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Abstract

The epigenome is a collection of chemical compounds that attach to and overlay the DNA sequence to direct gene
expression. Epigenetic marks do not alter DNA sequence but instead allow or silence gene activity and the subsequent
production of proteins that guide the growth and development of an organism, direct and maintain cell identity, and allow for
the production of primordial germ cells (PGCs; ova and spermatozoa). The three main epigenetic marks are (1) histone
modification, (2) DNA methylation, and (3) noncoding RNA, and each works in a different way to regulate gene expression.
This article reviews these concepts and discusses their role in normal functions such as X-chromosome inactivation,
epigenetic reprogramming during embryonic development and PGC production, and the clinical example of the imprinting

disorders Angelman and Prader—Willi syndromes.
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The study of genetics focuses on the sequence of DNA itself: its
structure, faithful replication of its code, and the effects of muta-
tions. Epigenetics focuses on the non-DNA sequence-related
regulatory mechanisms that restrict or allow genes to be tran-
scribed, which affects the production of proteins and, ultimately,
cellular activity. Essentially, the epigenome consists of a series
of chemical marks that are laid on top of the DNA sequence to
“tell the DNA what to do” (National Human Genome Research
Institute, 2016). The term epigenetics is credited to Waddington
(1942), who described “a causal relationship between genes and
their products.” Nanney (1958) later expanded the term to
include a “library” of mechanisms that directed gene expression
and, importantly, proposed that patterns of epigenetic markings
along the genome were passed down through cell divisions to
daughter cells along with DNA sequence.

Over time, concepts related to how epigenetic changes were
mitotically (i.e., passed along during somatic cell replication to
maintain a differentiated cell line, Holliday, 2006) and meioti-
cally heritable (i.e., maintained during meiosis and able to be
passed to offspring, Trerotola, Relli, Simeone, & Alberti, 2015)
evolved, leading to a contemporary definition of epigenetics as
“mechanisms of heredity which do not involve modifications of
DNA sequence and are reversible in nature” (Kovalchuk &
Kovalchuk, 2012, p. 1). The purpose of this article is to acquaint
the reader with the mechanisms underlying epigenetic regula-
tion. The body of the literature focused on associations between
epigenetic mechanisms and disease is expanding rapidly across
clinical specialties; nurses with a foundational understanding of

concepts such as chromatin remodeling, histone modification,
DNA methylation, and noncoding RNA will be better equipped
to translate new findings into their research and practice.

In the absence of disease, normal epigenetic regulatory
mechanisms perform several major functions. First, they direct
cell differentiation and maintain a specific cell identity during
subsequent replications, ensuring that all generations of somatic
cells in a particular line express the correct genes associated with
that cell’s structure and function (e.g., mature liver cells continue
to give rise to normally functioning liver cells; Trerotola et al.,
2015). Second, during meiosis, the removal of epigenetic marks
that direct mature cellular differentiation assists in the process of
producing totipotent primordial germ cells (PGCs; i.e., the cre-
ation of ova and spermatozoa from somatic cells; Allis & Jenu-
wein, 2016; Kim, Samaranayake, & Pradhan, 2009). In this
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article, we discuss the mechanisms underlying these epigenetic
changes in the genome. It is not the scope of this article to
discuss the impact of environmental exposures on epigenetic
marks and health or cancer-related epigenetics.

Chromatin

To gain an understanding of epigenetic mechanisms, it is essen-
tial to first understand the role of chromatin in gene transcription.
To review, RNA transcribes the DNA code in the cell nucleus
through messenger RNA (mRNA), which then leaves the
nucleus to begin the process of translation of the DNA code to
make protein (Dorman, Schmella, & Wesmiller, 2016). The
DNA double-helix structure is too large to fit in the cell nucleus;
thus, it is compacted into a structure called chromatin (Felsen-
feld, 2014). Chromatin, constructed from DNA and proteins
(i.e., histones), is the scaffolding for the entire genome, contain-
ing the heritable material within the eukaryotic cell (Dawson &
Kouzarides, 2012). Chromatin exists in two forms, euchromatin
and heterochromatin. Euchromatin is less compacted, allowing
easier access for the molecules needed for transcription. Hetero-
chromatin is tightly compacted and is not as easily transcribed
(Dawson & Kouzarides, 2012). The epigenetic mechanisms we
discuss in this article are associated with changes in the compac-
tion of chromatin that alter its accessibility for transcription.

