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Abstract Even though the importance of epigenetics was first recognized in light of its role in
tissue development, an increasing amount of evidence has shown that it also plays an impor-
tant role in the development and progression of many common diseases. We discuss some
recent findings on one representative epigenetic modification, DNA methylation, in some com-
mon diseases. While many new risk factors have been identified through the population-based
epigenetic epidemiologic studies on the role of epigenetics in common diseases, this relatively
new field still faces many unique challenges. Here, we describe those promises and unique
challenges of epigenetic epidemiological studies and propose some potential solutions.
Copyright ª 2018, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
The term “epigenetics” was coined by Conrad Hal Wad-
dington, a British developmental biologist in 1942, to
describe the “whole complex of developmental processes”
linking genotype and phenotype.1,2 Since then, this concept
has changed several times,3,4 and recent studies on epige-
netics at the molecular level mainly cover changes in DNA
methylation, histone modifications, non-coding RNAs, and
higher-order chromatin structure. Even though the role of
epigenetics was first recognized in development, an
increasing amount of evidence has shown that it is also
related to the development and progression of many
1 64033738.
cn (Y. Liu).
ity of Chongqing Medical

.01.002
ng Medical University. Production
commons.org/licenses/by-nc-nd/
common diseases. Here, we first review the role of epige-
netics, and mainly DNA methylation, in common human
diseases.
Introduction to DNA methylation

DNA methylation is one of the earliest epigenetic modifi-
cations found in humans.5 It is a type of post-replication
modification that often occurs in cytosines of the CpG
dinucleotide sequence with the help of DNA methyl-
transferases (DNMTs),6 which transfer a methyl group from
S-adenyl methionine to the fifth carbon of a cytosine residue
to form 5-methylcytosine (5mC). The process of demethy-
lation is more complex and can be passive or active.
Ten-eleven translocation (TET) enzymes oxidize 5mCs7,8

and promote locus-specific removal of DNA methylation.9
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Specifically, in the presence of water, oxygen, and a-keto-
glutarate, 5mC becomes 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC)
through stepwise oxidation, yielding carbon dioxide and
succinate.9 Then both 5fC and 5caC can be replaced by an
unmodified cytosine through thymine DNA glycosylase-
mediated base-excision repair.8,10

Genomic imprinting

The role of DNA methylation in human diseases was first
explored in the context of genomic imprinting. Genetic
imprinting is an epigenetic phenomenon in which the
maternal and paternal alleles are expressed in a parent-of-
origin-specific manner. Genomic imprinting is stable and
heritable during mitosis.11 A relatively well-studied
imprinting locus in humans is the insulin-like growth fac-
tor 2 (IGF2)/H19 region, located on chromosome 11p15.5,
in which DNA methylation on the imprinting control region
(ICR) regulates the binding of zinc-finger CCCTC-binding
factor (CTCF) and subsequent gene expression.12 Loss of
imprinting (LOI) causes many disorders such as
BeckwitheWiedemann Syndrome and cancer (which will be
discussed later). Similarly, LOI of paternally-inherited
chromosome 15q11.2-q13 is observed in PradereWilli syn-
drome,13 and LOI of this region is also implicated in
Angelman syndrome.14

DNA methylation and cancer

Aberrant DNA methylation of imprinted loci has been
widely observed in many cancer types, such as colon,
breast, liver, bladder, Wilms, ovarian, esophageal, pros-
tate, and bone cancers. In addition, recent studies on the
applications of omics technologies have shown that there
are many differential DNA methylation related to cancers,
such as hepatocellular carcinoma, glioblastoma, breast
cancer, squamous cell lung cancer, thyroid carcinoma, and
leukemia.15e25 Furthermore, DNMT mutations, different
expression levels of DNMTs or as well as dysregulation of
TETs are frequently observed in cancer, all of which suggest
a strong connection between DNA methylation and cancer.
There are many good reviews discussing the role of epige-
netic changes in cancer (see Feinberg et al Nat. Rev. Genet.
201626; Timp et al Nat. Rev. Cancer 201327). Even though
epigenetic alterations have not been recognized as a
“Hallmark” of cancer yet,28,29 recent works point out that
epigenetic changes in cancer over large chromatin regions
can lead to epigenetic instability and the alteration of gene
expression. While epigenetic changes can regulate stem
cell reprogramming and cellular plasticity in normal
development, disrupted epigenetic changes in cancer may
eventually lead to tumor cell heterogeneity. Moreover,
difference in epigenetic reprogramming has been observed
between primary tumor and distant metastases in the same
individual,30 while, in contrast, no driver mutations were
identified among the metastases.31 All these suggest that
epigenetic dysregulation plays an important role in tumor
development and metastasis, and also indicates its poten-
tial application in the diagnosis,32e34 prognosis35 and the
treatment of cancer.36,37
DNA methylation and common diseases

