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    Chapter 4   
 Gene Expression, Epigenetic Regulation, 
and Cancer                     

       Shuntele     N.     Burns    

4.1             The Principles of Gene Expression 

  DNA (deoxyribonucleic acid) serves as  a   blueprint for the manufacture of different 
proteins that are critical in coordinating virtually every biological function per-
formed in a cell. Genes are constructed of sequences of DNA nucleotides (each 
composed of a phosphate group, a fi ve-carbon sugar, and a nitrogenous base) posi-
tioned on chromosomes that exist in the nucleus of a cell. Each gene will dictate the 
order of amino acids needed to make a particular protein, and differences in the 
sequences of amino acids contribute to the shape and function of the protein. The 
process by which a gene is turned on to construct a specifi c protein is called gene 
expression [ 1 ]. 

 Proteins are important molecules that perform a variety of functions. For exam-
ple, some are structural proteins, while others play enzymatic roles, serve as hor-
mones, or protect the body against infections. Structural proteins provide the body 
with support; keratin, for instance, is a component of nails and hair, and collagen 
gives strength to tendons, ligaments, and skin. Enzymes are involved in catalyzing 
metabolic pathways whereby a chemical reaction can occur within a second, 
whereas hours may be required to complete the same reaction without enzymes. 
Some proteins serve as hormones, which control the cellular activities of target 
organs. Antibodies are plasma proteins that bind with antigens, thereby preventing 
foreign substances from injuring cells and causing homeostatic disruption. These 
and other operations make proteins essential to life [ 2 ]. 

 Transcription and translation are the two major stages associated with gene 
expression. Transcription takes place in the nucleus and entails a gene operating as 
a template for the construction of an RNA molecule. Though most genes are 
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 transcribed into messenger RNA (mRNA), which contains instructions that will 
eventually produce proteins, some genes are transcribed into two other classes of 
RNA: (1) ribosomal RNA (rRNA), a chief component of ribosomes—organelles on 
which proteins are synthesized and (2) transfer RNA (tRNA)—molecules that carry 
amino acids, which are subunits of proteins, to ribosomes [ 3 ]. 

 In eukaryotes, the production of an mRNA molecule is initiated with the binding 
of proteins called transcription factors to the promoter, a DNA sequence situated 
just upstream of a gene. Subsequently, the transcription factors recruit to the pro-
moter the enzyme RNA polymerase [ 1 ]. As RNA polymerase travels along the DNA 
helix associated with the gene, the enzyme unfastens the two strands of DNA and 
constructs together RNA nucleotides complementary to one of the DNA strands that 
is serving as a template; that is, when DNA bases adenine (A), thymine (T), cytosine 
(C), or guanine (G) are located in the DNA template, bases uracil (U), adenine (A), 
guanine (G), or cytosine (C) are respectively positioned into the RNA molecule. 
This process eventually produces a single-stranded RNA molecule that has corre-
sponding nucleotides of the DNA sequence for the gene in question. The comple-
mentary RNA strand of the gene is referred to as messenger RNA, given that it 
possesses the “message” or genetic material of the gene which will be expressed [ 4 ]. 

 The resulting strand of mRNA is then processed to remove introns, sequences of 
nucleotides that will not be translated into a sequence of amino acids for a protein. 
Once introns are deleted, the remaining nucleotide sequences—exons—are spliced 
together. The resulting mRNA strand is then modifi ed with the addition of a guanine- 
nucleotide cap at the 5′ end of the strand and the inclusion of a tail consisting of 
30–100 adenine-nucleotides (poly-A tail) at the 3′ end. The modifi ed mRNA strand 
will then leave the nucleus through the nuclear envelope and then enter the cyto-
plasm, where the process of translation will proceed [ 5 ]. Though ordinarily the 
mRNA strand that is produced after transcription is composed of a sequence of all 
of the exons of the gene, alternative splicing may occur whereby only certain exons 
are used. Hence alternative splicing allows for the manufacture of different varia-
tions of a protein. For example, white blood cells are able to construct particular 
antibodies based on the type of antigen that enters the body [ 2 ]. 

 The second major stage pertaining to gene expression is called translation and 
occurs in the cytoplasm. Translation involves the conversion of the sequence of 
mRNA nucleotides into a sequence of amino acids associated with a protein. Along 
with mRNA and amino acids, ribosomes and tRNA are some of the other compo-
nents that play important roles in translation [ 3 ]. 

 The ribosome is the organelle on which protein synthesis takes place and is con-
structed of two subunits, each consisting of rRNA enfolded around various pro-
teins; the ribosomal ensemble allows for the binding of mRNA and its passage 
through the ribosome. A complex series of interactions ensues once mRNA is 
bound to the ribosome. First, small mRNA sequences called codons are exposed. A 
codon is three nucleotides long and typically encodes for a particular amino acid. 
(Sixty-one codons will encode for the 20 different amino acids; therefore, most 
amino acids are designated by more than one codon. The diversity of codons allows 
for some degree of protection against mutations that alter the sequence of bases.) 
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Next, a tRNA molecule physically transports an amino acid to the ribosome, which 
possesses three binding sites constructed for three incoming tRNA molecules. An 
amino acid is attached to one end of the incoming tRNA, and a sequence of nucleo-
tides complementary to the codon, identifi ed as the anticodon, is located at the other 
end of the tRNA molecule. The tRNA anticodon binds to its complementary mRNA 
codon that is positioned on the ribosome (e.g., codon AUG pairs with anticodon 
UAC). Once a second tRNA molecule docks at the adjacent codon, this newly-
arriving tRNA receives the amino acid from the initial tRNA, thereby forming a 
peptide bond between the fi rst amino acid and the one already coupled with the 
second tRNA. The initial tRNA molecule eventually leaves the ribosome once it is 
freed of its amino acid. Afterwards, the ribosome moves sideways across the strand 
of mRNA, enabling the next codon to bind to an incoming tRNA. Thus, the chain 
of amino acids (polypeptide) elongates one amino acid at a time. The ribosome will 
eventually encounter a codon (UAA, UAG, or UGA) that will not encode for an 
amino acid but will instead signify the termination of polypeptide synthesis. 
Afterwards, the polypeptide chain is released into the cytoplasm, where it will con-
form to the fi nal three-dimensional shape associated with a protein, and the two 
ribosomal subunits will dissociate. Hence during transcription, a sequence of DNA 
nucleotide bases determines the sequence of mRNA nucleotide bases, and during 
translation, the mRNA sequence then directs the order of amino acids bonded to 
form the desired protein [ 4 ]. 