Epigenetic Mechanisms

The three main epigenetic mechanisms are (1) histone modifi-
cation, (2) DNA methylation, and (3) noncoding RNA. Rather
than changing the DNA sequence, these mechanisms act on top
of that sequence, to change gene transcription, thereby altering
gene expression (Gayon, 2016).

Histone Modification

Histones are negatively charged proteins that associate with the
positively charged DNA double-helix structure in the cell nucleus
to compact the DNA, so it can fit into the eukaryotic cell nucleus
(Felsenfeld, 2014). The first compaction step is the formation of
nucleosomes. A nucleosome is formed when eight histone pro-
teins are wrapped with approximately two turns of the DNA
double-helix structure (Deichmann, 2016). The histones act like
a spool, wrapping the length of DNA double-helix structure
around them like a thread to organize and decrease the overall
length of the DNA through the formation of a nucleosome. The
nucleosomes then wrap into a spiral called a solenoid, continuing
to compact the DNA and forming chromatin (Dorman et al.,
2016). The chromatin structure looks like “beads on a string,”
with the beads being the nucleosomes (Figure 1). Epigenetic
modifications of histones change the covalent bonds between and
within nucleosomes to alter the chromatin structure (i.e., position-
ing the nucleosome “beads” farther apart, creating euchromatin,
or closer, as with heterochromatin; Duarte, 2013).

Histones have protruding N-terminal “tails” that extend
from the nucleosome and contain modifiable amino acids that

Interphase chromatin

ucleus
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Figure 1. Chromatin. DNA coils around histones to form nucleo-
somes (blue circles wrapped with two coils). Euchromatin is “active”
since it is less compacted and available for transcription. Heterochro-
matin is “silent” since it is tightly compacted and not accessible for
transcription. Note how the nucleosomes appear as “beads on a
string.” This figure is reproduced from an open-access article (Sha &
Boyer, 2009) distributed under the terms of the Creative Commons
Attribution License (CC BY 3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original
work is properly cited. http://creativecommons.org/licenses/by/3.0/

help determine how tightly DNA is compacted into chromatin
(Dorman et al., 2016; Felsenfeld, 2014). Histone modifications
most commonly occur through acetylation, methylation, or
phosphorylation of the amino acids on the histone tails
(Felsenfeld, 2014; Rodenhiser & Mann, 2006; Figure 2).
Depending on the type of modification, the bonds between
histones and DNA may weaken or strengthen, thus altering
the structure of the chromatin. For example, with acetylation,
the positive charge on the histone is removed, which decreases
the interaction of the histone tail with negatively charged phos-
phate groups of the DNA (Rothbart & Strahl, 2014). With less
interaction between the positive and negative charges, the chro-
matin becomes more open and available for gene transcription.
When histone modification occurs, the chromatin is altered, but
the DNA sequence is not modified, rather it is the effect on the
packaging of the DNA that alters gene expression (Figure 2).

