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  Pref ace         

 Although coined in the 1940s by Conrad Waddington and now representing an 
intense fi eld of biomedical research, the precise defi nition of Epigenetics remains 
controversial. In its simplest form epigenetics refers to heritable changes that are 
not due to changes in the underlying DNA sequence. Whereas DNA methylation is 
a well-known and relatively well-characterized epigenetic mechanism, it is still 
debatable as to whether other processes such as histone posttranslational modifi ca-
tions represent epigenetics per se, given their transient nature. In this volume, we 
discuss DNA methylation, histone posttranslational modifi cations and their altera-
tion by chromatin-modifying compounds, and regulation of gene expression by 
noncoding RNA and mi-RNA as part of the epigenetic umbrella. Indeed, this 
volume is quite broad consisting of an array of topics including epigenetic effects in 
various diseases such as autoimmune conditions, cardiovascular diseases, and 
asthma. The second part of this volume is dedicated to cancer and highlights epigen-
etic dysregulation in malignancy as well as a number of chapters related to emerg-
ing cancer therapeutics. 

 In Chap.   1    , Hussain discusses epigenetic mechanisms associated with childhood 
diseases. Hussain provides an excellent overview of epigenetic processes in health 
and disease. This chapter provides a detailed overview of various childhood condi-
tions with an epigenetic association, including various imprinting disorders, child-
hood malignancy, and diabetes. This is a very extensive chapter, and it highlights the 
broad spectrum of childhood diseases that can be linked with epigenetic perturba-
tions. Detailed molecular and epigenetic aspects are further explored in Chap.   2     by 
Torano et al. in the context of neuronal differentiation. In this chapter, Torano et al. 
describe epigenetic processes including DNA methylation, histone posttranslational 
modifi cations, chromatin remodeling and regulation by noncoding RNA in great 
detail in the context of maintenance of pluripotency. They further explore how aber-
rant epigenetic mechanisms are associated with a myriad of neurological diseases 
and malignancy. Further, a detailed overview of epigenetics is provided by 
Westerland in Chap.   3    . This chapter provides a thorough outline of the major 
 epigenetic mechanisms and potential interventions using DNA methyltransferase 
inhibitors (DNMTs) and histone deacetylase inhibitors (HDACi), compounds which 
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are further explored in the following chapters. In a different light, regulation by 
modifying the histone tails by proteolytic processing is described in Chap.   4     by 
Mandal et al. Although not as well characterized as the other processes such as 
histone acetylation or methylation, as described by Mandal et al., proteolytic 
 processing of the core histones is emerging as an important form of regulation of 
chromatin organization. 

 In Chap.   5    , Turker et al. describe health implications associated with probiotics 
and their metabolites. This chapter focuses on anti-infl ammatory effects of major 
probiotic metabolites which include the well-known short chain fatty acid HDACi, 
butyrate. In Chap.   6    , Coppede and Migliore provide an excellent outline and over-
view of the epigenetic mechanisms associated with autoimmune diseases. Indeed, 
in Chap.   6     epigenetic phenomena, particularly aberrant mi-RNA processes and his-
tone posttranslational modifi cations, related to major autoimmune conditions 
including systemic lupus erythematosus and rheumatoid arthritis are identifi ed and 
described. Emerging evidence for deregulated epigenetic mechanisms associated 
with other autoimmune diseases such as Sjrogren’s disease, psoriasis, and multiple 
sclerosis is also discussed in Chap.   6    . Chapter   7     continues the disease-specifi c con-
sideration with a discussion by Whayne, of epigenetic processes associated with 
cardiovascular disease. This also describes aspects of nutrition, including the well-
known methyl-donor folate and tobacco use that are associated with disease. 
Nutritional aspects are further expanded in Chap.   8     by Burgio and Migliore, in the 
context of obesity and diabetes. This chapter details genetic and epigenetic mecha-
nisms associated with metabolic  syndrome, diabetes, and cardiovascular disease. 

 Both Chaps.   9     and   10     by Tortorella describe genetic and epigenetic mechanisms 
and emerging therapies associated with asthma. Traditionally, asthma has been 
viewed as a disease with a heritable genetic component which is exacerbated by 
various environmental exposures in early childhood or later in life. It is also becom-
ing apparent that prenatal exposure can infl uence the risk of developing asthma in 
accordance with the Barker hypothesis of fetal programming (i.e., perturbations in 
nutritional or environmental conditions in utero lead to altered developmental 
 programming of organs, infl uencing the propensity to develop the disease later in 
life). This idea has been investigated predominantly by exploring the use of tobacco 
and increased risk of developing various lung pathologies, including asthma later in 
life. In Chap.   9    , Tortorella overviews epigenetic effects associated with prenatal and 
postnatal environmental exposures. Potential therapeutic avenues in the form of 
 trefoil factor 2 (Chap.   10    ) and emerging nanotechnologies (Chap.   10    ) for managing 
asthma are also explored. 

 Although mechanisms in cancer formed parts of some of the preceding chapters, 
the remaining chapters are focussed entirely on the aspects of malignancy including 
carcinogenesis, cancer metabolism, and emerging cancer therapeutics. For example, 
in Chap.   11    , Masih et al. describe the epigenetic effects of one-carbon metabolism 
and aberrant DNA methylation in cancer. In this chapter, Masih et al. provide a 
thorough overview of nutrients involved in one-carbon metabolism including folate, 
vitamins B6 and B12, choline, and betaine. This chapter also provides a 
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 comprehensive review of the effects of these nutrients in ten common malignancies 
of the gastrointestinal and reproductive systems. A different aspect of aberrant 
metabolism, namely the Warburg effect, in cancer is the subject of Chaps.   12     and   13     
by Molino et al. and Balding et al., respectively. The Warburg effect which postu-
lates that cancer cells predominantly utilize aerobic glycolysis rather than mito-
chondrial respiration was fi rst described in the 1920s. Although various small 
groups continued the work sporadically, it was not until the past few years that this 
topic is reemerging and has been recognized as a critical component of cancer biol-
ogy. Although the epigenetic component of the Warburg effect is still not well char-
acterized, there is emerging evidence for important links. Indeed, the epigenetic 
component of all aspects of carcinogenesis is now widely recognized, and epigen-
etic lesions are now not only being considered as the hallmarks of disease but also 
being incorporated into the multi-hit model. This is described and characterized by 
Migheli and Migliore in Chap.   14    . Keeping on the topic of epigenetics, nutrition, 
and metabolism in Chap.   15    , Pan et al. describe the effects of nutrition and energy 
intake in colon cancer. In this chapter, the key colon cancer-associated oncogenes 
and tumor suppressor genes are discussed in the context of tumor progression, and 
the cancer cell growth inhibitory effects of nutritional factors are described. 
Importantly, the potential prophylactic role of an anti-infl ammatory diet in colon 
cancer is outlined. 

 The fi nal three chapters in this volume deal with potential cancer therapeutics. 
In Chap.   16    , Mazarakis describes the potential protective and therapeutic effects of 
dietary antioxidants and chromatin-modifying compounds in cancer. This chapter 
focuses on phenolic compounds from olive and HDACi from a variety of foods. 
Similarly, the potential of HDACi in combinatorial therapies, in this case photo-
therapy, is discussed in Chap.   17     by Sung. HDACi have emerged as an important 
new class of anticancer therapeutics with two compounds, suberoylanilide 
hydroxamic acid (Zolinza) and depsipeptide (Romidepsin), being approved by the 
FDA for the treatment of cutaneous T-cell lymphoma and more recently depsipep-
tide for peripheral T-cell lymphoma. It is widely accepted that the clinical utility of 
HDACi will predominantly involve combination with other anticancer therapeu-
tics. In Chap.   17    , the potential anticancer effects of combinations of HDACi with 
ultraviolet phototherapy are considered. Anticancer therapy is also the subject of 
Chap.   18     by Mah et al. in which, nanoparticle formulations for targeted drug deliv-
ery are described. There is much excitement regarding the potential of nanoparti-
cles to deliver cytotoxic agents including epigenome-modifying siRNA to 
selectively induce apoptosis and cell-death in cancer cells. This chapter outlines 
varying approaches for appropriate nanoparticle preparations with potential clini-
cal applicability. 

 Overall, this volume encompasses a wide range of topics related to epigenetic 
mechanisms in health and disease. The scope of the volume spans from descriptions 
of fundamental epigenetic processes to potential epigenetic interventions for 
 preventing or treating various diseases. Epigenetic phenomena associated with 
numerous conditions including autoimmune diseases, cardiovascular disease, 
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asthma, and a variety of malignancies are detailed. Given the scope, this volume 
would be of appeal to a wide readership including those with interests in epigenetics 
and chromatin biology, disease-specifi c epigenetic aberrations, and emerging 
epigenetic- based cancer therapies.  

    Farmington, CT, USA Nilanjana     Maulik 
     Melbourne, VIC, Australia Tom     C.     Karagiannis    
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    Abstract     The part that epigenetic modifi cations play in the development of childhood 
health and disease is being established by ongoing research and discoveries in this 
fi eld. Right after the establishment of the genetic blueprint at the time of fertiliza-
tion and zygote formation, the human organism is subject to complex and necessary 
series of epigenetic modifi cations of this genetic code to bring about differentiation 
and development. There are well-recognized stages during this process where the 
epigenetic changes have the most lasting and profound effects and these are consid-
ered critical periods of vulnerability. Depending on the timing of insult within the 
critical time periods in the human life cycle where epigenetic modifi cations occur, 
the effect on health and disease could be transient or may persist across many 
generations. In this chapter classifi cation of human conditions based on the timing 
and etiology of epigenetic change has been attempted. Beginning with the time of 
fertilization of the egg with the sperm and subsequent fetal development and 
continuing from birth to the attainment of puberty, adulthood, and the generation 
of gametes for the next generation, the list of conditions where epigenetics has been 
found to play a key role have been listed and described. The role of epigenetics in 
certain special circumstances such as assisted reproductive technologies, develop-
mental origins of adult disease, and in the brain and behavioral disorders are also 
discussed. Understanding the critical period of causation of epigenetic effects may 
yield important clues in prognostication and in designing therapeutic approaches for 
these conditions.  

  Keywords     Infant   •   Newborn   •   Epigenetics   •   Imprinted genes   •   Development   
•   DNA methylation   •   Histone modifi cation   •   microRNA   •   X-inactivation  
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1.1         Introduction 

 If genetics and the transmission of the DNA code could be considered the indelible 
ink that writes on the parchment of inheritance, epigenetics could be thought of as 
the annotations made by pencil to this document; not surprisingly, erasures and 
alterations to this penciled code could leave smudges and marks that could alter the 
reading of this manuscript (Gosden and Feinberg  2007 ). If genetics is the link of 
transmission of DNA code from generation to generation, epigenetics is the inter-
pretation of this code in individual cells and tissues of the organism within a particu-
lar generation based on its unique environment. Therefore it is not surprising that a 
single-celled zygote with one set of genetic instructions can differentiate into 
tissues as varied as bone and brain and that identical twins can differ signifi cantly in 
their normal phenotypes and susceptibility to diseases.  

1.2     Waddington and Historical Background 

 Waddington in 1952 described the term epigenetics—“the science concerned with 
the causal analysis of development and the regulative capacities of the early embryo” 
(Waddington  1952 ). It was subsequently recognized as a “science of developmental 
processes in general” by Huxley ( 1956 ). Recently, the fi eld of epigenetics has 
helped provide important clues to determinants of health and disease in animal 
models and humans. The use of epigenetics is also being made in drug development 
and design (Marx  2012 ). Various processes have been found to be responsible for 
inducing epigenetic effects with the most well known being DNA methylation, his-
tone modifi cations, and microRNA (miRNA) modulation of transcription. 

 The discovery of genetic imprinting led to the identifi cation of DNA methylation 
as the fi rst biological process linked with epigenetic modifi cations. Genetic imprint-
ing, which distinctly involves the maternal or paternal genome, was fi rst described 
using gamete transfer experiments with mice in 1984 (McGrath and Solter  1984 ; 
Surani et al.  1984 ); the fi rst imprinted gene  igf2r  was identifi ed soon thereafter in 
1991 (Barlow et al.  1991 ; Bartolomei et al.  1991 ; DeChiara et al.  1991 ). Correlation 
of genetic imprinting with human disease was fi rst reported for Prader–Willi syn-
drome (PWS) in 1989 (Nicholls et al.  1989 ); although it was later in 1993 that 
DNA methylation was identifi ed as the process responsible for genetic imprinting 
(Li et al.  1993 ). 

 Other mechanisms for epigenetic modifi cations were soon discovered pertaining 
to histone modifi cations. The state of nuclear chromatin whether tightly compacted 
(heterochromatin) or loose (euchromatin) has long been known to be associated 
with silencing or activation of DNA function and thus important in regulation of cell 
function (Brown  1966 ). However, it was in late 1990s that the role of histone pro-
teins in folding of chromatin and altering availability of active regions of genes to tran-
scriptional factor regulation was fi rst suspected (Jones et al.  1998 ; Nan et al.  1998 ); 
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followed soon after by a more defi nitive review implicating histone modifi cations in 
epigenetic regulation (Jenuwein and Allis  2001 ). Of all the ways histone proteins could 
be modifi ed (methylation, acetylation), acetylation is perhaps the most important. 
Histone acetyl transferases (HATs) and histone deacetylases (HDACs) are key 
enzymes in regulating the balance of lysine acetylation of histones. 

