large,
and the artery can no longer dilate to compensate (remodeling).
Impaired, aging-associated vascular repair, failure in resolution
of vascular inflammation, together with rupture of the plaque
and thrombosis, result in myocardial infarction.?

Epigenetics of atherosclerosis

Genome-wide association studies (GWAS) have revealed
that genetic variants associated with cardiovascular disease
are insufficient to explain disease susceptibility.?® This “miss-
ing heritability” component has directed interest toward

epigenetics. Risk factors for atherosclerosis such as diet and
physical activity, smoking,?” hypertension, hyperlipidemia, psy-
chological stress, and diabetes all reprogram epigenetic modi-
fications and modulate gene expression during inflammation.?
Defining the epigenetic mechanisms involved is likely to make
a major contribution to the development of new diagnostics
and treatments for atherosclerosis and cardiovascular disease.

DNA methylation

The data on the involvement of DNA methylation in athero-
sclerosis are conflicting. A range of observations including no
change in global DNA methylation, DNA hypermethylation,
and hypomethylation of cytosines within CpG dinucleotides
have all been associated with atherosclerosis.”® Candidate
gene approaches and epigenome-wide association studies
(EWAS) have reported links between atherosclerosis and
differentially methylated DNA at specific gene loci (eg,
LINE, ALU, CETP, LPL, FOXP3, ESR1, and MCT3). This
is significant as the location of DNA methylation within the
genome is a determinant of its mode of action (see earlier
section on DNA modifications, in epigenetics, aging, and
chronic inflammatory disease). A correlation between ath-
erosclerotic lesion severity and DNA hypermethylation has
also been observed.” Consistent differences in methylated
genes with important roles in the atherosclerosis inflam-
matory response and in obesity and lipid metabolism have
been found in multiple EWAS studies.?® Disparities in the
outcome of DNA methylome studies are most likely due
to methodological differences, eg, sample size, the type of
methylome profiling, and the data analysis pipeline. In addi-
tion, the majority of DNA methylation studies have been
performed on peripheral blood and not on purified T-cell
subsets, smooth muscle cells, or endothelial cells. This is
significant as each of the latter will have cell type—specific
changes in DNA methylation.

Pathway analysis of differentially methylated genes
associated with atherosclerosis has consistently identified
enrichment of the RhoA signaling pathway across a number
of studies. RhoA is a mediator of OxLDL-induced endothelial
cell proliferation® and a key contributor to plaque growth and
inflammation in atherosclerosis. The impact on DNA meth-
ylation of environmental factors relevant to atherosclerosis
susceptibility and pathogenesis has been investigated. One
example is the reported link between socioeconomic status
and DNA hypermethylation at select stress and inflamma-
tory gene loci.’! Another is the association between disturbed
blood flow and upregulation of DNA methyltransferases and
hypermethylation of mechanosensitive genes.*
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TET methylcytosine dioxygenase 2 (TET2), a DNA
demethylase, has been reported to suppress the phenotypic
transformation of VSMC and to inhibit inflammation in
endothelial cells and macrophages during atherosclerosis.*
Interestingly, a loss of function mutation in TET?2 is associ-
ated with accelerated atherosclerosis in mice. These intriguing
observations indicate that the relative balance between DNA
methylation and demethylation merits further research to
determine its functional significance in atherosclerosis in vivo.