DNA Methylation

DNA methylation is the addition of a methyl group to the DNA
base cytosine, forming 5-methylcytosine in a reaction cata-
lyzed by DNA methyltransferases (DNMTs; Schiibeler, 2015;
Figure 2A). DNA methylation occurs predominantly in cyto-
sine bases that are followed by a guanine base in the promoter
region of the gene (i.e., 5/, where gene transcription begins
moving down the DNA strand to the 3’ end; Jang, Shin, Lee,
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Figure 2. (A) Schematic of epigenetic modifications. Strands of DNA are wrapped around histone octamers, forming nucleosomes. These
nucleosomes are organized into chromatin, the building blocks of a chromosome. Reversible and site-specific histone modifications occur at
multiple sites through acetylation, methylation, and phosphorylation. DNA methylation occurs at five-position of cytosine residues in a reaction
catalyzed by DNA methyltransferases. Together, these modifications provide a unique epigenetic signature that regulates chromatin organiza-
tion and gene expression. (B) Schematic of the reversible changes in chromatin organization that influence gene expression. Genes are
expressed (switched on) when the chromatin is open (active), and they are inactivated (switched off) when the chromatin is condensed (silent).
White circles = unmethylated cytosines (these are the circles in the “transcription possible” diagram); red circles = methylated cytosines (these
are the circles in the “transcription impeded” diagram). Reprinted, with permission, from Rodenhiser and Mann, (2006), under license from
Access Copyright. Further reproduction, distribution, or transmission is prohibited except as otherwise permitted by law.

& Do, 2017; for a review, see the first article in this primer
series, Dorman et al., 2016). The convention has developed of
using the CpG label to indicate a potential methylation site in
order to differentiate it from the standard notation of the
genetic code, where CG would indicate a locus where cytosine
is paired with guanine on the DNA double-stranded helix (Jang
et al., 2017). Concentrated clusters of unmethylated CpG sites
at the 5’ site (i.e., the promoter region) in tissue-specific genes
and in “housekeeping” genes are called CpG islands (Inbar-
Feigenberg, Choufani, Butcher, Roifman, & Weksberg, 2013;
Figure 3). Housekeeping genes are required for basic cell func-
tion and, under normal circumstances, maintain a constant level
of expression (Eisenberg & Levanon, 2013).

The genes of different cells have different methylation pat-
terns, which contribute to the differences in gene expression
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Figure 3. CpG islands on the promoter region of the gene. When these
islands are methylated, gene expression is repressed. Reproduced from
http://missinglink.ucsf.edu/lm/genes_and_genomes/methylation.html
courtesy of Benjamin Huang, MD, University of California San Francisco.
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(Jang et al., 2017). Transcription factors are proteins that recog-
nize specific DNA sequences to begin transcription of the
DNA. The CpG islands are targets for transcription factors that
trigger the gene expression process. When unmethylated, the
sites are open to gene transcription and expression. When the
CpG sites are methylated, however, the transcription factors are
unable to bind at the site, resulting in altered gene expression
(Rodenhiser & Mann, 2006). During DNA replication, the par-
ent cell’s methylation pattern is copied to the daughter DNA
strand, allowing inheritance of the methylation pattern (and
thus, the gene’s pattern of expression; Figure 3). DNA methy-
lation, which is maintained by DNMTs, is essential for normal
development (Inbar-Feigenberg et al., 2013). Without methy-
lation, essential development processes such as genomic
imprinting and X-chromosome inactivation, which we discuss
later, would not occur. Abnormal DNA methylation is associ-
ated with cancer, autoimmune diseases, and genetic disorders
(Rodenhiser & Mann, 2006). Genomewide DNA methylation
marks may serve as a biomarker for disease risk and targets for
the development of precision interventions (Duarte, 2013).

Noncoding RNA

Researchers have identified many forms of noncoding RNA that
contribute to epigenetic regulation of gene expression (Felsen-
feld, 2014). Noncoding RNAs are classified as short or long.
Short noncoding RNAs (20-25 nucleotide bases) include micro-
RNAs (miRNA) and short interfering RNAs (siRNA; Patil,
Zhou, & Rana, 2014). MiRNAs limit gene expression by binding
to the 3’-Untranslated region (UTR) sequence of mRNAs. siR-
NAs bind to specific complementary DNA sequences, silencing
target gene expression in a sequence-specific manner (Ozcan,
Ozpolat, Coleman, Sood, & Lopez-Berestein, 2015). Long non-
coding RNAs increase gene expression by recruiting transcrip-
tion factors, decrease gene expression by tightening the structure
of the chromatin, and change gene expression by altering tran-
scription (Dey, Mueller, & Dutta, 2014). While the role of non-
coding RNAs in disease development is not yet fully understood,
researchers have reported that their increased expression is asso-
ciated with fragile X, neurodegenerative diseases, and cancer
(Dey et al., 2014; Patil et al., 2014).