 In early 2000s, another mechanism of epigenetic regulation was found to be the 
microRNA-induced modulation of mRNA transcription. microRNAs are evolution-
ary conserved noncoding nucleotides with 19–24 bases that regulate the translation 
and degradation of specifi c mRNA targets based on base pairing to complementary 
sites mainly in the 3′-untranslated region of the target mRNAs (Ambros  1989 ; 
Lagos-Quintana et al.  2001 ; Lau et al.  2001 ; Lee and Ambros  2001 ; He and Hannon 
 2004 ). miRNAs are uniquely organized within the genome and can be transcribed 
either from distinct intergenic loci or as a by-product of a host gene (Chen and 
Meister  2005 ; Bartel  2009 ). With the completion of the ENCODE project involving 
the “silent” non-gene-linked areas of the human DNA, it is being increasingly 
recognized that other noncoding RNAs may also play an important role in epigenetic 
regulation (Maher  2012 ). 

 There appears to be a close interaction between various mechanisms of epigenetic 
regulation. Some of the genes regulated by DNA methylation are for long noncod-
ing RNAs (lncRNA) such as  H19  involved with  IGF2  regulation. DNA methylation 
can initiate chromatin condensation and histone modifi cations through methyl-
DNA binding (MDB) proteins. Moreover imprinted domains transcribe numerous 
small noncoding RNAs (sncRNAs defi ned as <105 base pairs) which include a 
number of microRNAs (<24 bp). The imprinted domains in humans have the high-
est density of microRNAs with almost 7 % of microRNAs in humans encoded in 
this region (Labialle and Cavaille  2011 ; Girardot et al.  2012 ). Therefore the strict 
categorization of epigenetic processes is probably an oversimplifi cation of a com-
plexly interrelated process; but for the purpose of description and classifi cation 
these processes will be dealt with separately.  

1.3     Scope of the Chapter 

 Mammalian life cycle is characterized by an initial near complete reset of genetic 
potential (establishing totipotency) at the stages of primordial germ cells (PGCs) 
and early preimplantation embryo (pre-IE); with later epigenomic reprogramming 
in post-implantation embryo (post-IE); followed by extended phases of cellular dif-
ferentiation, unidirectional specifi c development, and effective lineage-restriction 
modulated through a complex network of transcription factors (Hackett and Surani 
 2013 ). The epigenome is represented by a combination of systems of DNA methy-
lation, histone modifi cations, and small RNA infl uences regulating gene expression 
through mitosis and meiosis of cells in the developing organism. The epigenome 
plays a signifi cant role in gene–environment interactions and it is likely that there 
are critical periods in early development where the normal process of establishment 
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of the epigenome puts the organism at higher risk. In this report we plan to use the 
“critical period” approach in categorizing the epigenetic basis of disease and altered 
development. Most of the discussion in this chapter is based on DNA methyla-
tion changes and effects related to other epigenetic mechanisms such as histone 
modifi cations and microRNA will be mentioned briefl y as appropriate. A detailed 
discussion of changes related to histones and microRNA is beyond the scope of 
this chapter.  

1.4     Concept of “Critical Period” 

 The genetic blueprint of an organism is constantly infl uenced by its environment 
for the ultimate expression of the phenotype. The capability of the organism in 
responding to the environmental infl uences indicates its “developmental plasticity” 
(Burggren and Reyna  2011 ). Developmental plasticity connotes not only a manifes-
tation of genotype–phenotype interaction during development but also defi nes a 
predictable series of reaction norms that persist at the individual, population, or 
species level (Hutchings  2011 ; Symonds et al.  2009 ). If the molecular basis of this 
developmental plasticity is transmittable across generations, it is probably a result 
of epigenetic modifi cations of the genome. Critical period of hormonal activity 
and its epigenetic actions have been well documented for sex differences in the 
brain (Nugent and McCarthy  2011 ) and also been implicated in the “Developmental 
Origins of Health and Disease (DOHaD)” hypothesis (Martin-Gronert and Ozanne 
 2012 ). Certain developmental transcription factors that have been shown to be epi-
genetically programmed by the early environment are PPARα, PDX-1, and HNF4α 
(Park et al.  2008 ; Martin-Gronert and Ozanne  2012 ; Lillycrop et al.  2005 ; Sandovici 
et al.  2011 ). The importance of the timing of insult causing the epigenetic changes 
is also highlighted in the Dutch Famine Cohort where it was noted that certain genes 
are affected by insults around the perinatal period ( IL10 ,  INISIGF ,  LEP ,  ABCA1,  
and  MEG3 ) but in other genes such as  GNASAS  epigenetic changes were associated 
with exposure to famine later in gestation (Lumey et al.  2007 ). 

 The effect of a stressor (both in dosage and duration) in modifying genotypic 
expression varies based on the innate biological processes that are ongoing in that 
particular organism’s development. There are certain periods where complex innate 
developmental changes provide a window of vulnerability that may be termed “criti-
cal periods.” During this critical period, the dose and/or duration of the stressor may 
move the organism to a different trajectory of development. A certain threshold may 
determine if the change is permanent or temporary. The site of the change, whether 
epigenetic or non-epigenetic will determine if the change may persist in one or many 
generations (Burggren and Reyna  2011 ). Thus there may be a biological basis for 
the truism attributed to Friedrich Nietzsche: “That which does not kill us makes us 
stronger”; maybe not quite “stronger” but certainly “more adaptable.” 

 The difference in timing of generation of male and female gametes and the 
differences that exist in the hormonal milieu in the two sexes during periods of 
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development may be part of the reason that sexual dimorphism is an important 
consideration in determining the critical period of epigenetic vulnerability 
(Vige et al.  2008 ). This is also an important consideration in designing experimen-
tal and evaluating epidemiologic studies (Vige et al.  2008 ). 

 Another important consideration is the relationship of a particular genetic or 
epigenetic modifi cation to other interactions within the organism to what is being 
increasingly referred to as the “interactome” (Venkatesan et al.  2009 ). Using 
network- based approaches to understanding systems biology, it is getting increas-
ingly recognized that genes and proteins constitute nodes that link to a network with 
central and peripheral hubs in which the central hubs are associated with vitally 
essential elements the abnormalities of which are embryo-lethal and hence do not 
manifest disease; the peripheral hubs of relatively nonessential elements being com-
patible with survival are responsible for disease (Barabasi et al.  2011 ; Barabasi and 
Oltvai  2004 ). Since each cell within an individual organism has a unique, time- 
varying epigenome, an integrated molecular pathological epidemiology (MPE) 
approach may be needed to fully understand and classify these processes (Ogino 
et al.  2013 ). To some extent these above mentioned approaches have been used in 
this chapter to classify conditions that have an epigenetic basis.  

1.5     DNA Methylation Dynamics During Life Cycle 

 Of the various mechanisms of epigenetic regulation, DNA methylation dynamics 
during the mammalian life cycle are most well studied (Nafee et al.  2008 ) (Fig.  1.1 ). 
Similar life cycle patterns for histone modifi cations and noncoding RNA regulation 
are still under intense investigation. DNA methylation occurs at 5′ of cytosine 
(5mC)    within a CpG dinucleotide sequence and is critical for embryonic develop-
ment in mammals. DNA methylation plays an important role not only in genomic 
imprinting but also in gene repression, X chromosome inactivation, and transposon 
silencing among other cellular processes (Bird  2002 ). The most common sites 
within the genome for DNA methylation is the intergenic region and in repetitive 
sequences (such as satellite repeats, and long and short interspersed nuclear elem-
ents—LINEs and SINEs). However, the promoter sequences of genes which are 
mostly GC-rich are usually unmethylated (Weichenhan and Plass  2013 ). This may 
be due to the fact that 5mC in DNA is inherently unstable and tends to deaminate to 
thymidine thus depleting the bulk of genome of CpG motifs except where they are 
clustered in regions known as CpG islands (CGIs). The CGIs are usually associated 
with promoters of genes. Generally most CpG sites within the matured genome are 
by default methylated irrespective of the genetic context but the CGIs remain 
unmethylated during development (Meissner et al.  2008 ; Suzuki and Bird  2008 ; 
Hackett and Surani  2013 ).

   The mechanism by which methylated DNA (methylated cytosine—5mC) con-
trols gene expression is by the attraction and binding of MDB proteins and the 
subsequent chromatin condensation into a transcriptional repressive confi guration 
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(Bird  1992 ; Newell-Price et al.  2000 ). Four mammalian MDB    proteins identifi ed so 
far are MeCP2, Mdb1, Mdb2, and Mdb4 (Lan et al.  2010 ). 

 During mammalian development, immediately after fertilization, DNA derived 
from both gametes undergoes dynamic remodeling to give rise to a globally demeth-
ylated state or a metaphoric “clean slate” on which subsequently, a progressively 
lineage-specifi c methylation pattern (methylome) is established for the uniquely 
new individual and then maintained through subsequent mitosis (Hackett and Surani 
 2013 ; Wossidlo et al.  2011 ). The zygote with subsequent stages of cell division and 
implantation continues with extensive demethylation giving rise to the pluripotent 
inner-cell mass which has the capability to form embryonic stem (ES) cells in vitro. 
Embryonic lineage specifi cation then occurs simultaneously with de novo methyla-
tion as the organism locks-in more specifi c cellular identity. At a future point (cor-
responding to E6.5 in mice and post-conception day 13–15 in humans), the inner 
cell mass continues to progress with differentiation and cellular specialization of 
somatic tissue; the cells destined to form PGC undergo another demethylation phase 
(E12.5 in mice) that lasts until gamete-specifi c methylome is developed and imprint-
ing of maternal and paternal genes is completed (Hackett and Surani  2013 ; 
Horsthemke  2010 ). Interestingly, in the germline processes remethylation of the 
genome completes in the male germline before birth (at approximately embryonic 
day 18.5 in mice) (Davis et al.  2000 ); but in the female, remethylation of the 
oocyte does not occur until after birth and puberty when it is initiated every time a 
crop of follicles is recruited (Reik and Walter  2001 ). It is also worth noting that dur-
ing the initial phase of demethylation after fertilization, the imprinted genes of the 
germline and the gametes do not get demethylated and preserve their methylation 
imprint. These gametes when they come together at fertilization from different par-
ents to form the zygote start the cycle of demethylation once again. Importantly the 
erasure and reestablishment of parent of origin-specifi c imprints is vital for creating 
totipotency in the zygote (Hajkova et al.  2002 ). 

 Throughout cell division, the maintenance or preservation of methylation of DNA 
is done by the ubiquitously expressed DNA methyltransferase 1 (DNMT1) which 
methylates the hemimethylated CpG dinucleotides in the nascent DNA after replica-
tion (Hermann et al.  2004 ). Another important factor in maintenance of methylation 
is the KRAB zinc-fi nger protein ZFP57 (Li et al.  2008 ). When needed, for establish-
ment of new methylation patterns, de novo DNA methyltransferases 3A and 3B 
(DNMT3A and DNMT3B) are utilized and DNMT3L may act as their cofactor 
(Hata et al.  2002 ). Demethylation was previously thought to occur passively in the 
absence of DNMT1 but recently active demethylation systems have been identifi ed. 
Active demethylation is mediated by Tet-methylcytosine dioxygenases (Tet 1 and 
Tet 3) that convert 5-methylcytosine by oxidation to 5- hydroxymethylcytosine and 
then to 5-formylcytosine (5fC). Subsequently, base excision repair pathway and 
thymine-DNA glycosylase (TDG)    may be involved in removal of these oxidation 
products (He et al.  2011 ; Tahiliani et al.  2009 ; Rivera and Ross  2013 ; Seisenberger 
et al.  2013 ). 

 Given the complexity of DNA methylation processes that occur at various times 
in the life cycle, it is not surprising that there may be many critical periods of vul-
nerability where external or inherited factors may alter the methylome and 
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depending on the timing of these alterations, the effect may be seen in the zygote or 
the inner cell mass or the developing germline or the fully differentiated somatic 
cell; consequently the ultimate expression of the change may be seen in the whole 
organism within its lifetime or through the gametes manifest the change in a future 
generation. A good example of the transgenerational effect    is the development of 
cancer seen in female offspring of women who were exposed to diethylstilbestrol 
(DES) during the germline development of their fetus in early pregnancy (Li et al. 
 2003 ; Walker and Gore  2011 ).  