 Though produced in the cytoplasm, proteins can be found in all parts of the cell. 
Proteins manufactured by ribosomes that fl oat freeing in the cytoplasm remain and 
operate in the cytoplasm. However, proteins produced by ribosomes that are fas-
tened to the rough endoplasmic reticulum have chemical signals that direct the pro-
teins to their appropriate destinations within the cell, and, interestingly, these sorting 
signals are also encoded in the genome and are transcribed and translated [ 5 ]. 

 Every organism has the capacity to control which genes will be expressed at any 
time. Organisms have to continually turn on and off genes in response to internal 
and external environmental signals. The regulation of gene expression is particu-
larly important for multicellular organisms since they are composed of different 
types of cells, each carrying out its own unique role; some genes are turned on while 
others are turned off. In fact, only about 20 % of genes in a typical human cell are 
expressed to ultimately produce proteins required for distinctive functions, and an 
even smaller percentage of genes are expressed in highly specialized cells like nerve 
or muscle cells [ 6 ]. 

 In eukaryotes, gene regulation can occur at different levels, ranging from pretran-
scriptional to posttranslational control. The regulatory mechanisms employed by cells 
can affect a number of operations, such as dictating whether a gene will be turned on 
and moderating the speed and duration at which a gene is expressed [ 2 ]. Transcription, 
for example, can be regulated in response to the way in which  chromatin  —DNA and 
protein—is structured in the nucleus, in that genes are typically silenced, or turned 
off, when chromatin is tightly packed; however, genes are more likely to be expressed 
when chromatin is less condensed.  Histone modifi cation   and  DNA methylation   are 
two epigenetic mechanisms that have been extensively studied with regard to their 
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infl uence on chromatin structure and, subsequently, gene expression [ 7 ]. In general, 
 epigenetics   refers to any mechanism that infl uences gene expression without chang-
ing the nucleotide sequence of the DNA of a gene [ 1 ]. While stable epigenetic switches 
are critical for cell differentiation and normal development, research has shown that 
disruptions in normal epigenetic processes are linked to disease, including the initia-
tion and progression of different types of cancers [ 8 ].  

4.2     Histone Modifi cation 

  The nucleus of a human  somatic   cell possesses 46 chromosomes, and when fully 
extended, the DNA within the nucleus measures at least 2 m. However, DNA is 
wrapped around proteins called histones, forming nucleosome complexes, which 
enable DNA to fi t within the nucleus [ 2 ]. Nucleosomes can suppress transcription if 
they are positioned over the promoter region; the enzyme RNA polymerase and 
accompanying regulatory proteins will not be able to bind to the promoter. As noted 
earlier, RNA polymerase is essential to transcription in that it catalyzes the produc-
tion of mRNA from the DNA template. However, nucleosomes can become dis-
placed because of structural changes in the  chromatin  , thereby allowing room for 
the binding of the transcriptional proteins and hence the expression of a gene [ 1 ]. 

 Histone modifi cation and  DNA methylation   are two major types of acquired or 
inherited epigenetic mechanisms that can affect transcriptional activity by regulat-
ing the access of transcriptional proteins to gene promoters without altering the 
DNA base sequence. When observed under an electron microscope,  chromatin   has 
been described as resembling an array of beads on a string, whereby the beads rep-
resent nucleosomes, separated from one another by 10–60 base pairs of DNA. Each 
nucleosome contains a core of 8 histone proteins wrapped approximately 1.7 times 
with DNA of 147 base pairs. The histone core of a nucleosome has two copies of the 
following histone proteins: H2A, H2B, H3, and H4. Each of the eight histones pos-
sesses regions for histone-DNA and histone-histone interactions [ 9 ]. In addition, a 
histone carries an extension called a tail that is rich in positively charged amino 
acids, like lysine. The positive charge of the amino acids enables them to have a 
strong attraction to DNA, which is negatively charged because of its phosphate 
groups [ 10 ]. Histones H3 and H4 have been identifi ed in particular to possess cer-
tain amino acids that are vulnerable to  epigenetic modifi cation   [ 11 ]. Protein H1 
serves as a linker histone that binds to DNA positioned outside the histone octamer 
[ 9 ]. Histone H1 is needed to create the secondary level of  chromatin   organization, 
which consists of condensed 30-nm chromatin fi bers composed of several nucleo-
some beads; the fi bers will then join to produce a tertiary structure of radial loops 
[ 12 ]. Histone tails are necessary for chromatin to condense into the 30-nm fi bers. 
For instance, lysine 16 of the N-terminal tail of H4 has been shown to be very 
important in compacting  chromatin  , in that the positively charged lysine is attracted 
to a negatively charged area at the H2A-H2B interface of an adjacent nucleosome 
that is part of the condensed 30-nm fi ber form [ 10 ]. 
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 Histones are subjected to a number of modifi cations, like acetylation, methylation, 
phosphorylation, and ubiquitination, and these covalent modifi cations can work 
together to alter the  chromatin   structure, thereby regulating transcriptional activity by 
controlling access to gene promoters. As noted, the positive charge of histone amino 
acids and the negative charge of DNA form a strong attraction. However, the addition 
of certain chemicals has the potential to alter this attraction. Of the various histone 
modifi cations, acetylation has been investigated most extensively. Histone acetyl-
transferases (HATs) are enzymes that catalyze the addition of acetyl groups to the 
positively charged amino acids located on the tails of the histone octamer. The addi-
tion of acetyl groups will reduce the positive charges of the histone tails, hence easing 
the hold of the histones to DNA and subsequently exposing the once compact nucleo-
some to additional proteins that serve to modify  chromatin  . Exposed genes can then 
be expressed when chromatin is loosely packed [ 13 ]. Lysine 16 in histone H4 was 
previously noted as a critical component in the process of condensing chromatin, in 
that the positively charged amino acid is attracted to a negatively charged area of a 
neighboring nucleosome in the 30-nm fi ber form; however, the acetylation of lysine 
16 tends to decrease the attraction between the amino acid and its adjacent nucleo-
some. Therefore,  chromatin   becomes less compact, allowing more space between 
one nucleosome bead and the next, thus enabling transcription to take place [ 10 ]. 