In addition to genomic imprinting and cancer, the impor-
tant role of DNA methylation in common human diseases
has recently been revealed. In the subsequent sections, we
discuss some recent findings on DNA methylation in these
common human diseases using autoimmune diseases,
metabolic disorders, psychological disorders, and aging as
examples.
DNA methylation in autoimmune diseases

Autoimmune diseases are caused by low activity or over
activity of the immune system. Immune cells are the pri-
mary targets in disease and are easily accessible from the
blood, making them a relatively good model for studying
the link between DNA methylation and phenotypes. More-
over, the low concordance rates in monozygotic twins for
many of them such as rheumatoid arthritis (RA,
12.3e21%),38,39 systemic lupus erythematosus (SLE,
11.1e24.4%),40,41 and multiple sclerosis (MS, 16.7%)42 in-
dicates that the environment or epigenetics may play
important roles in disease etiology.

RA is a chronic autoimmune inflammatory disease with
an estimated global prevalence of 0.3e1.0%.43 It can cause
symmetrical polyarthritis in small and large joints.44

Genome-wide DNA methylation analysis of peripheral
blood mononuclear cells showed that altered DNA methyl-
ation of human leukocyte antigen (HLA) class II can mediate
the genetic risk of developing RA.45 In adjuvant arthritic
rats (animal models of RA), a high methylation level of the
patched 1 (PTCH1) gene and decreased expression of
PTCH1 protein activated the Hedgehog signaling pathway,
leading to the increased secretion of interleukin 6 (IL-6)
and tumor necrosis factor alpha.46 In addition, the level of
DNA methylation at diagnosis is associated with the
response to disease-modifying anti-rheumatic drug treat-
ment in early RA,47 indicating that these sites may poten-
tially be involved in the pathway associated with RA
development. Moreover, our recent data showed that DNA
methylation mediates the interaction between genotype
and smoking in the development of RA, indicating that it
can potentially integrate both internal genetic and external
environmental risk factors.48 This highlights the potential
central role of DNA methylation in the development of RA.

SLE is an autoimmune disease in which the immune
system mistakenly attacks healthy tissue in many parts of
the body. A genome-wide assessment of DNA methylation
identified differential DNA methylation in SLE patients in
genes involved in autoantibody production.49 In peripheral
blood of SLE patients, low levels of DNA methylation was
observed in the promoter of IL-6 gene.50 Furthermore, the
methylation status of naı̈ve CD4þ T cells is related to
different cutaneous manifestations and an investigation
with neutrophils from SLE patients found DNA hypo-
methylation at the specific insulin receptor substrate for
long interspersed nuclear element-1 (LINE-1).51

MS is the most common cause of neurological disability
in young adults with a lifetime risk of 1 in 400.52 It is a
chronic inflammatory and neurodegenerative disease that
is self-immune mediated.52 Although the etiology of MS
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remains largely unknown, genetic and environmental fac-
tors are thought to play a role. Changes in DNA methylation
have been observed in multiple immune cell types in MS
patients including CD4þ T cells, CD8þ T cells, and CD44þ
encephalitogenic T cells,53 and it is also altered in the
hippocampi of patients with MS after demyelination.54