1.6     Classifi cation of Epigentics Related Disorders 
in Childhood 

 Based on our understanding of DNA methylation dynamics during the human life 
cycle, it is possible to classify disorders of DNA methylation and other epigenetic 
mechanisms by the critical time period in which the susceptible cells are affected, 
starting from the PGCs developing in the genital ridge of the embryo to the trans-
mission of these epigenetic marks to the subsequent generation at the point of fertil-
ization (Fig.  1.2 ). Long-term effects of the epigenetic change would probably 
depend on the timing of the change and to the potential generation of cells and tissue 
that particular cell can produce. In the case of PGCs, the effect of epigenetic imprints 
may last up to the F3 generation of the organism (Skinner et al.  2013 ); but an epi-
genetic change in a mature somatic cell will probably be restricted to that cell’s 
specifi c progeny in the tissue (Teschendorff et al.  2013 ). The former could result in 
signifi cant organism-wide changes involving multiple tissue lines and the latter 
could signifi cantly impact a single tissue as in the development of malignancy. 
For the purpose of this chapter, mostly DNA methylation-related epigenetic changes 
are described and changes related to histone modifi cations and microRNAs will 
only be mentioned as appropriate.

   A comprehensive classifi cation of all disorders associated with epigenetic 
changes is provided and most of these disorders have an effect on childhood health 
and disease. Broadly the disorders that result in epigenetic changes may be classifi ed 
into two main categories:

    1.    Primary epigenetic disorders—(Table  1.1 ) where the changes primarily affect the 
epigenome without any accompanying or predisposing genetic changes. The inheri-
tance of these disorders is variable and the ability for therapeutic manipulation is 
more robust because the underlying functional proteins involved are not defective 
but only their regulation is altered.

       2.    Secondary epigenetic disorders based on primary genetic conditions—(Table  1.2 ) 
where epigenetic changes occur because of primary changes in the genome and 
its gene product. The inheritance of these disorders follows classical Mendelian 
or chromosomal inheritance patterns. Since a defect in functional protein may be 
responsible for the changes seen, the ability for therapeutic manipulation is much 
more limited.

N. Hussain
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  Fig. 1.2    Germline methylation cycle.  1 . Primordial germ cells originate in epiblast cells arising 
in the posterior primitive streak at E7.5 in mice (corresponding to post-conception days 15–18 in 
humans). They then migrate, starting to the genital ridge around E8.5 in mice (post-conception 
day 19 in humans) and complete their migration around E11.5 in mice (post-conception days 
32–33 in humans).  2 . It is soon after the migration to the genital ridge that imprinted genes are 
demethylated and start the process of reestablishment of the imprint with remethylation. This 
period of DNA demethylation is between E11.5 and E12.5 in mice and corresponds approxi-
mately to post-conception days 33–40 in humans. Following that the genomes of the developing 
gametes are de novo methylated and acquire imprints and this process continues until at least 
E18.5 in male mice corresponding to post-conceptional day 49–52 in human males.  3 . In the fetal 
period, there is an arrest of germline development which in males is in G1 phase of mitosis after 
completion of remethylation but in females the arrest occurs after initiation of meiosis in the 
prophase of Meiosis I. In females however, the remethylation can occur until the oocyte matures 
before ovulation; thus going into puberty and beyond. In fact, female secondary oocytes do not 
complete their meiosis until right at fertilization with the formation of the second polar body.  4 . 
After fertilization of male and female gametes to form the zygote, the germline imprinted genes 
do not participate in the genome-wide demethylation and de novo methylation that is critical in 
establishing of the embryo and trophoblastic cell lines and their further differentiation. With 
formation of the epiblasts in the embryo the cycle of germline imprinting starts again. 
Abbreviations used in the fi gure:  PGC  primordial germ cells,  PrOc  primary oocyte,  PrOc MeI  
primary oocyte undergoing Meiosis I,  SeOc MeII  secondary oocyte undergoing Meiosis II, 
 Spg  spermatogonia,  Spc  spermatocyte,  Spc - MeI  spermatocyte undergoing Meiosis I,  Spt - MeII  
spermatids undergoing Meiosis II       
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     Table 1.1    Primary epigenetic disorders   

 Conditions  Chr  Genes 

 I.A. Effects at the primordial germ cell stage of development (disorders of imprinting) a  
  I.A.1. BWS and SRS syndromes (chromosome 11p15) 
   I.A.1.1. Beckwith–Weidemann 

synd. (BWS) 
 11p15pat   IGF2 ,  H19 ,  CDKN1C ,  KVLQT1 , 

 KCNQ10T1  ( LIT1 ) 
   I.A.1.2. Silver–Russell synd. 

(SRS) 
 11p15mat; 

7q13 
  IGF2 ,  H19 ,  MEST ,  PEG1 ,  CPA4 , 

 COPG2 ,  MESTIT ,  CIT2 / COPG2IT1  
  I.A.2. PWS and Angelman (chromosome 15q11) 
   I.A.2.1. Prader–Willi syndrome 

(PWS) 
 15q11-13pat   SNURF - SNRPN ,  NDN ,  MKRN3 

MAGEL2  
   I.A.2.2. Angelman syndrome 

(AS) 
 15q11-13mat   UBE3A  

  I.A.3. Albright hereditary osteodystrophy-like syndromes 
   I.A.3.1. PHP-Ia  20q13.3mat   GNAS1  
   I.A.3.2. PPHP  20q13.3pat   GNAS1  
  I.A.4. Transient neonatal diabetes 

mellitus type I 
 6q24   PLAG1 ,  HYMA1  

  I.A.5. UPD 14 syndromes 
   I.A.5.1. Wang syndrome or 

UPD(14)pat 
 14q32.2pat   DLK1 ,  RTL1 ,  MEG3  ( GTL2 ),  MEG8  

   I.A.5.2. Temple syndrome or 
UPD(14)mat 

 14q32.2mat   DLK1 ,  RTL1 ,  MEG3  ( GTL2 ) 

  I.A.6. Multilocus hypomethylation 
defects (MHD) 

  PLAG1 ,  ZAC1 ,  ZFP57 ,  NLRP2 ,  CTCF , 
 MBD3 ,  SNRPN ,  PEG3 ,  NESPAS ,  H19  

  I.A.7. Maternal UPD(16)  UPD(16) 
  I.A.8. Germline epimutations associated with neoplasia 
   I.A.8.1. Lynch syndrome  ?   MLH1 ,  MSH2  
   I.A.8.2. Familial paragangliomas  11q23   SDHD  
   I.A.8.3. NOEY2 gene-related 

cancers 
 ?   NOEY2  

 I.B. Effects from conception to completion of embryogenesis including fi rst trimester 
  I.B.1. Turner syndrome and 

selective X m  or X p  effects 
 Xp   Xlr  

  I.B.2. Epigenetic infl uences on 
trophoblast and placenta 

 UPD(14); 
6q24.2 

  RTL1 ,  PEG11 ,  DLK1 ,  DIO3 ,  NLRP7 , 
 PLAG1  

  I.B.3. Epigenetic effects on somatic cells—early development 
   I.B.3.1. Twin growth discordance  Many   H19 ,  IGF2  
   I.B.3.2. Prematurity  Many   NFIX ,  RAPGEEF2 ,  MSRB3  
   I.B.3.3. Infantile biliary atresia  ?   ITGAL ( CD11A ),  RASSF1A ,  p16 ,  CDH1 , 

 TFPI2 ,  NPTX2 ,  APC  
   I.B.3.4. Wilms’ tumor  5; 11p15   H16 ,  IGF2 ,  WT1 ,  CTNNB1 ,  WTX ,  TP53  
   I.B.3.5. Hepatoblastoma  11p15   H19  
   I.B.3.6. Retinoblastoma   RB1  
   I.B.3.7. Others   H19 ,  Igfr2 ,  U2af - rs1  
 I.C. Effects from mid-late gestation and continuing to postnatal development until adulthood 
  I.C.1. Postnatal stress and 

epigenetics 
 ?   NR3C1  

(continued)

N. Hussain



Table 1.1 (continued)

 Conditions  Chr  Genes 

  I.C.2. Epigenetic basis of adult 
onset disease 

 Many   IL10 ,  GNASAS ,  INSIGF ,  LEP ,  ABCA1 , 
 MEG3 ,  PPARα ,  PDX1 ,  HNF4α  

  I.C.3. Malignancy and epigenetics  Many 

  By convention human genes are represented in capitalized italics and mouse genes in lower case 
italics 
  a A number of disorders of imprinting are common with chromosomal rearrangements and unipa-
rental disomy, however, purely epigenetic changes can potentially case the same condition 
  Abbreviations :  Chr . chromosomes,  X   m   maternally derived X chromosome,  X   p   paternally derived X 
chromosome,  synd . syndrome  

    Table 1.2    Secondary epigenetic disorders due to disorder of genetic DNA   

 Conditions  Chr  Genes 

 II.A. Gene abnormalities with DNA methylation effects 
 II.A.1. ICF (type 1) syndrome  1, 9, 16 & X   ZBTB244 ,  SYK ,  SH3BP5  
 II.A.2. Rett syndrome—MeCP2 gene   MECP2 ,  MKX ,  CKB ,  FYN  
 II.A.3. Fragile X syndrome  Xq27.3   FMR1  
 II.A.4. X-linked alpha-thalassemia/mental 

retardation syndrome (ATX-R) 
 Xq13   ATRX  

 II.A.5. Fascioscapulohumeral dystrophy  4q35   Multiple genes  
 II.A.6. Hereditary sensory and autonomic 

neuropathy type I (HSAN1) 
 19p13.2   Multiple genes  

 II.A.7. Autosomal dominant cerebellar ataxia, 
deafness, and narcolepsy 

 II.B. Genetic syndromes causing histone modifi cations 
 II.B.1. Rubinstein–Taybi syndrome  16p13.3   CREBBP ,  EP300  
 II.B.2. Genitopatellar syndrome (GPS)   KAT6B  
 II.B.3. Say-Barber-Biesecker-Young-Simpson 

syndrome (SBBYS) 
  KAT6B  

 II.B.4. Coffi n–Lowry syndrome  Xp22.2   RPS6KA3  
 II.B.5. Sotos syndrome  5q35.2   NSD1  
 II.B.6. Weaver syndrome   EZH2 ,  NSD1  
 II.B.7. Brachydactyly-mental retardation 

syndrome (BDMR) 
 II.B.8. Kleefstra syndrome  9q34.3   EHMT1  
 II.B.9. Kabuki syndrome  X   MLL2 ,  KDM6A  
 II.B.10.  Siderius X-linked mental retardation 

syndrome (MRXSSD) 
 X   PHF8  

 II.B.11.  Claes–Jensen X-linked mental 
retardation syndrome 

 X   JARID1C  ( SMCX ) 

 II.C. Genetic mutations that affect noncoding RNAs 
 II.C.1. Amyotrophic lateral sclerosis   TARDBP  
 II.C.2. DiGeorge syndrome   DGCR8  
 II.C.3.  Goiter, multinodular1, with or without 

Sertoli–Leydig cell tumors 
 22q11.   DICER1  

 II.D. Chromosome deletion and rearrangements—epigenetic changes: 
 II.D.1. 9q subteloric deletion syndrome:  9q   EHMT1  
 II.D.2. 46XY inversion(10)(q11.1;q21.3)  X, 10q   TRIP8  
 II.D.3. Wolf–Hirschhorn syndrome  4p16.3   WHSC1L1  

  By convention human genes represented in capitalized italic and mouse genes in lower case italics 
  Abbreviations :  Chr  chromosomes  
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1.7            Primary Epigentic Disorders 

 The primary disorders of epigenetic regulation may be further classifi ed into three 
groups based on the cell populations affected at critical periods of epigenetic 
changes that occur within an individual’s lifetime (Table  1.1 ; Fig.  1.3 ).

1.7.1       Germline 

  Effects at the primordial germ cell stage of development  ( disorders of imprinting ): 
Most of the disorders in this category may also be caused by chromosomal rear-
rangements and uniparental disomy (UPD) but purely epigenetic changes can 
potentially cause a similar condition. Formation of gametes occurs from PGCs and 
“imprinted genes” are established that do not get erased during the rest of the life in 
that generation. However, these imprints can be transmitted through subsequent 
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generations. The timing of this starts in the later stages of early embryogenesis, 
corresponding to E11.5–E12.5 in mice (post-conception days 33–40 in humans) 
and ends by E18.5 in male mice (corresponding to post-conception days 49–52 in 
humans). In females of both mice and humans on the other hand, this stage may not 
be completed through puberty and adulthood.  

1.7.2     Somatic and Trophoblastic Cells Including 
X Chromosome Inactivation 

  Effects from conception to completion of embryogenesis including fi rst trimester : 
Fertilization of the gametes and formation of the early embryo from conception to 
most of the fi rst trimester of gestation involves a period of demethylation and de 
novo methylation of the genome. Most purely epigenetic disorders are part of this 
group because this is the stage where most of the methylation markers are removed 
and reestablished (except the imprinted genes which do not change); also the inacti-
vation of the extra X chromosome occurs in females.  

1.7.3     Later Somatic Cell 

  Effects from mid - late gestation and continuing to postnatal development until 
adulthood : Conditions listed under this category have the most potential for modi-
fi cations to promote health and prevent or treat disease. The fi eld of study of 
“Developmental Origins of Health and Disease (DoHaD)” and research related to 
the origins or cancers and neuropsychiatric disorders are directly infl uenced by the 
epigenetic changes that may occur during this stage. 