Histone modifications
Distinct roles for a few histone modifications and epigenetic
modifiers in atherosclerosis have been suggested by a num-
ber of studies in various types of human endothelial cells in
vitro that are either established cell lines or isolated from
nonatherosclerotic individuals.* One recent study on VSMCs
and macrophages within human carotid plaques showed a
decrease in methylated histone H3 lysine 27 (H3K27) and
H3K9 methylation and an increase in methylated H3K4 (a
marker of active transcription).*® In the same study, increased
histone acetylation at H3K9 and H3K27 were also observed
in association with advanced atherosclerosis.® Experiments
following exposure of primary human monocytes to OxLDL
showed that increased trimethylation of H3K4 on the promoters
of IL-6, IL-18, TNF-a, MCP-1, MMP2, MMP9Y, CD36, and
scavenger receptor-A correlated with increased expression of
these genes, all of which have important roles in arterial inflam-
mation.*® These observations need to be corroborated using
genome-wide analyses of histone modifications in patients
with atherosclerosis compared with controls to determine the
location and function of such changes in regulating genes in the
disease. At the time of writing, no studies on global profiling of
histone modifications in atherosclerosis have been published.
Epigenetic studies in mouse models have reported cor-
relations between histone modifications, epigenetic modi-
fiers, and atherosclerosis.>* Data from histone deacetylase
3 (HDAC3) knockout mice showed increased deposition of
collagen in atherosclerotic lesions, stabilization of plaques
and a decreased inflammatory phenotype, suggesting that
HDACS3 promotes arterial inflammation.*” In ApoE-/- mice,
the expression of the histone methylase EZH2 was induced in
response to high levels of homocysteine, an independent risk
factor for atherosclerosis. Also, high levels of H3K27 trimeth-
ylation correlated with the size of atherosclerotic lesions. This
change in histone methylation is the opposite to observations
in human atherosclerotic plaques, the reasons for which
are currently unclear. In other studies, the offspring from
ApoE-/- mothers fed a postnatal high cholesterol diet showed

differences in histone trimethylation and gene expression
in endothelial cells and VSMCs compared with wild-type
mothers.* Validation of methylated histones in individuals
with hyperhomocysteinemia or hypercholesterolemia would
determine the contribution of epigenetic modifications to
pathological changes in the human vasculature and would
provide evidence that vascular pathology is mediated by diet
induced epigenetic changes.

MicroRNAs

Multiple studies have revealed the central involvement of
miRNAs in monocytes, endothelial cells, and VSMCs in
atherosclerotic disease highlighting the potential of these
RNAs to be used as new, effective therapeutic targets for
atherosclerosis.* Pertinent examples of miRNA function
include associations between aberrant expression of miRNAs
and 1) atherosclerosis susceptibility (miR 33a and mir-
124-3p*) and 2) disturbed arterial flow and endothelial cell
dysfunction (miR-92a, miR-126, miR-146, and miR-18).*
miRNAs have also been identified as having a protective
function. miR-10a and mir-23b reduce the endothelial cell
inflammatory response and block cell cycle progression,
respectively, and miR-126-5p promotes the proliferation of
endothelial cells and prevents formation of atherosclerotic
lesions.*! Other miRNAs, such as miR-33a/b, have been
shown to both promote and protect against foam cell forma-
tion and atherogenesis.*>* Studies are continuing to emerge
in cultured cells to determine the mechanistic function of
miRNAs in atherosclerosis.

Experimental data on patients with hyperhomocystein-
emia showed a significant correlation of specific miRNAs
with homocysteine or lipid parameters that are of potential
diagnostic and predictive value for atherosclerosis in such
individuals.* The precise functions of several miRNAs have
demonstrated therapeutic potential, and a variety of miRNA-
based tools are under investigation and in development.*
Profiling of the miRNAome in large cohorts of atheroscle-
rosis patients is needed as this would help identify miRNAs
that are robust biomarkers and that merit further functional
characterization.

Long noncoding RNAs

IncRNAs encoding loci have been associated with several
types of cardiovascular disease and are upregulated in
patients with atherosclerosis.’® The IncRNAs H19 chromo-
some 11p15.5 is one such example. Intriguingly, this locus
encodes an imprinted gene that is downregulated postnatally,
but its expression is induced following vascular injury and
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within atherosclerotic plaques. Functional validation of its
role in atherosclerosis is merited. Of further interest are the
IncRNAs that are hypoxia induced in endothelial cells, eg,
1linc00323-003 and MIR503HG, both of which may control
cell proliferation through inhibition of transcription factor
GATA-binding protein 2. The IncRNAs SENCR (smooth
muscle and endothelial cell-enriched migration/differentia-
tion associated IncRNAs) stabilize the VSMC contractile
phenotype and inhibit VSMC migration* indicating that
modulating the activity of these ncRNAs has therapeutic
potential. Clearly, both miRNAs and IncRNAs appear to
have fundamental cell type—specific roles in cardiovascular
physiology.