Additionally, smoking, a risk factor for MS, can alter the
DNA methylation level in MS patients through the interac-
tion of major genetic risk factors (female and HLA risk
haplotypes).55 This indicates that, similar to RA,48 DNA
methylation can be influenced by gene and environment
and may play a role in the pathogenesis of MS.
DNA methylation in metabolic disorders

Hyperglycemia (which can lead to type I and type II dia-
betes), hyperlipidemia (such as obesity-related conditions),
and many diseases associated with these two phenomena,
such as cardiovascular diseases, are currently a huge risk of
death. Understanding the epigenetic mechanisms leading
towards these conditions will have huge public health
benefits. The symptoms of diabetes include increased
thirst, frequent urination, and unexplained weight loss.56

These are consequences of insulin resistance or insulin
insensitivity, which lead to hyperglycemia. Type 2 diabetes
mellitus (T2BM) is a complex disorder caused by a series of
factors including genetics, epigenetics, and environmental
factors. A comparison of the methylation level of islets in
patients with T2BM with those from normal donors showed
that a series of sites had different DNA methylation levels
which led to differential gene expression.57 That included
the decreased methylation of cyclin-dependent kinase in-
hibitor 1A and phosphodiesterase 7B promoters, which
demonstrates impaired glucose-stimulated insulin secretion
both in vitro and in humans.57 Shortened leukocyte telo-
mere length was also proposed to affect the DNA methyl-
ation level of LINE-1, which may increase the risk of T2BM in
Chinese patients.58 Methylation of thioredoxin-interacting
protein is sensitive to glucose concentrations, and its
hypomethylation has been observed in patients with hy-
perglycemia.59 Obesity is another common disease in which
the environment plays an important role. Genome-wide
analysis showed that increased DNA methylation of
hypoxia-inducible factor 3 alpha in both blood cells and
adipose tissue is associated with an increased body mass
index (BMI).60 Offspring DNA methylation of Aryl-
Hydrocarbon Receptor Repressor (AHRR) correlates with
maternal BMI, gestational age, and birth weight.61 In
addition, the DNA methylation level of two proteins
important for fat metabolism, leptin and adiponectin, is
positively correlated with BMI and waist girth,62 whereas
the methylation level of the leptin gene in blood cells is
negatively correlated with BMI.62 It has also been proposed
that low-density lipoprotein cholesterol (LDL-C) may be a
key regulator of the DNA methylation profile of leptin and
adiponectin in adipose tissues. Changes in genotype-
dependent DNA methylation have been observed in the
promoter of the actin-related protein 2/3 complex subunit
3, a gene related to lipogenesis and lipid accumulation, and
this was proposed to be a risk factor for obesity-related
disorders.63 Moreover, studies have shown the correlation
between DNA methylation and many metabolic traits such
as high-density levels of lipoprotein cholesterol,64e66 LDL,67

and triglycerides.67

DNA methylation in neurological disorders

Neurological disorders are other types of diseases in which
DNA methylation is believed to play an important role in
development. This correlation was suggested when
frequent mutations in the Methyl-CpG-binding protein 2
(MeCP2) gene was observed in patients with autism spec-
trum disorder (ASD)68 and Rett Syndrome,69,70 a neuro-
developmental disorder affecting about 1 in 10,000 female
babies. MeCP2 binds to DNA sequences with methylated
CpG and methylated CH (H refers to A, C, or T), which is key
to regulating neuronal gene expression in vivo.71,72 It has
been proposed that changes in the DNA methylation profile
lead to the differential expression of genes related to
synaptic activity,73 and that the different binding affinity of
MeCP2 protein to methylated DNA can regulate the
expression level of genes related to the pathophysiology of
autism74 and Rett Syndrome such as brain derived neuro-
trophic factor.75 In addition to genetic mutations related to
the epigenetic regulation of gene expression, studies have
shown that some environmental factors (such as exposure
to garden pesticide) can affect DNA methylation levels in
placental tissue, which put children at high risk for ASD.76 A
genome-wide study measuring neuron-specific methylation
situations in ASD identified some differentially methylated
regions between the ASD and control groups.77 Combined
genetic and epigenetic measurements also revealed both
known and new pathways involved in ASD that had not
previously been made known by genetic findings alone.78