 The subsequent part of this chapter will detail the processes involved and the 
conditions that occur due to abnormalities in the normal process of epigenetic regu-
lation and differentiation.   

1.8     Effects at the Primordial Germ Cell Stage 
of Development (Disorders of Imprinting) 
( Potential Multigenerational Effects ) 

 Human embryo develops sexual identity by about 8 weeks after conception. 
Determination of gonadal sex is by the differentiation of the bipotential embryonic 
gonad into male testis or female ovary. Subsequently the action of testicular hormones 
are involved in the development of male external genitalia and regression of female 
internal reproductive organs; by default the lack of action of testicular hormones leads 
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to the development of the female reproductive organs (Ludbrook and Harley  2004 ). 
PGCs originate in epiblast cells arising in the posterior primitive streak at E7.5 in mice 
(corresponding to post-conception days 15–18 in humans) (Morgan et al.  2005 ; 
O’Rahilly  1979 ). They then migrate to the genital ridge around E8.5 in mice 
(post-conception day 19 in humans) and complete their migration around E11.5 in 
mouse (post-conception days 32–33 in humans). It is soon after the migration to the 
genital ridge that imprinted genes are demethylated and start the process of reestab-
lishment of the imprint with remethylation. This period of DNA demethylation is 
between E11.5 and E12.5 in mice and corresponds approximately to post-conception 
days 33–40 in humans (Morgan et al.  2005 ; O’Rahilly  1979 ). Following that the 
genomes of the developing gametes are de novo methylated and acquire imprints 
and this process continues until at least E18.5 in male mice corresponding to post-
conceptional days 49–52 in human males. In females of both species however, the 
remethylation can occur until the oocyte matures before ovulation; thus going into 
puberty and beyond (Morgan et al.  2005 ; O’Rahilly  1979 ). Changes occurring in the 
germline at this stage have the potential to have manifestations into the next two 
generation of offspring (Manikkam et al.  2012 ; Skinner et al.  2013 ). 

1.8.1     Mechanism of Imprinting 

 In contrast to the biallelic expression of most genes, expression of genes subject to 
genomic imprinting is monoallelic and based on the sex of the transmitting parent. 
The mechanism of imprinting was discovered from a series of nuclear transplanta-
tion experiments in the early 1980s in which it was shown that gene function could 
differ based on whether a particular set of genes were inherited from the mother or 
the father (McGrath and Solter  1984 ; Surani et al.  1984 ; Cattanach and Kirk  1985 ). 
The correlation of these observations to human disease was initially made with the 
fi nding of maternal heterodisomy with altered gene imprinting in PWS (Nicholls 
et al.  1989 ). Soon other human diseases related to imprinting were identifi ed and 
currently there is a growing list of conditions that could be classifi ed as imprinting 
disorders (Eggermann et al.  2013 ). More and more conditions are being identifi ed 
because there are at least 150 imprintable genes in the mouse and at least 60 have 
been identifi ed as human imprintable genes (  http://igc.otago.ac.nz/home.html    ) 
(Harwell  2013 ; Horsthemke  2010 ). Genomic imprinting could be understood    as a 
series of steps where imprints are reset at generation. Imprints are erased in PGCs, 
established in the germline according to the sex of the embryo and maintained 
throughout life until the development of PGCs of the next generation. Imprinting 
marks are inherited from paternal gametes and maintained unchanged during devel-
opmental reprogramming and demethylation in early embryogenesis and persist 
during mitosis in somatic cells through the lifetime. However, during later embryo-
genesis when PGCs are in the process of migrating to the genital ridge in the devel-
opment of the new gonad, the imprints are erased and reestablished for the next 
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generation according to the sex of the contributing parent (Eggermann et al.  2013 ). 
The process of imprinting is mostly regulated by imprinting centers (ICs) on the 
same gene on which it has its effect ( cis -acting). Imprinted genes and ICs seem to 
occur in clusters and thus far they have been found mostly on chromosomes 6, 7, 11, 
14, 15, and 20 in humans. Imprinted genes are typically associated with genes regu-
lating growth, development, and evolutionary survival and are characterized by the 
presence of differentially methylated regions (DMRs). Imprinted gene DMRs rep-
resent parental allele-specifi c methylation profi les which could be maintained 
across many generations (Murphy et al.  2012 ; Park et al.  2012 ). Epigenetic transi-
tions during gametogenesis are important in their impact on development and dis-
ease in infants (Kota and Feil  2010 ). Most imprint control regions (ICRs) have DNA 
imprints conferred during oogenesis and could be termed “maternal ICRs”—e.g., 
 KCNQ1  on chromosome 11,  GNAS  on chromosome 20, and  PWS  on chromosome 
15. Conversely, only two could be termed “paternal ICRs”—viz.  IGF2 - H19  
imprinted domain on chromosome 11 and  DLK1 - DIO3  on chromosome 14 (Girardot 
et al.  2012 ).  

1.8.2     Molecular Changes Involved in Imprinting Disorders 

 There are four common ways by which imprinting disorders originate and only one 
of them involves abnormal methylation of specifi c DNA regions termed epimuta-
tion (in contrast to genetic mutations involving DNA sequence). The other three 
mechanisms involve alteration of genetic material: (a) UPD where both chromo-
somal homologs are inherited from one parent, (b) microdeletions of specifi c 
regions or duplications of a particular DNA segment, and (c) point mutations involv-
ing DNA sequences in the imprinted genes. For the purpose of the following discus-
sion on imprinting, no distinction will be made regarding the various mechanisms 
involved but rather the focus will be on the effect of the change of imprint.  

1.8.3     Sex Differences in Imprinting 

 The process of genetic imprinting though largely similar has important differences 
in males and females (Fig.  1.2 ). As mentioned above, the process of imprint erasure 
from germline cells occurs at the same time in both males and females in early 
embryogenesis (E11.5–E12.5 in mice corresponding to post-conception days 33–40 
in humans). However, the process of gamete formation and thus the process of rees-
tablishment of the methylation imprint differs greatly between male and female 
embryos. Male germline cells enter into a state of mitotic arrest at this stage (approx-
imately around post-conception days 40–42 in humans) and will reinitiate mitosis 
and the two phases of meiosis (Meiosis I and Meiosis II) to generate spermatozoa 
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only after puberty. In contrast, female germline cells complete their mitosis and start 
their Meiosis I stage while still in the developing gonad at the genital ridge, and go 
into arrest at Prophase of Meiosis I. They stay in this stage until the start of each 
cycle of oocyte production after puberty when they fi nally complete Meiosis I and 
Meiosis II to generate the mature oocyte. 

 In female germline of the developing oocyte, after erasure at the PGC stage, 
DNMT3A and DNMT3L (de novo methyltransferases) are required for the reestab-
lishment of maternal imprints (Li and Sasaki  2011 ) DNMT3B is also needed but is 
dispensable. The DNMT3A/DNMT3L complex fi nds its sex-specifi c targets in one 
of the three ways: by seeking DNA regions with an 8–10 nucleotide CpG interval, by 
recognition of unmethylated H3K4 (histone), or by help of KRAB zinc-fi nger pro-
tein ZFP57. In addition, there may also be a role for Nesp transcripts at the  GNAS  
locus in oocytes or the presence of lysine H3K4 demethylase KDM1B (Li and Sasaki 
 2011 ). In male germline also, DNMT3A and DNMT3L play a central role but the 
role of ZFP57 and other factors is not prominent. Moreover, the role of an isoform 
of DNMT1o involved in maintenance of methylation is prominent in the oocyte and 
conversely the role of the demethylation mechanism related to Tet3 is more promi-
nent in the male pronucleus (Rivera and Ross  2013 ).  

1.8.4     Establishment and Maintenance of Imprinting 

 Imprint establishment and maintenance play a role in the development of childhood 
disease (Tomizawa and Sasaki  2012 ). In preimplantation embryo, DNMT1 is 
mainly responsible for maintenance of DNA methylation and its isoform DNMT1o 
is important at the one-cell oocyte level. Other important elements in maintenance 
of imprinting during the preimplantation embryo wave of demethylation are: ZFP57, 
PGC7 (Stella), and a methyl-CpG binding protein Mbd3. In the post-implantation 
period, again DNMT1 is important in somatic lineages. Other factors include 
 differential histone modifi cations: H3K4me and histone acetylation marks the 
less-CpG- methylated allele; H3K9me3, H3K20me3, and H2A/H4R3me2 mark the 
more-CpG-methylated imprinted allele. In the trophoblast lineage of the embryo, 
however, DNA methylation has less of a role and the role of histone modifi cations 
seems to be more prominent. The important histones being H3K9me and H3K27me3; 
and their effects mediated by G9a and PRC2 (Polycomb repressive complex 2), 
respectively.     

1.8.5     Erasure of Imprinting 

 Even though imprinted genes evade the wave of demethylation in the early preim-
plantation development, they have a critical period of demethylation that occurs at 
the PGC stage of the developing germline in the embryo. Most methylation marks 
from imprinted genes are erased in PGC of both sexes and then reappear at different 
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stages in the two sexes. In men, the methylation marks on imprinted genes reappear 
in prospermatogonia, before cells reenter mitosis and this process occurs during 
early embryogenesis, well before birth. In women this process is delayed until after 
the initiation of meiosis and the oocytes have started growing in follicles, occurring 
after birth and attainment of puberty. Therefore it is not surprising that transgenera-
tional inheritance of epigenetic alterations may also be different in men and women 
(Hitchins et al.  2007 ; Gosden and Feinberg  2007 ). Erasure of imprinting in PGC can 
be active by demethylases, or passive by not methylating during replication. The 
10–11 translocation family proteins (Tet1, Tet2, and Tet3) are important in conver-
sion of 5 methylcytosine (5mC) to 5 hydroxymethylcytosine (5hmC) which is an 
important intermediary in the demethylation process (He et al.  2011 ).   

1.9     Disorders of Imprinting (Table  1.1 ) 

1.9.1     BWS and Silver–Russell Syndromes 

 The two paradigmatic disorders of imprinting are Beckwith–Weidemann syndrome 
(BWS) and Silver–Russell syndrome (SRS)—both involving the cluster of genes on 
chromosome 11p15.5 regulated by two ICRs: the maternally methylated  KCNQ1OT1  
ICR (or KvDMR1) located in the 5′ region of  KCNQ1OT1 , and the paternally methyl-
ated H19 ICR located between  H19  and  IGF2  (Demars et al.  2011 ). There is an 
inverse relationship between  H19  and  IGF2  expressions with  H19  expression having 
a suppressive effect on  IGF2 . Hypomethylation of  KCNQ1OT1  is the most common 
fi nding in BWS or sometimes there is hypermethylation of  H19 . Conversely, in 
SRS, there is hypomethylation of  H19  ICR (Tomizawa and Sasaki  2012 ). Paternal 
UPD is found in BWS and maternal UPD in SRS   . 

    Beckwith–Weidemann Syndrome 

 BWS, fi rst described in 1964 (Wiedemann  1964 ), is characterized by macrosomia, 
macroglossia, omphalocele, and characteristic ear creases and/or pits. Other features 
include capillary nevus fl ammeus over the central forehead and eyelids, a large fon-
tanel, prominent eyes with periorbital fullness, accelerated bone age, growth asym-
metry, hemihypertrophy, and organomegaly involving the kidneys, liver, pancreas, 
and spleen. Patients with BWS have an increased intra-abdominal tumor rate (10–
20 % of cases) particularly of the kidneys and occasionally the liver. Additional 
fi ndings include neonatal hypoglycemia, present in more than one-third of cases, 
cardiovascular defects, and cryptorchidism. Prevalence of this condition is 1:15,000 
and about 60 % are due to epigenetic imprinting defects. Genes involved are clus-
tered on a band at chromosome 11p15.5 containing many imprinted genes, both 
maternal and paternal.    This large domain is organized into two separately controlled 
“imprint control regions (ICRs)”—a telomeric (ICR1) and centromeric (ICR2). 
Genes included are  IGF2  (paternally expressed),  H19  (maternally expressed), 
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 CDKN1C  (maternally expressed),  KVLQT1  (maternally expressed), and  KCNQ10T1  
( LIT1 ) (paternally expressed). The epigenetically infl uenced modes of expression of 
each of these genes have been correlated with varying clinical expressions of the 
syndrome (Bliek et al.  2009b ; Butler  2009 ). The involvement of chromosome 11p15 
is mostly epigenetic with hypomethylation of centromeric imprinting center region 
in about 50 %; although other abnormalities including paternal UPD 11 (15 %), loss 
of imprinting of  IGF2  (5 %), mutations in  CDKN1C,  or the centromeric imprinting 
center region (10 %) are also found (Butler  2009 ).  