 Conversely, histone deacetylases (HDACs) remove acetyl groups from histones, 
thereby restoring the positive charge to histone tails that contributes to the high- 
level compaction of chromatin and thus the repression of transcription. Furthermore, 
certain proteins can recruit HDACs. For example, the retinoblastoma protein (Rb), 
a  tumor suppressor  , blocks the production of molecules that are critical for numer-
ous biological processes, including DNA replication and mitosis [ 14 ], and the infl u-
ence of Rb is associated, in part, with its recruitment of HDACs to certain gene 
promoters [ 9 ]. HDACs have been utilized in certain treatments for cancer. In some 
forms of cancer, genes that normally produce proteins that inhibit cell division are 
not as active, and the histones close to these genes exhibit high levels of deacety-
lation. Therefore, drugs that function as histone deacetylase inhibitors have the 
potential to activate genes that typically suppress cell division, thus arresting the 
growth of cancer cells [ 13 ]. 

 Along with acetylation, there are other types of histone modifi cations—all of 
which are reversible. Histone methylation, for example, may either repress or acti-
vate transcription, depending on the amino acid that is methylated and on the extent 
of methylation. Different classes of enzymes called histone methyltransferases 
(HMTs) add methyl groups to particular arginine and lysine amino acids on histone 
tails, while histone demethylases (HDMs) remove methyl groups. The methylation 
of arginine is linked with transcriptional activation, whereas the methylation of lysine 
is usually associated with transcriptional repression [ 11 ]. When lysine is methylated, 
acetylation normally does not take place, and the positive charge is maintained. In 
addition, lysine may be methylated more than once [ 10 ]; however, the location of the 
modifi ed lysine can also determine whether transcription will occur. For instance, 
transcriptional inactivation is linked to the methylation of lysine 9 in histone H3, but 
transcriptional activation accompanies the methylation of lysine 4 in H3 [ 12 ]. 
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 Histone phosphorylation is accomplished with the assistance of kinases and 
involves the targeting of amino acids serine and threonine, and all four core histones 
can be affected. Phosphorylation takes place at the N-terminus of the histone near 
methylated and acetylated lysines. For example, the phosphorylation of serine 10 on 
histone H3 is linked with acetylation of the nearby lysine 14. The added phosphate 
group to serine 10 contributes a negative charge, thereby partially neutralizing the 
net positive charge of the modifi ed histones and thus altering their capacity to inter-
act with DNA, which is also negatively charged. As a result, the repellent force 
contributes to a less compacted  chromatin   state, which may allow for the transcrip-
tion of genes [ 15 ]. Conversely, the phosphorylation of both serines 10 and 28 on H3 
has been found to correlate with chromosome condensation during mitosis [ 16 ]. 
Moreover, the close association of different modifi cations can promote further epi-
genetic changes. In fact, the removal of a methyl group that is attached to lysine 9 
on H3 promotes the phosphorylation of serine 10 and the acetylation of lysines 9 
and 14 [ 15 ]. 

 Another important process by which histones can be modifi ed is ubiquitination. 
The polypeptide ubiquitin is composed of 76 amino acids and can be enzymatically 
coupled to different types of proteins. In most cells, ubiquitin is primarily used to 
tag damaged or old proteins for degradation by proteasomes. In fact, proteasome 
inhibitors have been shown to be effective in certain types of cancer therapy whereby 
cancer cells eventually die when proteasomal activity is suppressed. Controlled 
administration of proteasome inhibitors has been shown to be effective against mul-
tiple myeloma in that cancer cells are destroyed but not normal cells. Though ubiq-
uitin may serve as a tag for the destruction of some proteins, it does not damage 
other proteins and can function in epigenetic genome control. For example, with 
regard to histone modifi cation, ubiquitination takes place only on H2A and H2B, 
and only one lysine is targeted in each histone: lysine 119 in H2A and lysine 120 in 
H2B. Ubiquitin possesses a number of amino acids that are negatively charged, and 
when bound to histone tails, ubiquitin relaxes the  chromatin   structure by neutraliz-
ing the positively charged amino acids in the histone and thus activating transcrip-
tional activity. Furthermore, ubiquitin can infl uence other modifi cations. For 
example, the ubiquitination of H2B promotes the methylation of lysines 4 and 79 on 
H3 [ 10 ]. 

 The examples above illustrate some of the many complexities associated with the 
different types of histone modifi cations and their roles in altering chromatin struc-
ture, which infl uences the accessibility of genes for transcription .  