The selectivity and specificity of ncRNAs in the patho-
genesis of atherosclerosis is a dynamic area of research. The
development of IncRNAs- and miRNA inhibitors and mimics
is a further active area of investigation.®

Integrative omics studies

Integrative genome-wide analyses of atherosclerosis are
emerging. One recent example is integration of the epig-
enome with the transcriptome of purified blood monocytes.*
Expression of the epigenetic modifier, AT-rich interactive
domain-containing protein 5 (which demethylates dimeth-
ylated H3K9), promotes chronic inflammation and athero-
sclerosis. These events are inversely correlated with DNA
methylation of the 4A/RD5B enhancer and provide a novel
pathway by which inflammation is dysregulated during
atherosclerosis. Another study has integrated GWAS loci,
epigenomic data, and transcriptomic profiles of human coro-
nary artery smooth muscle cells to reveal new links between
coronary artery disease SNPs, open chromatin, acetylated
H3K27 (a marker of active enhancers), and gene expres-
sion.* This has revealed new regulatory loci and the basis
for defining the link between risk and epigenetic mechanisms
of gene regulation relevant to atherosclerosis.

The fascinating observation that allele-specific DNA
methylation may be disrupted by SNPs indicates that in
specific contexts, epigenetic changes may be dependent on
genetic variation.'? In atherosclerosis, methylated DNA in
and around SNPs indicates a link with disease susceptibility
and provides the potential for these DNA methylated sites to
serve as novel disease biomarkers.*’

Type 2 diabetes

Molecular and clinical features
T2DM is characterized by hyperglycemia and occurs due
to defective insulin secretion and increased resistance to

insulin by dysfunctional B cells in the islets of Langerhans
of the pancreas.®® Islets maintain glucose homeostasis by
detecting and secreting insulin in response to changes in
the concentration of blood glucose and by regulating mul-
tiple pathways including insulin and glucagon secretion.
Other key processes include absorption of sugar from the
intestine, the synthesis of glucose by the liver, and glucose
uptake by adipose, muscle, and other tissues. The insufficient
metabolism of glucose and low-level chronic inflammation
of adipose tissue are associated with aging and are central
to T2DM pathophysiology. Fascinating evidence suggests
that obesity both activates T2DM-associated inflammation
and induces a phenotypic switch in adipose tissue macro-
phages resulting in a failure of inflammation to resolve and
the development of obesity-associated insulin resistance.*
T2DM is also characterized by life-threatening complica-
tions, which can reduce life expectancy, particularly cardio-
vascular disease.’*!

Epigenetics of T2DM

Considerable research has been performed on the genetic
etiology and pathogenesis of T2DM.>! GWAS studies have
identified hundreds of T2DM-specific SNPs that increase
the probability of developing the disease and that are
associated with T2DM-related levels of insulin, proin-
sulin, and glucose. However, these variants have modest
odds ratios and explain only a minor proportion of disease
heritability.’? Efforts to identify less common SNPs by the
GOT2D and T2D-GENES consortia have concluded that
low-frequency variants do not have a significant role in
conferring disease risk.

Many environmental and lifestyle risk factors such as
diet, lack of physical activity, smoking, stress, BMI, waist
circumference as well as aging have been identified for T2DM
and are shared by cardiovascular disease and obesity.’! Both
maternal malnutrition and overnutrition have been associated
with altered epigenetic modifications and increase suscepti-
bility to the development of T2D in offspring®:.

Significant advances in understanding T2DM patho-
physiology have been achieved by investigating the role of
epigenetic changes in regulating candidate genes and sig-
naling pathways.** Among the challenges in analyzing the
T2DM epigenome is obtaining sufficient numbers of purified
homogeneous cells to identify cell type—specific epigenetic
changes. This is one reason why pancreatic islets have been
intensively studied even though these are composed of het-
erogeneous cell types.”>7 Single-cell epigenome analyses,
especially of constituent islet cell populations, are emerging,
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but current challenges include donor variability in the propor-
tion of islet subpopulations and the isolation and analysis of
rarer islet cell types.