Role of Epigenetics in Normal Functions
Cell Differentiation and Maintenance of Identity

One major function of epigenetic regulation, as we mentioned
earlier, is to direct cellular differentiation as an organism devel-
ops from a single-cell zygote into a mature adult (Kim et al.,
2009). While there are approximately 25,000 genes in the
human genome, only a portion of these are universally
expressed, such as the housekeeping genes responsible for
basic functions (Eisenberg & Levanon, 2013). Differentiated
cells use only a fraction of the available genes and in specific
combinations that define their particular cell line’s structure
and function. These restricted gene expression patterns are in
part due to intracellular transcription factors that recognize and

direct the expression of specific DNA sequences (Phillips &
Hoopes, 2008) and tissue-enriched genes that are highly
expressed in specific cell lines (She et al., 2009). Epigenetic
marks are another major regulator for maintaining cell iden-
tity. For example, red blood cells express the gene HBB to
produce hemoglobin protein, which enables oxygen transport
(U.S. National Library of Medicine, 2017). The HBB gene is
present in the genome of every other cell type in the body at
the same location of chromosome 11p15.4, yet under normal
conditions, lifelong restriction of transcription through DNA
methylation keeps other cell lines from producing this protein
(He et al., 2010).

X-Chromosome Inactivation

A dramatic example of epigenetic gene regulation is the com-
plete silencing of a second X chromosome in a cell nucleus to
control the “dose” of gene expression possible from the X
chromosome in males and females. Barr and Bertram (1949)
reported the first evidence of X-chromosome inactivation when
they identified what came to be termed a Barr body, a section
of densely packaged heterochromatin consistently located at
the periphery of the nucleus in cells in females. Later work
demonstrated that the Barr body is actually an X chromosome
that is so highly condensed that transcription is not possible
(Ohno, Kaplan, & Kinosita, 1959). In female embryos, a single
X chromosome contains the necessary dose to guide normal
development, so one of the two inherited X chromosomes is
randomly selected to become heavily methylated in each cell at
the gastrulation stage of female embryonic development
(approximately the third week postfertilization; Hill, 2017).
The chromatin becomes tightly and permanently condensed,
resulting in silencing of gene expression from that body (Dis-
teche & Berletch, 2015). This inactivation is then heritable by
all somatic daughter cells throughout the rest of the organism’s
life. The remaining active X chromosome functions normally,
allowing the development of characteristics typically associ-
ated with female phenotypic growth and development (Lyon,
1961, 2005).

A visual example of this phenomenon can be observed in
calico cats, where the gene for coat color resides on the X
chromosome. In female cats, the distinctive variations in coat
color arise due to the random inactivation of the dominant
ginger color allele on the silenced X chromosome, allowing
the recessive black coat color to be expressed by patches of
aggregated cells in what is often described as a mosaic pattern.
Male cats in the same litter would be expected to have uni-
formly ginger or black coats due to their inheritance of a single,
active X chromosome (LeMieux, 2017).