The role of DNA methylation in other mental disorders has
also been explored. For example, the methylation level of
catechol-O-methyl transferase in peripheral blood was
lower in patients with schizophrenia (SZ) than in healthy
controls in a Malaysian study,79 which seemed to be
affected by the severity of the clinical symptoms as well as
the pharmacological treatment.79 Moreover, crosstalk be-
tween different epigenetic signals including DNA methyl-
ation, histone modifications, and micro RNAs was also
suggested in the development of SZ.80,81 In addition, some
genome-wide studies found that differentially methylated
CpGs are strongly related to the development of Parkin-
son’s disease (PD), either from the cerebral cortex,82 or
from blood and saliva.83 The DNA was significantly hypo-
methylated in the promoter regions of a-synuclein and
parkin in early-onset PD patients.84 Although relatively
successful, most of these studies were performed on sur-
rogate tissues, such as blood, or in a relatively small sample
size, due to difficulties in obtaining enough samples from
neuropathological examinations (especially brain tissues),
and large brain biobanks are needed for validation and
replication of these findings in the neural bio specimens.

DNA methylation and aging

Aging is a process of becoming old with many physical and
psychological consequences. Even though it is a natural
process, it can be biologically classified as a disease.85 Many
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years ago, age-related DNA methylation changes were
observed in several species such as salmon,86 rats,87 and
mice.88 In recent years, work from Steve Horvath’s group
showed that measuring DNA methylation levels at 353 CpG
sites can be a good estimator of the biological age of a
tissue, cell type, organ, or even individuals.89,90 This type of
DNA clock is known as an epigenetic or DNA methylation
clock, and has proved to be a good age predictor in many
heterogeneous tissues such as whole blood, PMBCs, cere-
bellar samples, occipital cortex, buccal epithelium, colon,
adipose, liver, lung, saliva, and uterine cervix, as well as in
individual cell types such as CD4 T cells and CD14 monocytes
(myeloid lineage).89,90 Interestingly, in contrast with normal
people, accelerated DNA methylation age is found in in-
dividuals with diseases such as PD,91 Huntington’s disease,92

and Alzheimer’s disease,93 as well as some viral infections.94

All these findings suggest that DNA methylation may not only
be suitably viewed as a biomarker of aging, but may also be
related the pathological process of aging itself.
Challenges in epigenetic epidemiological
studies focused on DNA methylation

With the abundance of emerging evidence indicating the
important role of DNA methylation in common diseases,
researchers have attempted to use DNA methylation as a
biomarker to identify epigenetic changes that are associ-
ated with disease status. It is believed that this population-
based epidemiologic approach for studying the role of
epigenetics in common diseases can be used to identify new
risk factors that might be missed by conventional genetic
epidemiologic approaches such as the genome-wide asso-
ciation study (GWAS); this epigenetic epidemiologic
approach is also known as the epigenome-wide association
study (EWAS). Even though epigenetic epidemiological
studies hold much promise95 and are conceptually rela-
tively simple, there are in fact, many unique challenges to
this approach. Here, we describe some of them and propose
some potential solutions.