DNA methylation

Genome-wide DNA methylome studies have been performed
in blood and human pancreatic islets from patients with
T2DM, including on monozygotic twins discordant for the
disease as well as several integrative omics studies.”® Exam-
ples of the latter include demonstration of important roles for
DNA methylation in association with specific histone modi-
fications in altering gene expression in T2DM.** In human
pancreatic isletsfrom T2DM patients differentially methylated
sites are associated with altered expression of genes involved
in dysregulated glucagon and insulin secretion.” Fascinating
evidence from a study comparing prediabetic, nondiabetic,
and T2DM patients indicates that DNA methylation varies
according to glucose tolerance. In addition, micro-RNA genes
were hypermethylated suggesting that DNA methylation is an
important epigenetic modification that regulates the expres-
sion of miRNAs in T2DM pathogenesis.*

The impact of a variety of environmental factors on DNA
methylation in T2DM has also been studied. One recent
example of this has reported that exposure of human islets
from T2DM patients to high glucose (19 mM) alters both
gene expression and DNA methylation in five genes (GLRAI,
RASDI1, VACI14,SLCO5A41, and CHRNAYS) involved in insu-
lin secretion.®’ Another has revealed that DNA methylation
markers may be as good or even better at predicting the risk of
developing T2DM than traditional risk factors such as BMI,
obesity, or abnormal fasting glucose.® Further intriguing
studies in human pancreatic islets in vivo have shown that
specific DNA methylation changes and associated alterations
in gene expression in peripheral blood reflect aging and are
linked with insulin secretion in T2DM.% The numerous
investigations of the relationship between DNA methylation
and genetic variation have shown that approximately half of
T2DM-associated SNPs are linked with changes in methyl-
ated DNA and provide the basis for investigating a potential
causal role for DNA methylation in disease development.*

Histone modifications and chromatin

architecture

Global profiling of histone modifications in pancreatic islets
has shown that the presence of H3 mono/di/tri-methylated on
lysine 4 was higher in promoters containing a CpG island.
Furthermore, distinct combinations of methylated H3 proteins
were associated with different promoters.% Highly expressed

genes, such as insulin and glucagon, were marked by very low
levels of H3K4me3 indicating that other epigenetic modifica-
tions may regulate these genes. In addition, global profiling
of histone methylation (on H3, lysines 4 and 79), CTCF
transcription factor binding, and DNAse I hypersensitive
sites (indicative of active/open chromatin) in human pancre-
atic islets identified regulatory elements enriched for T2DM
noncoding variants.’” Further evidence for genetic-epigenetic
interactions comes from sophisticated studies showing that
islet-specific gene activation occurs through binding of
transcription factors to clusters of enhancers within three-
dimensional chromatin domains.’ T2DM SNPs are located in
these enhancer clusters that disrupt both transcription factor
binding and enhancer activity revealing a novel regulatory
mechanism in T2DM pathophysiology.

Mouse studies have provided experimental evidence using
in vitro fertilization that offspring of parents fed a high fat
diet are more likely to develop diabetes and obesity. Modi-
fications to chromatin during prenatal and early postnatal
development appear to be altered by local changes in nutri-
ent availability and metabolite concentration.®’ In addition,
remodeled chromatin, specific transcription factors, and
histone modifications in mice fed a high fat diet were also
found in the offspring.®

Research on chromatin enzyme cofactors, eg, acetyl CoA
for histone acetylases, S adenosyl methionine for histone
methylases, and NAD+ for Sirtuin deacetylases has revealed
direct links between chromatin modifications and both glu-
cose and lipid metabolic pathways relevant to T2DM. These
have been extensively reviewed elsewhere.*

MicroRNAs

miRNAs have fundamental roles in the differentiation, pro-
liferation, and function of pancreatic cells; the development
of insulin resistance, defective glucose and lipid metabolism,
adipocytokine signaling, and the onset of T2DM.% To deter-
mine the mechanisms involved, the network of interactions
between miRNAs and their target mRNAs has been investi-
gated using high-throughput sequencing, microarrays, and
bioinformatics tools. Integration of multiple datasets from
different omics has been performed for adipose tissue of
insulin-sensitive and insulin-resistant individuals.”® Dif-
ferential expression of 17 miRNAs was identified. Of these,
16 were downregulated and their corresponding target genes
upregulated in the insulin-resistant individuals compared
with the insulin-sensitive group. This study provides new
miRNA-mRNA networks linked with insulin resistance. In
addition, evidence from GWAS and bioinformatics analyses
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indicates that there are SNPs located within miRNA binding
sites that impact the function of genes involved in T2DM
pathophysiology.”!