4.3     DNA Methylation 

  Along with histones,    the DNA itself can be tagged with external chemicals. 
Genes can be silenced when methyl groups are enzymatically attached to certain 
nucleotide bases. The methylated DNA infl uences the interaction of the DNA 
with proteins, including histones. Gene regulation involving DNA methylation is 
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characterized as epigenetic in that gene expression is altered without affecting the 
sequence of DNA. Highly methylated regions of a gene are normally associated 
with tightly packed DNA wrapped around histones, resulting in transcriptional 
inactivation [ 1 ]. DNA methylation is also heritable. Not all eukaryotes exhibit 
both  histone modifi cation   and DNA methylation. Fruit fl ies and yeasts, for 
instance, display only histone modifi cation [ 16 ]. 

 During DNA methylation, the methyl group is covalently added to a cytosine situ-
ated 5ʹ to a guanine (CpG), forming 5-methylcytosine, and the reaction is catalyzed 
by DNA methyltransferase (DNMT). Methylation normally takes place in only 
3–4 % of cytosines. Methylcytosines occur primarily in repetitive sequences and in 
the  CpG islands   (GpC and CpG-rich regions) of the promoters of silent genes like 
X-chromosome inactivated genes and imprinted genes, both of which will be dis-
cussed later in this section. During transcription and DNA synthesis, 5- methylcytosine 
pairs normally with guanine; however, the methylation of cytosine is reversible with 
the aid of the enzyme demethylase, which removes the methyl group [ 9 ]. 

 DNA methylation may cause the cell to incur risks in some cases. Cytosines that 
are methylated are chemically less stable than those that are not. As a result, a meth-
ylated cytosine may undergo deamination, whereby a thymine is generated in its 
place, i.e., a methylated CpG is converted to TpG. Unfortunately, this error in the 
base sequence may not be identifi ed by the DNA repair machinery before replica-
tion takes place [ 16 ]. 

 Typically genes that are heavily methylated are inactive. Processes by which 
DNA methylation silences genes involve complex interactions with various pro-
teins. This form of epigenetic regulation of transcription interlinks histone deacety-
lases and chromatin-remodeling enzymes [ 9 ]. Specialized proteins that attach to 
methylated cytosines are called DNA methyl-binding domains, which are usually 
subunits of larger complexes like histone deacetylases or methyltransferases. These 
enzymes then alter histone proteins located near the methylated DNA. For instance, 
methyl groups attached to DNA can recruit methyl-binding proteins that then recruit 
histone deacetylases, which change  chromatin   by detaching acetyl groups from his-
tone tails. As noted in the previous section, deacetylation induces chromatin con-
densation by restoring the positive charge to histones. In addition, methylated DNA 
may be bound to proteins possessing histone methyltransferase activity; this inter-
action causes histone proteins in the vicinity to be methylated, resulting in  chroma-
tin   condensation and, consequently, the silencing of genes. Conversely, specialized 
proteins that bind to histones can set in motion a chain of reactions that eventually 
methylates DNA with the assistance of DNA methyltransferases. For example, 
methylated histone tails can recruit chromodomain-containing proteins that then 
attract DNA methyltransferases that bind methyl groups to neighboring DNA [ 16 ]. 

 A good illustration of how DNA methylation normally operates in compacting 
 chromatin   in a formation that represses genes is X-chromosome inactivation. A 
normal human somatic cell consists of two sex chromosomes, each copy inherited 
from a parent. The normal complement of sex chromosomes for a human female is 
XX, while the complement for a human male is XY. The Y chromosome is smaller 
than the X chromosome and does not possess all of the genes located on the X 
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chromosome. In theory, since the female has two X chromosomes, she should have 
the capacity to produce substantially more protein from her sex chromosomes than 
the male can produce from his. However, the female normally has only one X chro-
mosome in the cell that contains genes that are active, and the genes of the remain-
ing X chromosome are primarily inactive. The determination of whether an X 
chromosome will be inactive is random; hence within the body of a female, the 
maternal X chromosome may be inactive in one cell, but the paternal X chromo-
some may be active in a nearby cell. The inactivation of one of the two X chromo-
somes in a female allows the female and the male to produce relatively the same 
amount of X chromosome-encoded protein. And the silencing of genes on the inac-
tive X chromosome is primarily attributed to heavy DNA methylation [ 17 ]. 

 Genomic imprinting is a form of gene inactivation that is also associated with 
DNA methylation. A somatic cell possesses two copies of each gene—one copy 
(allele) inherited from the mother and the other allele inherited from the father. And 
typically a gene is expressed from both copies; however, with some genes, tran-
scription is limited to either the maternal or the paternal copy of the gene, not both. 
This condition is referred to as genomic imprinting, and the repression of a parental 
copy of a gene can be replicated during cell division and passed on from one genera-
tion to the next [ 18 ]. 

 Imprinting usually occurs in a limited number of genes in the mammalian body, 
but it is important in regulating embryonic development and growth. In some genes, 
the inherited maternal allele is silenced while the inherited paternal allele is 
expressed. In other genes, the paternal copy is silenced while the maternal copy is 
expressed. The silenced copy of a gene is typically highly methylated [ 16 ]. For 
example,  IGF2  is an imprinted gene located on chromosome 11 in humans that 
encodes for a protein hormone called insulin-like growth factor 2. This hormone is 
important for placental and fetal growth. Normally the maternal allele is repressed 
because of DNA methylation, but the paternal copy of the gene is actively expressed, 
and the resulting protein product is essential for development. Research utilizing 
mice as subjects has shown that when the paternal allele of  IGF2  is deleted, the 
placenta will be small in size, and the young will exhibit low-birth weight [ 19 ]. 

 Prader-Willi syndrome and Angelman syndrome are examples of developmental 
disorders in humans related to genomic imprinting, and both diseases involve dele-
tions in chromosome 15 that result in the silencing of one or more genes. In Prader- 
Willi syndrome, a small region of the paternally inherited chromosome is missing, and 
an equivalent region on the maternal chromosome is silent. Clinical symptoms include 
mental retardation, short stature, and small feet and hands. In contrast, with Angelman 
syndrome deletions are found in a region of the maternal chromosome, but the pater-
nal chromosome has a silent region. Seizures and uncontrolled muscle movements are 
some characteristics exhibited by those infl icted with Angelman syndrome [ 18 ]. 