More recent research in this area reveals that some genes on
the silenced X chromosome may escape complete inactivation,
or in the case where additional X chromosomes are present,
some cells may be unable to inactivate them (Yang et al.,
2011). Examples include trisomy X (47, XXX), which may
occur in up to 1 in 1,000 female births, and Klinefelter’s
syndrome (47, XXY), seen in about 1.5 of 1,000 males
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Figure 4. DNA methylation reprogramming in the mammalian life cycle. In the zygote, DNA from the paternal gamete is rapidly, actively
demethylated by TET protein, while passive demethylation of the maternal gamete occurs more slowly through the lack of DNMT | activity.
DPC = days postconception; ICM = inner cell mass; PGC = primordial germ cell; DNMT = DNA methyltransferase. Adapted from Seisen-

berger et al. (2013), licensed under CC BY 3.0.

(Swerdlow, Higgins, Schoemaker, Wright, & Jacobs, 2005;
Swerdlow, Schoemaker, Higgins, Wright, & Jacobs, 2005).
Researchers attribute the significantly increased incidence of
inflammatory, metabolic, and cardiovascular morbidities in
both of these syndromes in part to excessive gene expression
activity from the extra X chromosome (Stochholm, Juul, &
Gravholt, 2010; Zitzmann et al., 2015).

Epigenetic Reprogramming

While many epigenetic mechanisms work to establish cellular
differentiation and maintain cellular identity over the course of
an organism’s lifetime, there are periods where methylation
marks must be cleared to allow normal function. These periods
include early embryonic development, during the production of
PGCs (i.e., ova and spermatozoa) and some instances of cel-
lular differentiation in response to stimuli throughout the life
span, such as hematopoietic stem cell differentiation into
needed blood cell types in response to hemorrhage or infection
(Wu & Sun, 2006).

In the first few hours immediately after fertilization, while
the small nuclei from the egg and sperm still exist as separate
pronuclear bodies, a critical step involves removal of the epi-
genetic marks that directed gene expression to support the very
specialized functions of the ovum and sperm cells (Seisenber-
ger et al., 2013). This process allows the combination of the
contributed DNA and unrestricted expression of the genes
necessary for embryonic development. In the first 6 hours
postfertilization, the methyl groups within the paternal
pronucleus of the sperm cell are rapidly removed via
hydroxylation by Ten eleven translocation (TET) proteins
(Rasmussen & Helin, 2016). The maternal pronucleus
passively demethylates over a longer period; under normal
circumstances, DNMT1, a member of the DNMT family of

enzymes that maintain methyl group placement, would replace
methyl groups along the DNA sequence during each division.
During this postfertilization period, DNMT1 is not active, and
the lack of replacement of the methyl groups eventually dilutes
the prevalence of epigenetic marks, achieving a nadir of
methylation levels at the blastocyst stage at about 5-9 days
postfertilization. After this stage, global methylation levels
begin to rise as the embryo grows and specialized cell lines
emerge during development. With the exception of the
production of PGCs, the DNA methylation levels in the
somatic cells in the growing embryo remain stable over the
rest of the life span, maintaining cell-line differentiation
(Seisenberger et al., 2013; see Figure 4).

Primordial Germ Cell Production and Imprinted Genes

Clearance of epigenetic marks must also occur to create germ
cells from mature, differentiated somatic cells, and especially
in the case of sperm, chromatin must be tightly compacted
during this process. It is important to note that the timing of
PGC development differs between the sexes. In postpubescent
males, sperm cells are produced throughout the lifetime, but in
females, all egg cells are produced and in place in the fetal
ovaries at birth, though they do not fully mature until ovulation
occurs (Kota & Feil, 2010).