Circulating miRNAs found in various types of body fluids
such as serum, plasma, and urine,* are promising, predictive
biomarkers for T2DM due to their stability, noninvasiveness,
and unique expression patterns. Comparison of profiles of
plasma miRNAs in normal individuals vs T2DM-susceptible
and T2DM patients revealed that only miR-126 was signifi-
cantly reduced in patients with T2DM or in those at risk of
the disease, identifying it as a potential biomarker of disease
susceptibility.® Similar studies of patients with prediabetes
and newly diagnosed T2DM demonstrated that plasma miR-
1249, miR-320b, and miR-572 levels could also act as early
diagnostic biomarkers. Identification of miRNA candidate
biomarkers has led to clinical trials that are now underway
to validate their efficacy.

Long noncoding RNAs

IncRNAs are involved in diverse aspects of cell metabolism
and are associated with T2DM and its complications.”
These RNAs are highly specific and have been shown to
regulate the development and function of pancreatic islets.
Numerous research labs have profiled IncRNA expression
in mouse and human pancreatic islets as well as B cells.”>™
Tissue-specific and dysregulated IncRNAs often mapping
close to islet-specific chromatin domains and associated
genes or close to T2DM risk loci have been discovered.
Integral functions for IncRNAs in B-cell differentiation
and maturation have also been reported.” Such obser-
vations suggest that IncRNAs have critical regulatory
roles in insulin resistance, diabetes, and its associated
complications, though the mechanisms involved are not
understood. Important functional roles for IncRNAs in
pancreatic B cells in regulating glucose metabolism and
adipocyte differentiation have also been suggested.’7* 7
IncRNAs are regarded as prospective, robust biomarkers
of T2D due to their 1) specificity, 2) expression patterns in
tissues, and 3) stability in diverse body fluids that reflect
disease progression.

Integrative omics

More recently, integrative GWAS, epigenome, and tran-
scriptome studies have revealed links between T2D SNPs,
epigenetic changes, and alterations in gene expression in mul-
tiple tissues. For example, in islets, SNPs enriched in islet-
specific regulatory regions, factors that bind to these regions,
and islet-specific enhancers have been identified.’*6-5%77 A

recent EWAS has shown that BMI, a measure of adiposity,
is associated with changes in DNA methylation but the latter
was a consequence and not a cause of adiposity. However, in
the same study, dysregulated DNA methylation was found
to predict the development of T2DM.® Further research in
purified cell types from diabetic patients to independently
replicate and functionally validate changes in histone modi-
fications as a result of hyperglycemia, insulin resistance, and
other changes associated with T2DM is needed. The curation
of information on transcription factor binding, chromatin
architecture, sequence motifs, enhancer clusters, etc, into a
single online database, the Islet Regulome Browser (http://
www.isletregulome.org/), will significantly facilitate research

in this area.

Alzheimer’s disease

Molecular and clinical features

AD is a progressively destructive, irreversible, and mainly
sporadic neurodegenerative disorder resulting in severe cog-
nitive impairment. In the context of an unprecedented aging
population, it is also a major contributor to ill health globally
and is rapidly increasing in prevalence worldwide.”®3° The
classic molecular hallmarks of AD-associated dementia
are the accumulation of beta amyloid (AB) plaques and
neurofibrillary tangles containing abnormally phosphory-
lated, acetylated, and misfolded tau proteins.®! Defects in
nonresolving inflammation include a failure to clear these
neurotoxic peptides.” Dysregulated tau metabolism and the
accumulation of extracellular A} plaques or aggregates are
major contributors to neuroinflammation and disease pro-
gression.”®8 AD pathology involves multiple cell types and
pathways and inflammatory mechanisms in the brain, eg, the
binding of misfolded and aggregated proteins to glial cell
surface receptors that initiates a pathological innate immune
response. In addition, genes that regulate glial clearance of
misfolded proteins and inflammatory reactions have been
associated with increased risk for AD. Emerging evidence
indicates that failure of resolution of inflammation in the
brain may be a major contributor to AD pathology and
targeting this could be of therapeutic benefit.®

Epigenetics of AD

GWAS has shown that ~20 common genetic variants explain
disease susceptibility in around 30% of cases.®> This miss-
ing heritability, together with 1) the distinct vulnerability of
different regions of the brain to AD, and 2)the age of onset,
suggest that epigenetics has an important role in AD patho-
genesis. In addition, epigenetic changes are known to play
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important roles in brain functionality and memory as well
as in physiological aging.®