 Modifi cations to normal patterns of DNA methylation have also been implicated 
in the initiation of certain cancers. Promoters of tumor suppressor genes have been 
found to be inactive because of the addition of methyl groups, while promoters of 
proto-oncogenes, which normally stimulate cells to divide, may become demethyl-
ated to the point of causing cells to multiply uncontrollably  [ 13 ].  
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4.4     Environmental Infl uences on Gene Expression 

 Proposed in 1809 by Jean-Baptiste Lamarck, the concept of inheritance of acquired 
characteristics argues that environmental pressures and personal necessities can 
result in benefi cial changes in physical appearance and body function and that even-
tually offspring inherit these characteristics. Lamarck employed his concept to 
describe why giraffes exhibit long necks. He suggested that giraffes originally pos-
sessed short necks, but in an effort to procure food located in higher areas of trees, 
the giraffes stretch their necks in order to reach leaves. The necks are lengthened 
with the aid of a nerve “fl uida,” and longer necks are then passed on to offspring [ 3 ]. 
By contrast, Charles Darwin’s theory of natural selection would presume that early 
giraffe populations had individuals with necks of varied lengths. Natural selection 
due to competition caused those with longer necks to acquire more food for sur-
vival, live longer, and have more offspring. Eventually, after generations, the popu-
lation would consist of giraffes with long necks because of the benefi cial adaptation 
to the environment [ 2 ]. Darwin’s approach to evolution is, of course, widely 
accepted today: natural selection dictates that benefi cial traits are acquired by 
chance and are inherited through generations because of their selective advantage. 
However, with the discovery of epigenetic regulation, scientists are forced to take a 
closer look at the role of environmental infl uences on gene expression and how 
epigenetic factors are passed on to future generations [ 20 ]. 

 Gene expression is tightly regulated in the body in order to ensure that cells 
manufacture the appropriate level of proteins needed for a given period and for a 
specifi c function. Cell specialization is closely tied to epigenetic regulation. Cells 
differentiate into various types, each performing distinctive functions, and epigen-
etic factors regulate how and when particular genes are turned on and off to assist 
the body with growth and development [ 21 ]. Liver and pancreatic cells, for instance, 
share the same set of genes; however, cells of the liver access the genes associated 
with the production of enzymes used to neutralize particular toxins but not the genes 
required to synthesize glucagon and insulin, glucose regulating hormones made in 
pancreatic alpha and beta cells, respectively [ 3 ]. 

 In eukaryotes, gene expression can be regulated at different levels—pretranscrip-
tion, transcription, posttranscription, translation, and posttranslation. And studies 
have shown that a variety of mechanisms used to control gene expression operate 
before transcription and after translation [ 6 ]. Sections above that pertain to  histone 
modifi cation   and  DNA methylation   illustrate some of the epigenetic mechanisms 
that manipulate the structure of  chromatin   and thus the onset of gene expression. 
Furthermore, external signals, including environmental chemicals, aging, and  diet  , 
have a major impact on the operation of these epigenetic mechanisms and, ulti-
mately, the health of an individual [ 1 ]. 

 Both genetic mutations and epigenetic changes can be linked to the onset of dis-
ease. Some diseases are the result of genetic mutations, whereby changes exist in 
the sequences of nucleotides of the genome, and these mutations can develop from 
environmental factors and can run in families. And many diseases are infl uenced by 
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 epigenetic modifi cations  . The epigenome of an individual can continually change 
throughout life and can be infl uenced by environmental factors, including chemical 
cues and social interactions, which may have positive or negative effects. An accu-
mulation of epigenetic changes is normally associated with aging; however, these 
changes can alter the standard operations of certain genes and lead to particular 
age-related diseases, like diabetes and cancer [ 21 ]. 

 The health effects of environmental factors have been studied with monozygotic 
(identical) twins, which develop from one egg fertilized by a single sperm. Though 
identical twins share the same DNA sequences, they typically differ to some degree 
in appearance, behavior, and health. A thorough explanation of these differences 
has not been developed; however, recent studies suggest that  epigenetics   appears to 
be the cause of some of these phenotypic differences. Fraga and his associates [ 22 ], 
for example, found that monozygotic twins are not only identical genetically, but 
they are similar epigenetically with regard to  DNA methylation   and acetylation of 
histones H3 and H4. Nonetheless, the content and distribution of these epigenetic 
factors change considerably as twins get older, and the degree of epigenetic differ-
ences has been shown to correlate with the length of time twins live apart and varia-
tions in lifestyles, such as smoking habits, food choices, and physical activity. This 
strongly suggests that environmental cues play critical roles in altering one’s epi-
genetic profi le and, subsequently, the expression of  genes  . Epigenetic differences 
might explain why one identical twin is diagnosed with a disease like schizophre-
nia, which is genetically based, but the other twin is not [ 6 ]. 