Since DNA methylation profiles differ for each tissue, it
is understandable that it is more relevant to perform ex-
periments on primary disease-affected tissues in EWAS.
Even though this may not be difficult for autoimmune dis-
eases, as immune cells are easily accessible from blood, it
can be quite challenging for many other diseases such as
neurological disorders in which human biopsies of target
organs from healthy controls are difficult to obtain, espe-
cially when a large number of samples are needed for
epidemiology studies. Many studies have proposed to use
blood as a surrogate tissue under the assumption that some
epigenetic changes in target tissue can also be observed in
the blood; however, the suitability of using a surrogate
tissue is still a subject of debate.96,97 Although disease-
associated epigenetic changes observed in surrogate tis-
sue such as blood may be useful as a biomarker in certain
clinical settings, to prove the biological importance of
these associations, it is necessary to validate these changes
in disease-related tissue. This also highlights the impor-
tance of establishing biobanks that not only collect blood,
as is done for genetic epidemiology studies, but also collect
tissues directly involved in disease development.
The second challenge in performing many EWAS studies
is that the starting materials used to generate DNA
methylation profiles are usually derived from heteroge-
neous cell populations. For example, DNA samples readily
available from most genetic epidemiology studies are usu-
ally from whole blood, which includes many different cell
types with distinct biological functions. Moreover, the
proportion of each cell type is variable among individuals
and can be affected by disease status, making it a potential
confounding factor in association analyses. Many statistical
approaches have been proposed to perform cell-type
deconvolution and identify epigenetic changes that are
not the result of a shift in cell type. Some reference-based
approaches have used unique DNA methylation signatures
from each cell type to estimate their proportions and then
performed subsequent adjustments with these estimate.45

Obviously, this type of approach depends on the availabil-
ity of the reference DNA methylation profiles of each cell
type, and to date, has been applied in PBMC,45,98,99 cord
blood,100,101 and the prefrontal cortex.102 Additionally, this
approach assumes that the DNA methylation signature used
to estimate cellular proportions is not affected by the dis-
ease status. Because of these limitations, several
reference-free approaches such as EWASher,103 ReFAC-
TOR,104 RefFreeEWAS,105 RUVm,106 and SVA107,108 have
been proposed. However, the performance of these
reference-free approaches strongly depends on the validity
of model assumptions.109

The third challenge is that because DNA methylation can
be influenced by both genetic factors and environmental
changes, its role in disease etiology can be rather compli-
cated (Fig. 1). This is straightforward if disease phenotype
is only affected by genotype (as in Mendelian disorders), or
the environment (as in infectious diseases). However, in the
development of common diseases, DNA methylation can be
a mediator, modifier, or even consequence of the disease.
For example, as a mediator, DNA methylation can be an
intermediary in the disease etiology of genetic45,98 or
environmental risk factors.110,111 In some cases, DNA
methylation can even act as an integrator of both internal
genetic and external environmental risk factors in disease
development, as demonstrated in RA48 and MS55. As a
modifier, DNA methylation can also influence the relation-
ship between genotype (or environment) and disease
phenotype. Even though this relationship has not been
explored so far, the gene-environment interaction (GxE)
has been widely observed in the development of many
diseases, and it is not surprising that DNA methylation plays
a role in this process. Additionally, because DNA methyl-
ation is relatively dynamic and can be influenced by many
factors (e.g., age, gender, race, life style, living condi-
tions), they are all potential confounders that should be
considered in the epidemiology study. All these make it
difficult to build one simple model to study the potential
roles of DNA methylation, and so careful experimental
design is vital to any successful epigenetic epidemiology
study.

Another challenge for epigenetic epidemiology studies is
to establish the causal role of epigenetic changes. While we
are interested in the way changes in DNA methylation play a
role in disease etiology, DNA methylation can also be
affected by the disease itself, and this needs to be



Figure 1 The relationship between genetics, epigenetics and environmental exposures on disease phenotype.
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distinguished from the biology of the disease. Unlike GWAS,
this is another unique challenge in performing EWAS. In
addition to using molecular biochemistry experiments
(e.g., in vitro luciferase reporter assays, manipulating
methylation levels on targeted CpGs,112 etc.) to directly
test the biological role of methylation changes, other
methods have been proposed. For example, this challenge
can be overcome with a longitudinal experiment design,
because epigenetic alterations that occur before or in the
very early stage of the disease process are more likely to be
related to disease etiology. In addition, some statistical
approaches such as causal inference test (CIT)45,98 and
Mendelian randomization (MR)113 have also been proposed
and applied to investigate the causal role of epigenetic
changes.113e115 Both approaches use genetic variants as an
instrument to infer the causal effect of DNA methylation on
the outcome. Because the mediation-based CIT test and MR
approach use genetic instruments in different ways, each
method has its own advantages as well as some
disadvantages.116
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