The epigenetics field in AD has transitioned from reduc-
tionist, candidate gene approaches to genome-wide profil-
ing of disease-associated epigenetic changes.®> The major
challenges in defining epigenetic mechanisms in AD are the
involvement of multiple brain regions and cell types, the
changes in DNA methylation observed in healthy aging, and
the region-dependent changes in cellular content in the brain
with progression of disease.* For example, neuronal cells
are lost and different types of glial cells increase in number
(gliosis). Some analyses have accounted for neuron/glial cell
ratios as covariates (independent variables) in bioinformatic
analyses, but the isolation of sufficient numbers of purified
brain cell populations for epigenetic studies remains a major
challenge.

DNA methylation

Two major genome-wide epigenetic studies have revealed
robust and reproducible changes in DNA methylation in four
genes not previously associated with AD, namely, ANKI,
CDH23, RHBDF?2, and RPL13.3%%7 Both studies employed
the 450K Illumina platform for analyzing DNA methylation,
which only represents 2% of the human genome’s CpGs and
does not distinguish DNA methylation and DNA hydroxyl-
methylation. Both studies found changes in the brain DNA
methylome at the onset of AD, though whether these cause
or are an early consequence of AD pathology remains to be
determined. In another study, differential DNA methyla-
tion was found in six genes associated with AD risk (BINI,
CLU, ABCA7, MS4A46A4, CD2A4P, and APOE),® indicating
that epigenetics contributes to AD susceptibility. A recent
DNA methylome study® has shown that hypermethylated
DNA regions overlapped with poised promoters marked
with H3K27me3 and H3K4me3. Consistent regions of dif-
ferentially methylated DNA were found between this and
previous AD-associated DNA methylome studies.®*¥” In
addition, global increases in DNA methylation and DNMT]1
expression in the peripheral blood of patients are associated
with late-onset AD.” These studies provide the basis for
developing convenient methods of screening for risk of this
neurodegenerative disorder.

Relatively new methods are now available that distinguish
between SmC and ShmC. These have been successfully
measured in different regions of the human brain.”! Within
the last year, two studies have profiled genome-wide changes
in 5-hydroxymethylcytosine in the brain of AD patients.?>**
A great deal remains to be discovered about the functional

significance of this and other types of DNA methylation and
their contribution to AD pathogenesis. One study reported
differentially hydroxymethylated DNA in association with
plaques and neurofibrillary tangles in AD.” The other, using
single base resolution mapping, showed significant alterations
in hydroxymethylation in a variety of hippocampal genes in
AD patients.”

DNA methylation has also been implicated in defective
neural plasticity associated with declining cognitive function
and aging.® Whether it is possible to reverse impaired brain
function in AD by targeting such epigenetic changes will
depend on the outcome of future research.

Histone modifications

The number of studies globally profiling histone modifica-
tions in AD brains remains very limited. There are currently
no published studies using high-throughput sequencing tech-
niques such as ChIP-Seq or formaldehyde-assisted isolation
of regulatory elements (FAIRE-seq).!® Moreover, as with
many other epigenetic studies, methodological differences
have a major impact on the interpretability and comparability
of the data. Histone H3 and H4 acetylation in AD has been
reported® to correlate significantly with levels of gliosis as
well as with tau and amyloid accumulation in postmortem AD
brains. Cellular and in vivo models of AD are conflicting in
showing both hyper- and hypoacetylation.”® Animal models
of AD have reported hypoacetylation, which is reversible with
HDAC inhibitors and improves cognition, but this has not
been replicated in human studies. Fascinating studies have
shown that HDAC?2 blocks gene transcription associated with
cognitive decline in AD and that this is potentially reversible
by targeting the activity of HDAC2.%