 Environmental exposure to certain chemicals has the capability to alter the epig-
enome. In fact, early exposure to certain chemicals  in utero  has been linked to 
 epigenetic changes. Waterland and Jirtle [ 23 ] famously demonstrated in pregnant 
Agouti mice that dietary supplements can result in phenotypic changes in offspring. 
The  Agouti  gene controls the amount and distribution of pheomelanin (yellow and 
red) and eumelanin (brown and black) pigmentation in the coat of a mammal. 
A mouse carrying an  Agouti  gene with the lethal yellow mutation has a distinctive 
yellow coat, is obese, and is prone to develop diabetes and cancer [ 24 ]. The pro-
moter of the mutated gene has been found to be hypomethylated, unlike the pro-
moter of the normal  Agout i gene [ 25 ]. In an experiment where pregnant yellow mice 
were fed methyl-rich supplements—folic acid, vitamin B12, betaine, and choline—
most of the pups were of normal weight, displayed a brown coat, and lacked the 
 predisposition to develop diabetes and cancer. However, pregnant yellow mice that 
were not given methyl supplements primarily produced pups that were also yellow 
and unhealthy. These fi ndings suggest that the  diet   of mothers can infl uence the 
health of the young. In this example, the methyl donors supplemented in the food of 
pregnant mice with a mutated gene were able to make their way onto the chromo-
somes of the developing embryos and methylate the critical gene, hence counteract-
ing the negative effects of the faulty gene [ 23 ]. This and many other examples show 
correlations between the exposure to certain chemicals and epigenetic changes. 
With regard to adverse health effects, prenatal introduction as well as postnatal 
exposure to deleterious chemicals can have a major impact on development and the 
susceptibility to chronic diseases [ 26 ]. 
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 If acquired environmental cues modify the chromosomes of eggs and sperm, 
these external infl uences have the potential to have long lasting effects through gen-
erations [ 27 ]. Sollars and his colleagues [ 28 ] presented a dramatic example of trans-
generational inheritance involving fruit fl ies with a defective  Krüppel  gene, which 
causes abnormally small eyes. In addition, unusual outgrowths appear on the eyes 
under certain conditions. When the antibiotic geldanamycin was added to the food 
of the fl ies, the eye outgrowths increased substantially. It was reported that although 
only the fi rst generation was directly exposed to geldanamycin, the effects of the 
drug were noticeable in future generations. In fact, the eye anomaly endured through 
13 generations. The antibiotic was suspected of altering histone proteins since his-
tone deacetylase inhibitors were found to suppress the development of the eye 
outgrowths. 

 In another example, Guerrero-Bosagna et al. [ 29 ] found that rats exposed  in 
utero  to the fungicide vinclozolin had negative reproductive consequences that 
lasted through future generations. Vinclozolin is an endocrine disruptor, which can 
lead to certain cancers and reproductive defects. When pregnant rats were injected 
daily with the fungicide, the resulting male offspring were found to display a 
decrease in sperm production. This suppression was also discovered in several gen-
erations that were not exposed to vinclozolin. Increased  DNA methylation   was 
reported in rats that were exposed to the fungicide from daily injections as well as 
in those of subsequent generations. 

 In the case of tobacco, diseases such as lung cancer, asthma, and chronic obstruc-
tive pulmonary disease have been linked to long term exposure to tobacco smoke, 
and substantial evidence suggests that epigenetic alterations are responsible for 
inducing these chronic disorders [ 30 ]. It has been proposed that epigenetic effects 
cause an imbalance in histone acetyltransferases and histone deacetylases of the 
airway immune cells. For example, studies reported by Ito and his colleagues [ 31 ] 
involving alveolar macrophages and bronchial biopsies from smokers and non- 
smokers of similar age disclosed that in smokers,  HDAC2  gene expression is sup-
pressed, along with general HDAC protein activity; however, the expression of 
infl ammatory mediators  GM-CSF ,  TNF-α , and  IL- 8 are enhanced. Furthermore, 
Launay et al. [ 32 ] found that tobacco smoke alters  DNA methylation   in a number of 
genes. For instance, in platelets,  hypomethylation   exists on the promoter of the gene 
that encodes for the enzyme monoamine oxidase (MAO) type B, suggesting that 
tobacco smoke overstimulates the expression of the gene for MAO, which has been 
linked to heart failure, mitochondrial dysfunction, and other abnormalities when 
present at elevated levels in the body [ 33 ]. 

 The adverse effects of tobacco smoke can be refl ected in the health of offspring 
and even subsequent generations. The respiratory function of the fetus is compro-
mised when its mother is exposed to cigarette smoke. In fact, studies have shown 
that children as young as 1 year of age may exhibit asthma-like symptoms if their 
mothers smoked during the third trimester [ 34 ]. Furthermore, a child’s increased 
risk of developing asthma is linked to a grandmother who smoked during preg-
nancy, suggesting that environmental factors can have long lasting consequences 
[ 35 ]. When comparing the buccal cells of children exposed  in utero  to tobacco 
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smoke from their mothers and those who had no such exposure, Breton et al. [ 36 ] 
reported that global DNA  hypomethylation   existed in children exposed to tobacco. 
It has been proposed that this occurrence may be the result of tobacco-induced oxi-
dative stress to DNA that hinders the binding of DNA methyltransferase, thereby 
preventing methyl groups from binding to DNA. Another outcome of this form of 
early exposure to tobacco smoke was shown to be  hypermethylation   of certain 
genes. For example, the genes  AXL  and  PTPRO  were found to have an unusually 
high degree of methylation, though the signifi cance of this discovery with regard to 
asthma  pathogenesis   is not yet fully understood. 

 These and many other studies show how the environment can have a major infl u-
ence on development and on disease susceptibility. Epigenetic marks can be altered 
over time, and if these acquired chemical tags are passed on to sex cells, epigenetic 
infl uences can therefore be transferred from parents to offspring and even future 
generations. Hence chemical tags acquired from life experiences have the potential 
to be passed from one generation to the next.  

4.5     Epigenetics and Cancer 

  Disruptions  in   normal cellular processes can be attributed to mutations, changes to 
the nucleotide sequences of genes, and some mutations may set the stage for the 
development of certain cancers. Moreover, there is increasing evidence that sup-
ports the importance of epigenetic control of gene expression with regard to carci-
nogenesis.  DNA methylation   aberrations, either as hypo- or  hypermethylation  , have 
been shown to be common in a variety of carcinogenic tumors. Chromosomal insta-
bility and oncogene activation are two processes typically associated with cancer 
that involve DNA  hypomethylation  , and tumor suppressor gene inactivation is often 
linked with DNA  hypermethylation  . Irregularities in  histone modifi cations   can also 
lead to notable interruptions in gene regulation. Modifi cations made to histone pro-
teins can contribute to the development of disease, histone acetylation or deacety-
lation being the most commonly observed alterations [ 8 ]. 