    Silver–Russell Syndrome 

 SRS was fi rst reported by Silver et al. in 1953 (Silver et al.  1953 ) and further char-
acterized by Russell in 1954 (Russell  1954 ). It is characterized by severe prenatal 
and postnatal growth restriction, a characteristic facial appearance including a 
small, triangular face, frontal prominence, late closure of the anterior fontanel, 
immature bone development, somatic growth asymmetry especially of the limbs, 
and clinodactyly (Russell  1954 ; Silver et al.  1953 ). Hypoglycemia is a common 
feature. Other less constant features are  café au lait  spots, hypospadias, cardiac 
defects, precocious puberty, and developmental delays. Prevalence of this condition 
is 1:100,000 to 1:3,000 and about 50 % are due to epigenetic imprinting defects. 
The most common basis for this syndrome is hypomethylation of telomeric 11p15 
imprinting center (40–60 % of cases) (Butler  2009 ). Maternal duplication of chro-
mosome 11p15 (5 %), maternal UPD 7 (10 %), and 7p duplications or unknown 
(40 %) are also frequently noted fi ndings. This is thus the fi rst human disorder with 
imprinting disturbances affecting more than one chromosome (i.e., chromosome 7 
and 11) (Butler  2009 ). Genes associated with this condition are found on chromo-
some 7p13 band including  MEST  (mesoderm-specifi c transcript),  PEG1  (paternally 
expressed gene 1), carboxypeptidase A4 ( CPA4 ), coatomer protein complex 
subunit gamma 2 ( COPG2 ), and two imprinted noncoding RNAs ( MESTIT , 
 C1T2 / COPG2IT1 )  (Abu-Amero et al.  2008 ). On chromosome 15, epimutations 
reported in SRS are typically due to hypomethylation of the ICR1 domain (Bullman 
et al.  2008 ). Detailed review of the various genetic and epigenetic changes and the 
resultant variation in phenotypes for these conditions are available (Feinberg  2007 ; 
Horsthemke and Buiting  2008 ).   

1.9.2     Prader–Willi Syndrome and Angelman Syndrome 

 PWS and Angelman syndrome (AS) are clinically distinct neurodevelopmental 
disorders that map to the same imprinted region on human chromosome 15q11-13. 
This PWS–AS region comprises four protein-coding genes transcribed from the 
paternal chromosome, i.e.,  SNRPN ,  MKRN3 ,  MAGEL2,  and  NDN,  and one protein- 
coding gene ( UBE3A ) transcribed from the maternal chromosome. Angelman syn-
drome is a neurodevelopmental disorder caused by abnormalities at the ICRs cluster 
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containing  UBE3A  which transcribes the protein E3 ubiquitin-protein ligase that is 
important for proteosomal degradation of proteins having a role in cell cycle, signal 
transduction, transcription, and plasticity of synapses. 

    Prader–Willi Syndrome 

 PWS was fi rst described by Prader, Labhart, and Willi in 1956 (Prader et al.  1956 ). 
It is characterized by infantile hypotonia, early childhood obesity, short stature, 
small hands and feet, growth hormone defi ciency, hypogenitalism/hypogonadism, 
mental defi ciency, behavioral problems (temper tantrums and skin picking), and a 
characteristic facial appearance with a narrow bifrontal diameter, short upturned 
nose, triangular mouth, enamel hypoplasia, almond-shaped eyes, and sticky saliva 
(Butler  2009 ; Ledbetter et al.  1981 ; Prader et al.  1956 ). The feeding diffi culties 
encountered in these patients in infancy later develop into a problem with hyperpha-
gia and early childhood obesity. Prevalence of this condition is 1:25,000 to 1:10,000 
and only about 1–5 % are due to epigenetic imprinting defects. Genes involved in 
the manifestation of PWS are paternally expressed and maternally silenced, located 
within the chromosome 15q11-q13 region ( SNURF - SNRPN ,  NDN ,  MKRN3,  and 
 MAGEL2 ) and most of them are involved directly or indirectly in brain development 
and function. The genetic subtypes of maternal disomy 15 (type I) can often be 
distinguished from those with 15q deletion (type II). Paternal 15q11-q13 deletion is 
the most common cause of this syndrome in 70 % of cases and maternal UPD is the 
next common etiology in 25 % of cases. Disorders of imprinting account for only 
about 5 % of cases. An interesting feature of PWS is that the imprinting defect may 
represent primary epimutations derived from paternal grandmother. This suggests 
that incorrect erasure of imprint in the paternal PGCs might have been responsible 
(Buiting  2010 ; Buiting et al.  1998 ; Buiting et al.  2003 ).  

    Angelman Syndrome 

 Angelman syndrome also known as the “happy-puppet syndrome” was fi rst 
described in 1965 (Angelman  1965 ). It has a phenotype of seizures, severe mental 
retardation, ataxia and jerky arm movements, hypopigmentation, inappropriate 
laughter, lack of speech, microbrachycephaly, maxillary hypoplasia, a large mouth 
with protruding tongue, prominent nose, and wide-spaced teeth (Williams et al.  1995 ). 
It involves the same region of chromosome 15q11-13 but is related to abnormality 
in expression of one specifi c imprinted (maternally expressed) gene, i.e.,  UBE3A , 
an ubiquitin ligase gene involved in early brain development. Prevalence of this 
condition is 1:20,000 to 1:12,000 and only about 2–3 % are due to epigenetic 
imprinting defects. The most common cause of AS is de novo maternal deletions 
involving chromosome 15q11.2-q13 (70 %); with 2 % resulting from paternal UPD 
and about 2–3 % resulting from epigenetic imprinting defects. There is a large sub-
set of patients (25 % of the remaining) that are the result of mutations in the gene 
encoding ubiquitin protein ligase E3A ( UBE3A ) (Kishino et al.  1997 ).   
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1.9.3     Albright Hereditary Osteodystrophy, 
Pseudohypoparathyroidism Type Ia and 
Pseudo- pseudohypoparathyroidism Disorders 

  Albright hereditary osteodystrophy  (AHO) was fi rst described in 1952 (Albright 
et al.  1952 ). The typical AHO phenotype is characterized by small stature (fi nal 
adult height 54–60 in.), moderate obesity, mental defi ciency (average IQ of 60), 
round face with a short nose and short neck, delayed dental eruption and enamel 
hypoplasia, short metacarpals and metatarsals especially of fourth and fi fth digits, 
short distal phalanx of the thumb, osteoporosis, areas of mineralization in subcuta-
neous tissues including the basal ganglia, variable hypocalcemia and/or hyperphos-
phatemia, and seizures. Some cases also show evidence of hypothyroidism, 
hypogonadism, lens opacity or cataracts, optic atrophy, ocular degeneration, and 
vertebral anomalies. AHO is usually due to resistance of the action of parathyroid 
hormone and if so is termed  pseudohypoparathyroidism  ( PHP ). There are two vari-
ants of PHP (PHP-Ia and PHP-Ib) depending on the presence of other hormone 
resistance apart from parathyroid hormone. Nearly all patients with pseudohypo-
parathyroidism type Ia (PHP-Ia) have mild hypothyroidism, hypogonadism, and 
abnormal response to growth hormone-releasing hormone, while patients with 
PHP-Ib (which is not an epigenetic condition) also present with parathyroid 
hormone- resistance, but lack resistance to other hormones. Another condition 
 pseudo - pseudohypoparathyroidism  ( PPHP ) has a similar phenotype to PHP-Ia but 
does not have end-organ resistance to parathyroid hormone. A decrease in activity 
of a guanine nucleotide-binding signaling (GNAS) protein which is responsible for 
cAMP coupling and signaling is a common fi nding in these two conditions. 

 Epigenetic modifi cations of  GNAS1  gene and maternal and paternal allele expres-
sion differences are known to be responsible for PHP-Ia and PPHP (Lalande  2001 ; 
Liu et al.  2000 ). Specifi cally, loss of methylation at the maternally methylated ICRs 
located at the  GNAS exonA / B  in chromosome 20q13.3, that codes for GSα, a stimu-
latory G-protein subunit, is implicated in PHP-Ia; manifested clinically as end- 
organ (especially renal) resistance to parathyroid hormone leading to hypocalcemia, 
hyperphosphotemia, and obesity (Kelsey  2010 ; Bastepe and Juppner  2005 ; Bastepe 
et al.  2001 ). In contrast, paternally affected changes in the  GNAS  gene are respon-
sible for the clinical fi ndings of PPHP that shares the hypocalcemia and other fi nd-
ings of PHP-Ia except for lack of resistance of the parathyroid hormone receptor 
activity. PHP-Ia is caused by a mutation resulting in loss of function of the Gs-α 
isoform of the  GNAS  gene on the maternal allele. This results in expression of the 
Gs-α protein only from the paternal allele. In contrast, PPHP is caused by mutations 
resulting in loss of function of the Gs-α isoform of the  GNAS  gene on the paternal 
allele and resultant expression of the Gs-α isoform only from the maternal allele. 
Thus PHP-Ia and PPHP can occur in the same family. Of interest is the observation 
that the autosomal dominant form of PHP-Ib is caused by heterozygous mutations 
disrupting a long-range imprinting control element of  GNAS  and has not yet been 
shown to be epigenetically regulated. 
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 The nomenclature of the above mentioned conditions is prone to confusion and 
therefore to summarize:

•     PHP-Ia   : Has clinical features of AHO, multiple hormone resistance, decreased 
erythrocyte Gs activity (due to α-subunit), decreased response to parathyroid 
hormone infusion, and  GNAS1  mutation in the maternal allele (Mantovani and 
Spada  2006 ). More than 90 % of times the cause of this condition is related to 
epigenetic imprinting defects.  

•    PPHP : Has clinical features of AHO without endocrine abnormalities, decreased 
Gs activity (due to α-subunit), normal response to parathyroid hormone infusion, 
and a  GNAS1  mutation in the paternal allele (Mantovani and Spada  2006 ).  

•    PHP - Ib : Do not have features of AHO, no endocrine abnormalities, normal 
erythrocyte Gs activity, parathyroid infusion response has renal-specifi c resist-
ance, and  GNAS  locus methylation defect results in specifi c lack of expression 
only in renal tissues (Mantovani and Spada  2006 ).  

•    PHP - II : Do not have features of AHO, have normal erythrocyte Gs activity, and 
have isolated renal PTH resistance (Mariot et al.  2008 ).  

•   Also of note is the condition “McCune–Albright syndrome” which manifests as 
polyostotic fi brous dysplasia and is a distinct entity from AHO.     

1.9.4     Transient Neonatal Diabetes Mellitus Type I 

 Transient Neonatal Diabetes Mellitus (TNDM) is defined as hyperglycemia 
presenting within the fi rst 6 months of life. There are three known types (TNDM1, 2, 
and 3) and TNDM1 is known to be caused by genetic or epigenetic changes at an 
imprinted locus (genes  PLAG1  and/or  HYMA1 ) on chromosome 6q24 (Mackay and 
Temple  2010 ). About 95 % of infants with this condition are born with intrauterine 
growth restriction starting in the third trimester of pregnancy. The clinical onset of 
TNDM1 in early infancy is followed by spontaneous remission in about half the 
cases with subsequent relapse in adolescence or early adulthood. Prevalence of this 
condition is 1:400,000 and about 30 % are due to epigenetic imprinting defects. 
TNDM1 is unusual among imprinting disorders because it is caused by over- 
expression of a genetic region. There is over-expression of   PLAG1 / HYMA1  due to 
hypomethylation of the TNDM1 DMR in this condition. About 20 % of patients 
show a hypomethylation of the  PLAG1 / HYMA1  ICRs region which is normally 
maternally methylated; 50 % show hypomethylation at other regions (some with 
 ZFP7  mutations) (Mackay et al.  2006 ; Mackay et al.  2008 ). The three main genetic 
etiologies of this condition are: (1) paternal UPD of chromosome 6 (40 %); (2) 
duplication of the imprinted TNDM1 region on chromosome 6 (32 %); and (3) 
maternal hypomethylation of the TNDM1 DMR without chromosomal anomaly 
(28 %). The biology of TNDM1 has interesting correlates to the “thrifty phenotype” 
hypothesis and may play a role in understanding the origins of adult onset diabetes 
mellitus (Hales et al.  1991 ).  
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1.9.5     UPD-14-Related Syndromes (Wang and Temple 
Syndromes) 

 Human chromosome 14q32.2 carries a cluster of imprinted genes including pater-
nally expressed genes (PEGs) such as  DLK1  (delta, Drosophila homolog-like 1), a 
transmembrane signaling protein which is a growth regulator homologous to pro-
teins in the Notch/delta pathway and  RTL1  (Temple  2007 ). In this region are also 
the maternally expressed genes (MEGs) such as  MEG3  (also known as  GTL2 ), 
 RTL1as  (RTL1 antisense), and  MEG8 , together with the intergenic differentially 
methylated region (IG-DMR) and the  MEG3 -DMR. Consistent with this, paternal 
and maternal UPD for chromosome 14 (upd(14)pat and upd(14)mat) cause distinct 
phenotypes. The prevalence of these conditions has not yet been determined. 