One exception to the reprogramming processes discussed
above involves parentally imprinted genes. In normally func-
tioning mammalian cells without DNA mutations, two alleles
are present: one inherited from the father and one from the
mother. Generally, both alleles are expected to behave in the
same way (i.e., either active or silent). X inactivation and gene
imprinting are the two normally occurring exceptions, where
one allele in a specific gene may be silent and the other active
(Barlow & Bartolomei, 2014).
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Unlike X inactivation, which occurs randomly in somatic
cells, gene imprinting takes place in the germ cells, in a parent-
of-origin pattern. This process provides necessary epigenetic
variability in genes that are affected by genetic imprinting (also
known as differentially methylated regions), most of which are
involved in fetal growth and development. Approximately 150
genes in humans are parentally imprinted, but gene expression
associated with these marks is very tissue-specific and is gen-
erally observed in the placenta and brain (Horsthemke, 2014).
Maternal-effect proteins protect these marks during early
embryo development, so that they can be preserved in the
somatic cell lines. During primordial germ-cell development,
if the embryo is female, the maternal parent-of-origin methyla-
tion marks will be reset in the oocytes, and if male, they will be
reset in spermatozoa according to the paternal parent-of-origin
epigenetic contribution (Seisenberger et al., 2013).

Although genetic imprinting is a normal biological process,
the resulting silencing of one parental allele may increase the
risk of disease should a DNA sequence mutation or other dys-
function affect the remaining allele. A marked difference in
phenotype may be observed depending on which parental allele
is silenced. For example, dysfunction in a single genetic region,
chromosome 15q11.2-q13, may be associated with two differ-
ent disorders, Angelman or Prader—Willi syndrome. Despite
impacting the same chromosomal region, the symptoms asso-
ciated with each syndrome are quite different (Peters, 2014).

Angelman syndrome is neurodevelopmental disorder
related to an inability of the maternal allele to express UBE34
(ubiquitin-protein ligase E3A, located at chromosome 15q11.2,
Online Mendelian Inheritance in Man [OMIM], 2017) in brain
tissue. The syndrome presents in approximately 1 in 15,000
children and may have one of the four major causes: approxi-
mately 70% of Angelman syndrome cases are associated with
genetic deletions within the chromosome 15q11-q13 region,
about 10% have mutations within the maternal allele of the
UBE3A gene, an additional 2-7% result from inheritance of
two paternal copies of the gene (also known as uniparental
disomy; Clayton-Smith & Laan, 2003; Williams, Driscoll, &
Dagli, 2010), and another 3-5% are related to maternal
imprinting that results in abnormal silencing of the UBE3A4
gene in the brain tissue (Sato, 2017). The phenotype of affected
children involves severe developmental delay, including
speech impairment, difficulty with movement and balance, and
behavioral features such as inappropriate laughter and smiling,
excitability, and short attention spans (Tan et al., 2011).

In contrast to the maternal inheritance pattern of Angelman
syndrome, Prader—Willi syndrome is associated with a lack of
expression of paternally inherited genes in the chromosome
15q11.2-q13 region (Cassidy, Dykens, & Williams, 2000).
The incidence and distribution of underlying causes is very
similar to those of Angelman syndrome; however, the unipar-
ental disomy and abnormal gene imprinting in Prader—Willi
syndrome occurs on the paternal parent-of-origin allele
(Irizarry, Miller, Freemark, & Haqq, 2016). The phenotypic
presentation includes hypotonia, failure to thrive in infancy
and neurocognitive delays from birth to age 2, followed by

hyperphagia, rapid weight gain, and continued learning delays
into adulthood (Gunay-Aygun, Schwartz, Heeger, O’Riordan,
& Cassidy, 2001).

Conclusion

Epigenetic regulation directs the expression of genes to
develop and maintain cell identity and to produce totipotent
PGCs from mature somatic cells during meiosis. Mechanisms
including histone modification, DNA methylation, noncoding
RNA, and the degree of compaction of chromatin affect the
accessibility of the DNA sequence for the purposes of gene
expression. Epigenetic modifications do not change DNA
structure but do change function and are integral to the diver-
sity within populations.

We intended for this article to provide a basic overview of
these processes, as knowledge continues to rapidly accumulate
in the literature and clinical areas regarding the impact of envi-
ronmental and other disease-related factors on alterations to the
epigenome and the resulting health outcomes. A working
knowledge of normal epigenetic mechanisms will equip nurses
to read and synthesize the growing body of literature describing
symptoms and diseases with an epigenetic component.
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