 The disruption of normal gene expression has the potential to lead to cancer. 
Normal cell activities are altered when genes are silenced or overly stimulated. A 
gene that is not typically expressed in a cell can be turned on, and abnormally high 
levels of a particular protein may be produced. This disruption can be the result of 
mutations and/or changes in gene control. Epigenetic infl uences on the regulation of 
genes have been detected in various cancer cells. Researchers are trying to under-
stand the common changes that prompt the development of particular types of can-
cers and how these changes can be manipulated to ultimately destroy cancer cells 
[ 1 ]. 

 There are over 100 different types of cancers, which generally comprise three 
main groups: carcinomas, sarcomas, and leukemias/lymphomas [ 37 ]. About 85 % 
of cancers are carcinomas and involve malignances of epithelial cells [ 9 ]. 
Sarcomas are tumors of connective tissues, like muscle and bone. Leukemia is a 
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malignancy of the blood cells in the bone marrow, while lymphoma is a cancer of 
the lymphocytes, typically in the lymph nodes. The tissue of origin (e.g., lung 
carcinoma) and the cell type (e.g., erythroid leukemia) can be used to further clas-
sify malignant growths [ 37 ]. 

 Environment and heredity are the primary factors contributing to the onset of 
cancer, with environmental infl uences accounting for the vast majority of cancers 
[ 38 ]. Environmental factors include  diet  , tobacco, radiation, and infectious organ-
isms [ 39 ]. 

 Cancer arises from the accumulation of multiple mutations [ 40 ], and abnor-
malities in proto-oncogenes and tumor suppressor genes have been identifi ed in 
many malignant cells. Over 100 proto-oncogenes have been identifi ed, and at least 
15 tumor suppressor genes have been discovered [ 9 ]. Proto-oncogenes normally 
promote cell division; however, once they mutate to become cancer-causing genes, 
oncogenes, excessive cell proliferation can occur. Tumor suppressor genes pro-
duce proteins that normally inhibit cell division; however, mutated  tumor suppres-
sors   encode for proteins that directly or indirectly allow cells to divide 
uncontrollably [ 41 ]. 

 The suppression of gene expression through epigenetic regulation has been iden-
tifi ed in certain cancers. Both  DNA methylation   and  histone modifi cation   have been 
found to silence genes. In some malignancies, cells may exhibit abnormally high 
levels of methyl groups on cytosines in  CpG islands   of promoter regions of sup-
pressed genes. Also, histones that surround promoter regions may not be acetylated 
as in nonmalignant cells. Therefore, a combination of  DNA methylation   and histone 
deacetylation mechanisms may result in the suppression of gene expression [ 1 ]. 

 Both DNA  hypermethylation   and  hypomethylation   are mechanisms that occur in 
healthy cells under certain conditions, but both mechanisms have also been identi-
fi ed in cancer. Of the two processes, hypermethylation has received more attention 
with regard to its role in cancer, primarily because of its occurrence on certain 
cancer- associated gene promoter sites. Nonetheless, global DNA  hypomethylation 
  is reported to be prominent in highly repeated DNA sequences in cells of certain 
cancers, like breast, colorectal, and gastric cancers. Chromosomal instability and 
oncogene activation have been linked with hypomethylation. The degree of demeth-
ylation varies within and between different cancer types. However,   hypomethylation 
  has the potential to be used as a biomarker for detecting the early stage and progres-
sion of certain malignancies [ 42 ]. 

 Gene inactivation by aberrant DNA  hypermethylation   in promoter regions has 
been shown to be an important procedure in carcinogenesis, whereby key genes that 
normally inhibit cell division are turned off. And regions that are frequently tar-
geted by  hypermethylation   are  CpG islands  . Normal ovarian epithelial cells, for 
example, possess an estrogen receptor protein, but this protein is not often present 
in ovarian cancer. The promoter of the  estrogen receptor-α  gene is typically hyper-
methylated in malignant ovarian cells, suggesting that hypermethylation is a con-
tributing factor to the absence of the receptor protein [ 43 ]. In another example, the 
tumor suppressor gene   BRCA1   , which participates in DNA repair, is often mutated 
in inherited  breast cancer  . Though a mutated  BRCA1  gene is usually not identifi ed 
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in non- inherited breast cancer,  hypermethylation   of the gene has been observed. 
Therefore, both epigenetic mediation and DNA mutation appear to function in the 
development of breast cancer [ 9 ]. 

 Strong evidence suggests that aberrant  DNA methylation   patterns are respon-
sible for adversely altering certain biological pathways. For instance,  p53 , which 
functions as a tumor suppressor gene and is commonly mutated in cancer cells, 
can be silenced indirectly through epigenetic operations. Under normal circum-
stances, the tumor suppressor gene  p14ARF  inhibits MDM2, an oncogenic pro-
tein that assists with the degradation of p53 protein; however,  p14ARF  is found 
to be inactivated through methylation. Furthermore, in leukemia,  hypermethyl-
ation   has been observed in gene  p73 , which is a  p53  homolog [ 44 ]. Another 
example of how pathways may be affected by methylation involves the inactiva-
tion of the  Rb  gene. In its active state, the Rb protein binds to the transcription 
factor E2F, which controls the expression of several genes necessary for the tran-
sition of the cell into the S (DNA synthesis) phase of the cell cycle. DNA synthe-
sis cannot take place as long as Rb and E2F are bound [ 45 ]. However, 
 hypermethylation   appears to participate in the suppression of the  Rb  gene in 
some cancers, thereby silencing its production of protein product [ 46 ]. Also, 
DNA repair pathways can be thwarted when  hMLH1  is methylated. The suppres-
sion of this gene can result in microsatellite instability in gastric, endometrial, 
and colorectal tumors [ 47 ]. Additional examples of well- known tumor suppres-
sor genes that have been reported to carry out methylation- mediated silencing in 
cancer are  APC ,  p16INK4a , and  VHL . These and other discoveries have encour-
aged the continuation of research related to  DNA methylation   and its infl uence 
in initiating cancer. Specialized techniques for studying methylation have also 
been developed, in particular, sodium bisulfate treatment and methylation-spe-
cifi c PCR [ 9 ]. 