    Wang Syndrome or UPD(14)pat: Paternal Uniparental Disomy 14 

 Wang syndrome involving chromosome 14q32.2 imprinted region results in a phe-
notype that is characterized by severe developmental delay along with physical fea-
tures of facial abnormality, small bell-shaped chest with “coat-hanger” type ribs and 
abdominal wall defects (omphalocele) (Wang et al.  1991 ; Butler  2009 ). There is 
often a history of placentomegaly and polyhydramnios prior to birth. This could 
potentially be caused by an epigenetic modifi cation of the same region. Evidence 
for this comes from a case series involving eight individuals with an UPD(14)pat- 
like phenotype where in the absence of UPD(14) various deletions and epimutations 
affecting the imprinted region were identifi ed (Kagami et al.  2008 ). Excessive  RTL1  
gene expression was found to be relevant to UPD(14)pat-like phenotypes (Kagami 
et al.  2008 ). In addition to UPD(14)pat, isolated defects in methylation at the 
 DLK1 / GTL2  locus have been noted in some patients (Eggermann  2011 ).  

    Temple Syndrome or UPD(14)mat: Maternal Uniparental Disomy 14 

 Temple syndrome involves the same region of chromosome 14q32.2 with characteristic 
fi ndings of congenital hypotonia, joint laxity, feeding diffi culty, gross motor delay 
with mild to moderate mental retardation, small hands and feet, early onset of 
puberty, and truncal obesity. The facial features are characterized by a prominent 
forehead, a bulbous nasal tip and a short philtrum. There are some clinical features 
that overlap PWS and therefore screening for UPD(14)mat should be done in all 
patients with PWS phenotype (Eggermann  2011 ). About 30 % of cases will show 
rapid postnatal head growth usually due to hydrocephalus that is arrested spontane-
ously. Dysmorphic facial features include a prominent forehead, prominent supra-
orbital ridges, a short philtrum and down-turned corners of the mouth (Temple et al. 
 1991 ; Butler  2009 ). It is usually associated with a history of prenatal and postnatal 
growth restriction (Butler  2009 ). In a recent case series of three cases with an UPD(14)
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mat-like phenotype in the absence of UPD(14) various deletions and epimutations 
affecting the imprinted region were identifi ed (Kagami et al.  2008 ). The results, 
together with evidence from animal data, suggest that the IG-DMR has an important 
 cis -acting regulatory function on the maternally inherited chromosome and that 
decreased  DLK1  and  RTL1  gene expression are relevant to UPD(14)mat- like pheno-
types (Kagami et al.  2008 ). The role of maternally expressed  MEG3  from the same 
domain is being investigated.   

1.9.6     Multilocus Hypomethylation Defects 

 Recently, a combination of imprinted disorders have been described in the same 
patient and termed  Multilocus Hypomethylation Defects  ( MHD ) (Mackay et al. 
 2006 ). Combination of hypomethylation of the ICR2 of 11p15 (associated with 
BWS) was found in patients diagnosed with TNDM carrying an epimutation of 
 PLAG1 / ZAC1  (Arima et al.  2005 ; Mackay et al.  2006 ; Mackay et al.  2008 ). This 
association appears to be most common with aberrant hypomethylation of ICR2 
and BWS and less frequently associated with SRS and PHP-Ia    (Eggermann et al. 
 2013 ). The role of other  trans -acting factors has been suggested in the origin of 
MHD. Some of these factors include effects of changes in the  ZFP57 ,  NLRP2 , 
 CTCF,  and  MBD3  genes (Demars and Gicquel  2012 ). Recent report of a case 
with hypomethylation of maternally infl uenced  SNRPN ,  KCNQ1OT1 ,  PEG3,  and 
 NESPAS  loci along with paternally infl uenced  H19  locus presenting with features 
of both PWS and BWS is another case in point (Baple et al.  2011 ). In some 
reports MHD has been more common in BWS patients born of assisted repro-
ductive technologies (ART) especially one of monozygotic twins but the fi ndings 
were inconsistent (Lim et al.  2009 ; Bliek et al.  2009b ; Rossignol et al.  2006 ; 
Bliek et al.  2009a ). A common feature in MHDs is that both maternally and 
paternally imprinted loci are affected suggesting an origin beyond germline 
reprogramming. Also, there is a high frequency of mosaicism in these cases 
suggesting a post-fertilization mechanism. Moreover a more basic problem in 
regulation of methylation may be involved. These fi ndings highlight the impor-
tance of testing for multiple loci when one imprinting disorder is suspected as 
there may be important ramifi cation of the fi ndings on prognostication and 
genetic counseling.  

1.9.7     Maternal UPD(16) 

 UPD(16)mat is most commonly seen in the context of a pregnancy with placental 
insuffi ciency and intrauterine growth restriction associated with confi ned placental 
mosaicism (Eggermann et al.  2004 ). This condition may be associated with fetal 
anomalies but no characteristic syndrome has yet been defi ned (Yong et al.  2002 ).  
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1.9.8     Germline Epimutations Associated with Neoplasia 

    Lynch Syndrome 

 The fi nding of germline epimutations in some cases of Lynch syndrome makes the 
case for inclusion of this condition under this category. Lynch syndrome or heredi-
tary nonpolyposis colorectal cancer (HNPCC) is usually an autosomal dominantly 
inherited syndrome characterized by susceptibility to early onset colorectal and 
endometrial cancers, as well as other specifi c cancers. It is caused by germline muta-
tions in DNA mismatch repair (MMR) genes, mainly affecting  MLH1  and  MSH2  
genes. However, besides genetic mutations, constitutional epigenetic silencing of 
MMR genes  MLH1  and  MSH2  has been recently reported as another possible cause 
(Crepin et al.  2012 ; Hitchins et al.  2007 ; Hitchins et al.  2011 ). The fact that this con-
dition is sometimes transmissible to the next generation without evidence of changes 
in genetic sequences suggests that the mechanism is a germline epimutations event 
(Hitchins et al.  2011 ; Hitchins et al.  2007 ).  

    Familial Paragangliomas 

 Familial Paragangliomas is characterized by the development of slow-growing tumors 
of the paraganglionic system especially involving the carotid body in the neck and 
paraganglia in the abdomen. Tumor development is exclusively seen with paternal 
transmission of the imprinted gene. Germline heterozygous inactivating mutations are 
implicated involving genes which encode at least one of the four units of mitochon-
drial complex II, i.e., succinate dehydrogenase, especially the gene for subunit D 
( SDHD ).  SDHD , located at chromosome 11q23, shows a parent-of-origin effect 
because the disease is observed almost exclusively when the mutation is transmitted 
from the father, although some cases of maternal transmission have been reported 
(Beristain et al.  2013 ). The most common pattern of change is UPD. A unique feature 
is the environmental infl uence of altitude and barometric oxygen tension in the induc-
tion of this effect in those males carrying the mutation (Baysal  2004 ). There is also 
evidence for tissue-specifi c imprinted regulation of the  SHDD  gene by a long range 
epigenetic mechanism which may involve oxygen homeostasis (Baysal  2013 ).  

    NOEY2 Gene-Related Cancers 

 Disorders of imprinting and UPD are implicated in the development of certain ovar-
ian and breast cancers involving the  NOEY2  gene (Yu et al.  1999 ). The two-hit 
Knudson’s model of tumorigenesis has been used to explain the role of epigenetics 
in cancer (Sapienza  1991 ). It is known that only the paternal allele of  NOEY2  is 
expressed because of maternal imprinting. The second somatic hit silencing the 
paternal allele in  NOEY2- linked ovarian cancer could occur through various mecha-
nisms especially “loss of heterozygosity” a process not uncommon in mammalian 
systems (Makishima and Maciejewski  2011 ).    
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1.10     Effects from Conception to Completion 
of Embrogenesis Including First Trimester: 
Disorders of Somatic and Trophoblastic Cell 
Epigenome (Single Generation—Organism Wide 
Effects, May Affect Only One of Monozygotic Twins) 

 Epigenetic changes that occur after the formation of the gametes from the germline 
and their fertilization are important in the development of the early zygote, the silenc-
ing of the extra X chromosomes in females, replication of the zygote to form the 
blastocyst, and then in the differentiation of the inner cell mass that develops into the 
embryo from the trophoblastic cell mass that develops into the placenta and its mem-
branes. Effects on epigenetic changes at this stage may affect all subsequent cells if 
the gametes or the zygote are affected before any cell division has occurred. If the 
effects occur after the fi rst few cell divisions as may happen in case of ART, the effect 
may have an asymmetry and may involve one of the pair of twins. If the changes occur 
even later after the blastocyst has differentiated into the inner cell mass and the tro-
phoblast, the effect may be seen only in the fetus or the placenta or show a differential 
expression in these two cell masses. As mentioned above under imprinted genes, a 
later effect on the epigenome during the formation and migration of the PGCs may 
have changes that paradoxically do not affect the F1 generation but affect the subse-
quent generations. Such germline effects are associated with heritable imprinting dis-
orders and also may be important in the effect of environmental toxins such as DES 
and Bisphenol that may impact many generations. Therefore the timing of epigenetic 
change is important and the classifi cation of epigenetic disorders in this chapter is 
based on the various critical time periods in the life cycle of humans. 

1.10.1     The Inactivation of X Chromosome and Related 
Conditions 

    Normal X Chromosome Inactivation 

 Males receive their X chromosome from their mother and hence it is fully expressed 
with all X-linked genes derived from the mother. But in females, with the presence 
of two X chromosomes derived one each for maternal and paternal sources, there is 
need for silencing of one of them with the formation of a dense heterochromatin 
structure, the Barr body (Lyon  1961 ). X chromosome inactivation (XCI) is a dosage 
compensation mechanism that silences most of the genes on one X chromosome in 
each human female cell and the process of silencing of one of the X chromosomes 
involves epigenetic modifi cations including DNA methylation especially at the 
CGI islands at the promoter regions of the silenced genes (Sharp et al.  2011 ). 
Recently interaction of histone modifi cations and lncRNA (Xist) in the process of 
XCI has also been defi ned.  Xist  initiates XCI by spreading in  cis  across the future 
inactive X chromosome recruiting PRC2 and forming a transcriptionally silent 
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nuclear compartment enriched for repressive chromatin modifi cations including tri-
methylation of histone 3 lysine 27 (H3K27me3). This occurs by initial localization 
of Xist to distal sites across the chromosome by exploiting chromosome conforma-
tion, and then spreading to new sites through its ability to modify chromatin struc-
ture (Engreitz et al.  2013 ). The active X is represented as X(a) and the inactive X is 
represented as X(i). In animals, parent-of-origin-specifi c methylation differences in 
XCI are seen but similar fi ndings in humans are unproven (Sharp et al.  2011 ; Skuse 
et al.  1997 ; Sagi et al.  2007 ; Raefski and O’Neill  2005 ). However, parent-of-origin 
expression appears to have a signifi cant effect on neurodevelopmental and behav-
ioral outcomes best illustrated in the case of Turner syndrome.   

1.10.2     Turner Syndrome and Effects of Selective Maternal 
or Paternal X Chromosome Inactivation 

 It has been postulated that differences in phenotype (physical or behavioral) of 
Turner syndrome may be due to the existence of imprinted genetic loci from X m  
(maternal X) or X p  (paternal X) that is present in the index patient (Sagi et al.  2007 ). 
X p  Turner fetuses are more likely to abort and therefore most Turner’s born are X m  
(60–80 %). Using a mouse model of Turner syndrome, a cluster of three genes show 
transcriptional repression of paternal alleles; imprinting of these genes Xlr3b, 
Xlr4b, and Xlr4c appears to be independent of X inactivation (Raefski and O’Neill 
 2005 ). Counterparts of these genes in humans have not yet been discovered. Human 
X m  patients were signifi cantly overweight and this fi nding was consistent with 
 fi ndings in mice with Xlr gene changes (Ishikawa et al.  1999 ). As is well known, 
imprinted genes are related to growth. Moreover, girls lacking the X p  show 
 behavioral socialization problems more frequently than those lacking X m  (Skuse 
et al.  1997 ; Lepage et al.  2012 ). There is speculation that this region of the X chro-
mosome may be responsible for the higher incidence of autism and other similar 
disorders in males who can have only one X chromosome, i.e., X m  (Lewitus and 
Kalinka  2013 ; Keverne  2012 ). There is a putative imprinted region on the short arm 
of X that has been implicated (Skuse et al.  1997 ). In a mouse model of Turner’s two 
X-linked imprintable genes have been identifi ed (Raefski and O’Neill  2005 ).  

1.10.3     Epigenetic Infl uences on Trophoblastic 
Tissue and Placenta 

 Prenatal and perinatal environmental factors infl uence fetal and placental epig-
enome in humans (Hogg et al.  2012 ). The effect of paternal genes on placental 
growth is well illustrated by the fi ndings in paternal uniparental disomy14 or 
UPD(14)pat which is associated with placental growth abnormalities (Kagami et al. 
 2012 ). Specifi cally the expression of the  RTL1  also known as the  PEG11  gene is 
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about fi ve times normal in UPD(14)pat. The protein product of this and other related 
genes  DLK1  and  DIO3  were identifi ed in vascular endothelial cells and pericytes of 
chorionic villi. These may contribute to the pathological fi ndings of capillary 
lumens irregularly dilated with thickened endothelium in stem and intermediate 
villi (not in terminal villi) clinically manifested as placentomegaly and polyhydram-
nios that are usually seen in this condition (Kagami et al.  2012 ). 