MicroRNAs

Accumulating evidence indicates that miRNAs are major
regulators of gene expression in AD and are also reliable
candidate AD biomarkers due to their stability in biofluids.?”!
miRNAs specifically expressed in the temporal cortex of AD
patients compared with control brains have been shown to
be differentially DNA methylated indicating that epigenetic
regulation of these ncRNAs may contribute to AD pathogen-
esis.”” In evaluating the activity and expression of different
miRNAs in AD, it is important to account for the different
methodologies used to quantitate miRNAs including qPCR,
microarrays, and RNA seq. miRNAs in AD brains function
by directly targeting, through sequence complementarity,
mRNAs of proteins linked to AD pathology.?' Such proteins
include amyloid precursor protein and other proteins involved
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in the A processing such as BACE1 that regulate AP produc-
tion.2!*® Other miRNAs can directly regulate tau expression
and tau phosphorylation or the mRNAs of proteins involved
in the neuronal innate immune response.”” An international
collaboration between several groups analyzed data from
three different brain areas — hippocampus, prefrontal cortex,
and temporal gyrus — and produced differentially expressed
miRNAs for each tissue.!® In addition, evidence for altered
editing of miRNAs (by modification of adenosine to inosine)
has been found in AD.'! Currently, the field lacks studies
in which the observed differences in AD miRNAs have
been independently validated and/or which correlate spe-
cific miRNA expression/function with clinical phenotype.
More studies to determine which AD-associated miRNAs
are robust biomarkers that are functionally and specifically
relevant to disease pathogenesis are also needed. With such
knowledge, miRNAs could provide improved, early detec-
tion of AD prior to irreversible neurological damage. In vivo
testing of miRNA mimics, anti-miRNAs, and analogs of
miRNA precursors has begun though the challenges of tar-
geted delivery and off-target effects remain to be overcome.

Long noncoding RNA
RNA sequencing has identified IncRNAs that are intergenic
and significantly altered in the brain and plasma in AD.'?
Research on the functions of IncRNAs in AD is in its infancy,
and with the exception of BACE1-AS IncRNA (which has
been shown to stabilize BACE1 mRNA, increase BACE1
protein and A formation), no clear pathological roles for the
majority of these RNAs have yet been defined. Other even
less studied types of RNA include circRNAs and Y RNAs
that may also play important roles in the pathology of AD.?!1%3
Future research focusing on integrative omics stud-
ies, (eg, epigenome with GWAS, transcriptome, and
clinical data) is likely to provide important insights into AD
etiopathogenesis.

Conclusion and future perspectives

The field of epigenetics of chronic inflammatory diseases has
undergone a major transition. The shift from GWAS stud-
ies to EWAS and integrative omics is dynamic and current.
There is increasing recognition that GWAS studies have only
explained a minor portion of the heritability of these disor-
ders. Furthermore, while candidate gene approaches have
generated important data, EWAS studies have provided com-
prehensive analyses of epigenetic modifications. Important
insights into the content of epigenomes in atherosclerosis,
T2DM, and AD have been gained, but the data are largely

descriptive and have only profiled a minority of epigenetic
changes. Definition of the links between epigenetic defects
and nonresolving inflammation or aging is in its infancy
and determining which epigenetic modifications are casual,
predict risk, or explain chronic disease pathogenesis remains
a major challenge. Integrative analyses of the epigenome,
genome, transcriptome along with the microbiome and
clinical data are needed to generate a more complete picture
of chronic disease risk, to stratify disease subtypes and to
define relevant pathological mechanisms. The microbiome
has already significantly advanced our understanding of
atherosclerosis and is likely to make further important con-
tributions to understanding the pathophysiology of other
aging-related diseases.

Universal standards for tissue preparation, minimum
sample size, methods to address cellular heterogeneity, and
bioinformatics analyses still need to be achieved and are
vital to enable rigorous comparisons to be made between
data from independent groups. Improvements in sequencing
strategies and other experimental techniques for identifying
disease-specific signatures at the single-cell level are also
likely to have an impact on progress in this area. The use
of reference epigenomes and predictive models is also vital
to generate interactomes and pathways that are functionally
and therapeutically relevant.'® Furthermore, the number of
openly accessible databases is growing, eg, iMethyl (http://
imethyl.iwate-megabank.org/) which integrates DNA-meth-

ylated CpG sites, SNPs, and transcriptome in inflammatory
cells. However, additional computational tools are needed
to facilitate progress in defining disease mechanisms. Such
approaches, together with genome editing,'® could provide
paradigm-shifting advances in defining the contribution of
epigenetic defects to the etiopathogenesis of chronic inflam-
matory disease.
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