 Though not investigated as extensively as DNA methylation,  histone modifi ca-
tion   has been implicated in some cancers. The amino acids of the histone tails are 
subject to chemical alterations—i.e., acetylation, methylation, etc. These chemical 
tags infl uence  chromatin   structure and function by changing the properties of the 
tail itself and by offering binding sites for non-histone proteins [ 48 ]. The histone is 
continually modifi ed with the addition and removal of different chemical tags. 
Enzymes critical to these processes are HDACs, HATs, HMTs, HDMs, etc. 
However, irregular patterns of histone tags have been found in cancer. For example, 
it has been reported that genes that encode HDACs are usually over-expressed in 
gastric and  prostate cancers   [ 49 ]. In addition, aberrant deacetylation of histones has 
been found in certain types of leukemia, whereby gene translocations abnormally 
produce fusion proteins that recruit HDACs to promoters that subsequently sup-
press genes associated with cell differentiation [ 9 ]. The loss of both histone acetyla-
tion and histone methylation has been strongly linked with malignancy, in which 
the losses take place primarily at the acetylated lysine 16 and the trimethylated 
lysine 20 of H4. These losses were also linked to  hypomethylation   of repeated 
DNA sequences [ 50 ]. 
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 A combination of epigenetic procedures can be involved in altering gene 
expression. Another look at the tumor suppressor gene  Rb , for instance, reveals 
that its suppression during tumorigenesis may be associated with DNA  hyper-
methylation   [ 46 ], as noted above, as well as the inactivation of HDAC1. Under 
normal conditions, the cell cycle is halted during the G1 (Gap 1) phase in order for 
the cell to make any necessary DNA repairs before the cell enters the S phase [ 41 ]. 
This pause in the cell cycle is accomplished, in part, when the Rb protein recruits 
an HDAC complex composed of HDAC1, HDAC2, or HDAC3 to the promoter-
bound E2F transcription factor. HDAC activity is needed for the suppression of 
E2F target genes, notably the gene that encodes the cyclin E protein. This process 
is carried out when the enzyme deacetylates histone tails, causing  chromatin   to 
condense and, subsequently, genes to be silenced [ 51 ]. However, in cancer, a 
mutated Rb protein is inactivated, thus preventing its binding with HDAC so that 
chromatin can transform to a condensed state. As a result, the cell is no longer 
halted and progresses prematurely into the S phase. Hence the cell cycle is unregu-
lated, resulting in uncontrolled proliferation of abnormal cells [ 52 ]. 

 Research has shed light on ways in which some epigenetic pathways may be 
thwarted, and this knowledge has been translated into the development of novel 
cancer drugs that are designed to counteract negative epigenetic changes. These 
therapeutic strategies take into account that  epigenetic modifi cations   are potentially 
reversible. Scientists are examining how epigenetically inactive tumor suppressor 
genes and major  signaling   pathways can be reactivated [ 53 ]. 

 Many genes identifi ed as playing critical roles in carcinogenesis have been found 
to exhibit  hypermethylation   in their promoter regions; therefore, the use of  DNA 
methylation   inhibitors has the potential to become a promising treatment against 
tumor formation. The DNMT inhibitors 5-azacytidine and 5-aza-2ʹ-deoxycytidine 
have been studied extensively. However, results have been mixed regarding their 
effectiveness. It has been reported that both drugs exhibit anti-leukemic activity in 
clinical trials, but positive results were not noted in solid tumors. A potentially 
adverse reaction to these drugs includes DNA instability. And, there is the possibil-
ity that abnormal methylation may return once treatment has been discontinued 
[ 54 ]. 

 Inhibitors of histone deacetylases have also been examined as possible cancer 
drugs. HDACs typically suppress gene expression, and the abnormal recruitment of 
these enzymes has been found in certain cancers, like leukemia. In clinical trials, 
several drugs have been developed to block the binding of HDACs to their sub-
strates. These drugs include the following: butyrates, valproic acid, depsipeptide 
(FR901228), and hydroxamic acid-based compounds SAHA and pyroxamide. 
Though these drugs have been reported to be well tolerated, alteration of gene 
expression has been found to be selective [ 9 ]. Therefore, further research is required 
to identify substrate specifi cities of different HDACs and drugs that are more 
appropriate under certain conditions [ 55 ]. Detailed understanding of the numerous 
and complex mechanisms involved in aberrant epigenetic regulation may lead to 
more effective treatments against different cancers as well as other diseases .  
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4.6     Conclusion 

 The information acquired from epigenetic studies provides a better understanding 
of how genes are turned on or off and the means by which epigenetic chemicals can 
be acquired. Though epigenetic chemicals are important for normal growth and 
development, they may also induce certain diseases, including cancer.  Histone mod-
ifi cation   and  DNA methylation   are two epigenetic mechanisms that have been stud-
ied extensively, but the complexities of these processes still challenge our 
comprehension of their many intricacies. The study of  epigenetics   has not only 
enhanced our understanding of what makes each of us unique, but it has advanced 
the possibility of developing more effective ways of diagnosing and treating 
diseases .     
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