 Another piece of evidence comes from the familial recurrent biparental complete 
hydatidiform mole that occurs due to  NLRP7  mutation. This is a disorder of 
imprinting in which an empty egg is fertilized with subsequent diploidization of the 
paternal genome resulting in hyperproliferative vesicular trophoblasts development 
without any fetus. In some women instead of the  NLRP7  mutation there may be a 
normal maternal and paternal genome but with epimutation involving loss of 
methylation at multiple ICRs    especially  NLRP7  (El-Maarri et al.  2003 ; Tomizawa 
and Sasaki  2012 ; Kou et al.  2008 ). 

 Exposure to in utero infection or infl ammation as in chorioamnionitis is associ-
ated with changes in  PLAGL1 , an imprinted gene in humans (Liu et al.  2013 ). 
 PLAGL1  is located at chromosome 6q24.2 and encodes a zinc-fi nger transcription 
factor thought to be involved in growth via  IGF2  signaling. Its role in another epi-
genetically induced disease TNDM is well established. Placental infl ammation’s 
role as risk factor for chronic disease in older children and adults could thus have an 
epigenetic basis. 

 There is also evidence of other epigenetic modulations in the placenta that have 
an effect on outcome of pregnancy and on infant development. The fi nding of 
increased placental miRNA-16 has been correlated with adverse infant growth and 
neurobehavioral scores (Maccani et al.  2013 ; Maccani et al.  2011 ). The association 
of altered placental miRNA in pregnancies complicated by preeclampsia and bisphe-
nol exposure also implicates the role of these epigenetic modulators in fetal devel-
opment (Pineles et al.  2007 ; Avissar-Whiting et al.  2010 ; Maccani et al.  2010 ).  

1.10.4     Epigenetic Infl uences on Somatic Tissue During 
Early Development 

    Twin Growth Discordance 

 Even among monozygotic twins sharing the same genome, the variation in blood 
and nutrient supply in the womb results in altered epigenetic profi les. As would be 
expected, these changes are predominantly seen in growth-related genes. In an 
extensive study profi ling approximately 20,000 CpG sites in 22 monozygotic and 
12 dizygotic twin pairs, it was shown that the widest methylation changes were 
related to genes involved in growth, metabolism, and cardiovascular disease 
(Gordon et al.  2012 ). These fi ndings add to the evidence for the “Developmental 
origins of Health and Disease” hypothesis. Another interesting fact related to the 
origin of twinning in certain pregnancies relates to the higher incidence of 
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monozygotic twinning in infants born discordant of whom one has BWS (Bliek 
et al.  2009b ). Twinning in BWS seems to affect exclusively female fetuses, is mostly 
associated with discordance affecting only one of the twins, and is almost exclu-
sively cased by hypomethylation in the affected twin (Mackay and Temple  2010 ). 
These observations may be related to the timing of origins of MZ twinning which 
occurs due to infl uences between days 3 and 9 of zygotic development. Also of 
relevance to the occurrence of discordance may be the fact that this period of time 
coincides with the timing of failure of imprint maintenance in early zygote resulting 
in different growth compartments with different growth characteristics (Bestor 
 2003 ; Mackay and Temple  2010 ). Thus, twin discordance may not only be caused 
by epigenetic infl uences but also affect the later outcome of both the overgrown and 
the growth-restricted fetuses.  

    Prematurity 

 The effect that prematurity and its multisystemic manifestations have on the human 
epigenome and later onset of disease is being investigated (Stunkel et al.  2012 ). 
There is also an implication that prematurity is associated with primary changes in 
the epigenome during gestation. Altered DNA methylation status of peripheral 
blood leucocytes with respect to  NFIX ,  RAPGEF2,  and  MSRB3  genes were shown 
in babies born premature versus term neonates (Lee et al.  2012 ). The implications 
of these fi ndings are yet to be determined. It is interesting to note that  NFIX  gene 
expression is related to skeletal and brain development.  

    Infantile Biliary Atresia 

 DNA hypomethylation is noted in human liver tissue with infantile biliary atresia 
and similar pathology could be replicated in a zebrafi sh model of biliary atresia by 
the use of methylation inhibitors in early development (Matthews et al.  2011 ). A 
possible mechanism postulated is an initiating event causing inhibition of DNA 
methylation which leads to  IFNγ  gene activation and altered biliary development 
and the combination of these two-related processes leading to biliary atresia 
(Matthews et al.  2011 ). Abnormal DNA methylation of  ITGAL  ( CD11A ) was seen 
in peripheral blood lymphocytes obtained from infants with biliary atresia (Dong 
et al.  2012 ). The evidence for epigenetic origins is strengthened by the fi ndings of 
this disorder in discordant monozygotic twins (Fallon et al.  2013 ; Nakamura and 
Tanoue  2013 ). However, no defi nite human gene modifi cation has been linked so 
far. Related conditions such as primary sclerosing cholangitis and cholangiocarci-
noma may also have similar epigenomic markers. Numerous genes are aberrantly 
methylated in cholangiocarcinoma including but not limited to  RASSF1A  (27–
74 %),  p16  (76–83 %),  CDH1  (22–43 %),  TFPI - 2  (40 %),  NPTX2  (40 %), and  APC  
(26–46 %) (Timmer et al.  2013 ).  
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    Wilms’ Tumor 

 Wilms’ tumor is also associated with some overgrowth syndromes such as BWS. 
Wilms’ tumor accounts for 8 % of childhood cancers and is the most common child-
hood kidney malignancy with incidence of 1:10,000 children. Wilms’ tumor has 
been shown to be associated with genetic defects at chromosome 5 loci— WT1 , 
 CTNNB1 ,  WTX ,  TP53,  and the imprinted 11p15 region especially at the  H19 / IGF2  
locus. A recent attempt at classifi cation of Wilms’ tumor based on its molecular 
mechanism identifi ed that chromosome 11p15 abnormality accounted for 74 % of 
all tumors; of these H19 epimutation accounted for 34 % and paternal UPD 11p15 
for the other 40 % (Scott et al.  2012 ). They also found that in sporadic tumors with 
non-familial origins there were a signifi cant number with bilateral disease (Scott 
et al.  2012 ). An explanation given is the possibility that these epimutations occur as 
early post-zygotic events and can thus be present in both kidneys but absent from 
other somatic cells. Other lines of evidence also suggest that in some cases of 
Wilms’ tumor aberrant  H19  methylation (epimutation) arises somatically and not in 
germline unlike PWS and BWS (Moulton et al.  1994 ; Steenman et al.  1994 ). The 
incidence of this tumor in the Japanese is half that of Caucasian children; possibly 
because of lower incidence of loss of  H19 / IGF2  imprinting that is found in the 
Japanese population (Haruta et al.  2012 ).  

    Hepatoblastoma 

 The  IGF2 / H19  imprinted gene domain located at chromosome 11p15 has also been 
associated with hepatoblastoma seen in BWS (Engel et al.  2000 ). In tissues from 
conceptus after the use of ART, higher  H19  DNA methylation levels were found 
suggesting that the timing of the abnormal methylation event may be post- fertilization 
(Zechner et al.  2010 ). The association of poor fetal growth and low- birth weight 
infants with a 20-fold increase in hepatoblastoma is well described although the 
reason for this is not yet elucidated (Spector and Birch  2012 ). The potential role of 
epigenetic modifi cation of  H19  gene domain in the association of hepatoblastoma 
with low-birth weight infants is intriguing.  

    Retinoblastoma 

 There are many clues to the link that retinoblastoma ( RB ) family of genes and 
proteins have to the establishment and maintenance of cellular epigenomes. Loss of 
 RB  family members result in an altered epigenetic landscape, which involves both 
 facultative and constitutive heterochromatin, that leads to genomic instability, loss 
of differentiation, and may thus promote neoplastic changes (Fiorentino et al.  2013 ). 
The genetic basis of retinoblastoma involving the loss of function of the  RB1  
tumor suppressor gene has recently been found to have prominent epigenetic basis. 
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The expression of this disease maybe in fact be based on the concerted action of 
various epigenetic infl uences—the most prominent being DNA methylation and the 
action of microRNAs especially miR-17/20a in tumor inducing roles and miR-34a 
in a tumor suppressor role (Reis et al.  2012 ).  

    Other Genes with Developmental Somatic Epigenetic Changes 

 Other genes showing somatic epimutations that persist during development are 
 H19 ,  Igf2r,  and  U2af - rs1 . These give rise to abnormal phenotypes (Dean et al. 
 1998 ). The rate of somatic epimutations is at least twice as that for genetic muta-
tions and therefore the possibility of its role in disease causation is much higher—
however much work needs to be done in this fi eld (Horsthemke  2006 ).    

1.11     Effects from Mid-Late Gestation and Continuing 
to Postnatal Development Until Adulthood: Disorders 
of Somatic Cells Epigenome (Single Generation—
Tissue- Specifi c Effects) 

 Once the newborn infant is separated from the maternal environment of the 
womb, the changes in the epigenome continue to occur but with different ramifi -
cations. These changes are usually tissue and organ specifi c and have more of a 
potential for modifi cation and modulation by counter-regulatory environmental 
factors. 

1.11.1     Postnatal Stress and Epigenetics 

 The effect of stress on epigenetic changes occurs not only within the maternal 
environment during fetal development but can also occur postnatally in susceptible 
individuals. Maternal stress may cause minimal or no changes in her own methyla-
tion patterns but causes signifi cant changes in methylation patterns of the growing 
infant (Kinnally et al.  2011 ; Mulligan et al.  2012 ). This was demonstrated by fi nd-
ing methylation changes of peripheral blood leucocytes at the  NR3C1  gene from 
mothers and infants exposed to severe stress in the war-torn Democratic Republic of 
Congo (Mulligan et al.  2012 ).  NR3C1  gene encodes the glucocorticoid receptor 
involved in cell proliferation, differentiation, and thus infl uences newborn’s birth 
weight. This observation in humans corroborates fi ndings from animal studies 
showing similar changes not only in peripheral blood cells but also in areas of the 
brain (Meaney et al.  2007 ; Wilkinson et al.  2011 ). 

 Glucocorticoid receptor changes in the brain have also been associated with 
child abuse (McGowan et al.  2009 ). Epigenetic changes in suicide patients who 
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were abused as children were different than those who died without such exposure. 
Using mouse models of adolescent stress, the role of genetic and epigenetic factors 
were distinguished. Researchers demonstrated that the specifi c DNA methylation 
changes of the tyrosine hydroxylase gene, which regulates dopaminergic transmis-
sion and is implicated in psychiatric conditions, were present only in some genetic 
variants and not in others (Niwa et al.  2013 ). Therefore the interactions between 
genetic and epigenetic infl uences are complex and a critical appraisal of evidence 
needs to be made before establishing defi nite cause–effect relationships. 

 It is important to note that effects of stress may also be transmissible through 
paternal infl uences that originate prior to conception (Franklin et al.  2010 ). 
Experiments in rats suggest that there may be stress-linked epigenetic marks in the 
sperm that affect fetal development (Dietz et al.  2011 ; Nestler  2012 ). Parental 
effects of stress exposure on phenotypic variation in offspring are complex and 
could originate from one or both parents before or after birth (Caldji et al.  2011 ).  

1.11.2     Epigenetic Basis of Adult Onset Disease in Humans 

 Epigenetic modifi cations in the womb has been implicated in the “Developmental 
Origins of Health and Disease (DOHaD) hypothesis” originally proposed by Barker 
(Barker and Osmond  1987 ). Evidence for this is growing especially based on the 
Dutch Famine Birth Cohort Study (  www.hongerwinter.nl    ) (Heijmans et al.  2009 ). 
Changes in methylation patterns of specifi c genes were found to persist decades 
after the initial prenatal insult. Prenatal exposure to famine especially in the 
periconception period modifi ed the methylation status of  IL10 ,  GNASAS ,  INSIGF , 
 LEP ,  ABCA1,  and  MEG3  genes. Some of the modifi cations for  GNASAS ,  INISIGF,  
and  LEP  were different in males and females (Heijmans et al.  2007 ; Tobi et al. 
 2009 ; Heijmans et al.  2009 ). Abnormal epigenetic programming has also been 
implicated in obesity-related conditions in mother having growth effects on the 
child    (Ludwig and Currie  2010 ). The role of proper maternal nutrition in the normal 
and abnormal epigenetic programming of the fetus is being extensively studied. 
Evidence of epigenetic alterations in the insulin-receptor-promoter in the hypo-
thalamus of Wistar rats may have implications in understanding human disease 
(Plagemann et al.  2010 ). The epigenetic alterations in regulation of transcription 
factors may explain the widespread effects of a relatively small modifi cation 
(Martin-Gronert and Ozanne  2012 ). Some candidate transcription factors that 
have been implicated in animal studies are  PPARα  (Lillycrop et al.  2005 ),  PDX - 1  
(Park et al.  2008 ), and  HNF4α  (Sandovici et al.  2011 ). 

 Another area of active investigation is the role of environmental agents and endo-
crine disruptors in modulating epigenetic programming in utero. Effect of pollut-
ants such as bisphenol and phthalates has shown to have fetal effects that have 
footprints of epigenetic alterations persistent into later life. The case for its role in 
obesity is made in a review by Grun (Grun and Blumberg  2009 ). Moreover, there is 
evidence that hypospadias in male infants in relation to endocrine disrupter expos-
ure is associated with altered methylation patterns of the androgen receptor and 
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DNMT levels in penile foreskin (Vottero et al.  2011 ). Aberrant hypomethylation has 
been noted in genes linked to T cell and lymphocyte function-associated antigen-1 
in SLE (Lu et al.  2006 ). Drugs such as procainamide and hydralazine that cause 
hypomethylation of somatic genes can cause lupus in humans and in animal models 
(Quddus et al.  1993 ). 

 It is well known that maternal obesity is related to obesity in their offspring. It 
has been found that bariatric surgery to reduce weight of obese women reduces birth 
weight and the risk of obesity in their offspring born after surgery compared to those 
born before (Smith et al.  2009 ; Martin-Gronert and Ozanne  2012 ). This highlights 
the importance of understanding the critical period in making changes that can then 
have a life-long effect on the outcome.  

1.11.3     Malignancy and Epigenetics 

 In 1983, cancer was the fi rst disease described to have altered epigenetic marks. 
Feinberg et al. demonstrated that colorectal cancers exhibited a global loss of DNA 
methylation in comparison with their normal counterparts (Feinberg and Vogelstein 
 1983 ). This hypomethylation may have caused genomic instability, chromosome 
rearrangements, and induced aberrant activation of certain genes (Feinberg and 
Tycko  2004 ). Subsequent works found that DNA hypermethylation of the pro-
moter region of tumor suppressor genes was also a frequent event in malignancy 
(Herman  1999 ). Later, other epigenetic mechanisms displayed abnormal regulation, 
such as histone modifi cations (Fraga and Esteller  2005 ) and microRNA posttran-
scriptional modulation (Esteller  2008 ; Friedman et al.  2009 ; Girardot et al.  2012 ; 
Reis et al.  2012 ). Modifi cation of the cancer epigenome is being used as strategy 
for treatment of these disorders. 

 The cancers associated with the  NOEY2  gene were mentioned above under 
imprinted genes. Apart from a disorder of imprinting, this cancer needs to have a 
somatic mutation as part of a “two-hit hypothesis” to manifest its effects. The second 
somatic hit silencing the paternal allele in  NOEY2 -linked ovarian cancer could 
occur through various mechanisms affecting methylation of the critical regions 
(Makishima and Maciejewski  2011 ).   

1.12     Secondary Epigenetic Disorders Due to Disorder 
of Genetic DNA (Mendelian or Chromosomal 
Transmission Across Generations) 

 In some instances, the primary problem may be a genetic abnormality that in turn 
has an effect on the epigenome because of the effect on DNA methyltransferases, 
methyl-binding domain proteins, HDACs, histone methylases, histone demethylases, 
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and members of the noncoding RNA machinery (Berdasco and Esteller  2013 ) 
(Table  1.2 ). In such instances, the mode of inheritance may be Mendelian or classic 
chromosomal transmission mechanisms. However, since the end result is an epigen-
etic alteration, with genetic mechanism still intact for normal protein formation, the 
potential for modifi cation may have important ramifi cations for preventive and ther-
apeutic strategies in combating such conditions. The conditions could be further 
classifi ed by the effect of the genetic abnormality on the resultant epigenetic mecha-
nism, i.e., DNA methylation, histone modifi cation, or microRNA modulation. It is 
important to realize that some of these conditions may have more than one epigen-
etic mechanism altered. 

1.12.1     Gene Abnormalities with DNA Methylation Effects 

    ICF (Type 1) Syndrome 

 In the developing embryo, after the immediate post-zygotic genome-wide demethyl-
ation (that occurs in all but the germline cells) there is a wave of de novo methyla-
tion catalyzed by DNMT3A and DNMT3B. Absence of DNMT3B expression 
results in profound developmental defects and is embryo-lethal in mice. In humans 
homozygous mutations of this gene resulting in decreased activity rather than com-
plete absence of activity leads to a specifi c phenotype termed the ICF syndrome 
(acronym for immunodefi ciency, centromere instability, and facial anomalies) 
(Xu et al.  1999 ; Hansen et al.  1999 ). ICF syndrome is characterized by immunode-
fi ciency due to decreased B cells and agammaglobulinemia along with centromere 
instability of chromosomes 1, 16, and 9 and facial anomalies including hypertelorism, 
fl at nasal bridge, epicanthic folds, protrusion of the tongue, low-set ears, and micro-
gnathia (Maraschio et al.  1988 ; Maraschio et al.  1989 ). These are caused by 
DNMT3B defi ciency leading to hypomethylation and epigenetic changes in the 
majority of patients (Type 1 ICF). Although in certain cases, there may be genetic 
alterations in  ZBTB244  (Type 2 ICF). DNMT3A and DNMT3B are important for 
the de novo introduction of methyl groups during development (Lana et al.  2012 ). 
Hypomethylation of genes related to B-cell receptor-mediated maturation pathway 
have been identifi ed as the likely cause of decreased number of mature B cells and 
resulting agammaglobulinemia (Heyn et al.  2012b ). An overall decrease in methyla-
tion by 41 % was seen in the whole genome with the X chromosome showing a more 
severe loss of 63 %. This fi nding leads to the speculation that epigenetic alterations 
in the X chromosome specifi cally at loci  SYK  and  SH3BP5  (involved with Burton’s 
Tyrosine Kinase involved with B-cell maturation) leading to altered B-cell function 
may also play a part in another syndrome with similar phenotype, i.e., congenital 
agammaglobulinemia (Yamadori et al.  1999 ; Kurosaki and Hikida  2009 ). Thus, 
modifi cation of the hypermethylated genes by generic DNMT inhibitors such as 
5-Azacytidine may be a useful strategy in the treatment of patients with Type 1 ICF 
syndrome (Heyn et al.  2012b ).  
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    Rett Syndrome: MeCP2 Gene 

 Rett syndrome is an X-linked neurodevelopmental disorder characterized by 
autistic features, epileptic seizures, gait ataxia, and stereotypical hand movements. 
The usual cause is a de novo mutation of the MECP2 gene of paternal origin that 
occurs during spermatogenesis. The effects are due to global changes in neuronal 
chromatin structure because of global changes in histone methylation patterns 
(Amir et al.  1999 ; Skene et al.  2010 ). In tissue samples from monozygotic twins, 
differences in DNA methylation between the twins were detected in fi broblasts in 
the upstream regions of genes involved in brain function and skeletal tissues such as 
Mohawk Homeobox ( MKX ), brain-type creatine kinase ( CKB ), and FYN tyrosine 
kinase protooncogene ( FYN ) (Miyake et al.  2013 ). Recently in animal studies, the 
role of early glucocorticoid exposure has been shown to modulate the putative genes 
involved in Rett-like condition in mice and targeting the glucocorticoid system may 
provide evidence that pharmacological interventions during critical early time win-
dows can persistently improve the behavioral phenotype of Rett mice (De Filippis 
et al.  2013 ). The role of  MECP2  in early life environmental modulation of the epig-
enome is also being increasingly highlighted (De Filippis et al.  2013 ; Na et al.  2013 ).  

    Fragile X Syndrome 

 Fragile X syndrome (FXS) is the most common heritable form of impaired intel-
lectual ability worldwide. FXS is an X-linked neurodevelopmental disorder of 
dominant inheritance characterized by cognitive and behavioral diffi culties and 
facial dysmorphism (elongated face, large and protruding ears), which can manifest 
in mild to severe forms. Affected females exhibit symptoms but usually to a lesser 
extent, due to the presence of a normal allele (Gallagher and Hallahan  2012 ). FXS 
patients have an expansion of a single trinucleotide sequence (CGG) at the promoter 
of the fragile X mental retardation gene ( FMR1 ), mapped at Xq27.3. Healthy indi-
viduals carry between 5 and 44 CGG repeats, while affected patients with full 
mutations carry more than 200 repeats. The expansion of CGG repeats results in the 
methylation of the affected DNA, which leads in the full mutation alleles to the 
epigenetic silencing of the  FMR1  and the lack of its product, the fragile X mental 
retardation protein (FMRP) (Gallagher and Hallahan  2012 ).  

    X-Linked Alpha-Thalassemia/Mental Retardation Syndrome 
(ATR-X Syndrome) 

 X-linked alpha-thalassemia/mental retardation syndrome (ATR-X syndrome) is one 
of the syndromes associated with abnormal epigenetic gene regulation. It is a form 
of X-linked mental retardation that affects males and is characterized by severe 
mental retardation, a mild form of α-thalassemia, facial and skeletal abnormalities 
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along with autistic behavior. This syndrome is caused by a mutation in the  ATRX  
gene on the X chromosome (Xq13), which encodes ATRX protein. The protein has 
two functionally important domains: an ADD (ATRX-DNMT3-DNMT3L) domain 
at the N-terminus, and chromatin-remodeling domain in the C-terminal half, where 
the  ATRX  gene mutations of most ATR-X patients reside. Perturbation in DNA 
methylation at the heterochromatic loci has been reported in ATR-X patients, and 
ATRX protein is thought to be involved in the establishment and maintenance of 
DNA methylation (Gibbons  2006 ). Based on its various clinical phenotypes, the 
expressions of many genes, including α-globin genes, seem to be abnormally regu-
lated in ATR-X patients (Wada  2009 ).  

    Fascioscapulohumeral Dystrophy 

 Autosomal dominant facioscapulohumeral muscular dystrophy (FSHD) is character-
ized by facial and shoulder girdle muscle weakness, with progression of the disease 
to anterior foreleg, abdominal and pelvic girdle muscles. The typical involvement of 
facial muscles includes  orbicularis oculi  and  oris  muscles, resulting in impaired 
palpebral occlusion and transverse smile characteristic of this condition (Tawil et al. 
 1998 ; Tawil and Van Der Maarel  2006 ). FHSD patients can also exhibit extra 
muscular features such as hearing loss, retinopathy, mental retardation, and 
epileptic seizures (Tawil and Van Der Maarel  2006 ). There is good evidence that 
FSHD is not caused by defects in a single gene; instead, the deregulation of 
epigenetic mechanisms results in aberrant transcription of multiple disease-related 
genes (Tawil et al.  1998 ). Most FSHD patients are linked to molecular rearrange-
ments in the subtelomeric region of chromosome 4 long arm (4q35) which maps to 
a 3.3-kb tandem-repeated macrosatellite, D4Z4. Healthy individuals carry between 
11 and 100 repeats, whereas FSHD patients have a reduced number of copies of 
D4Z4 that range from 1 to 10 (van Deutekom et al.  1993 ). The effect of these is not 
related to altered expression of a protein-coding gene but rather to various forms of 
epigenetic modulations ranging from DNA methylation to altered chromosomal 
architecture leading to deregulation of 4q35 region (Sacconi et al.  2012 ; Neguembor 
and Gabellini  2010 ).  

    Hereditary Sensory and Autonomic Neuropathy Type I 

 Hereditary sensory and autonomic neuropathy type I (HSAN1) has been found to be 
related to mutations affecting DNMT1 methyltransferase gene located on chromo-
some 19p13.2. The resultant effects are premature degradation of mutant proteins, 
reduced methyltransferase activity, and impaired heterochromatin binding during 
the G2 cell cycle phase leading to global hypomethylation and site-specifi c hyper-
methylation abnormalities (Klein et al.  2011 ).  
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    Autosomal Dominant Cerebellar Ataxia, Deafness and Narcolepsy 

 Autosomal dominant cerebellar ataxia, deafness and narcolepsy (ADCA-DN) is charac-
terized by late onset (30–40 years old) cerebellar ataxia, sensory neuronal deafness, 
narcolepsy-cataplexy, and dementia. DNMT1 abnormalities were found in all patients 
in a particular study cohort. Abnormalities in this widely expressed DNA methyltrans-
ferase result in problems with maintaining methylation patterns in development, and 
mediating transcriptional repression by HDAC2 binding (Winkelmann et al.  2012 ).   

1.12.2     Genetic Syndromes Causing Histone Modifi cations 

    Rubinstein–Taybi Syndrome 

 Rubinstein–Taybi syndrome (RTS) is a rare human genetic disorder characterized 
by growth and psychomotor development delay, unusual facial features with down- 
slanting palpebral fi ssures, broad nasal bridge, beaked nose and micrognathia, and 
skeletal abnormalities in extremities, such as radially diverted phalanges and broad 
and duplicated distal phalanges of thumbs and toes (Rubinstein and Taybi  1963 ). 
Many RTS patients have a genetic mutation which has been mapped to chromosome 
16p13.3, a genomic region encoding cyclic AMP response element (CREB)-binding 
protein ( CREBBP ) (Hallam and Bourtchouladze  2006 ). Its action is probably related 
at least partly to the role of CREBBP as a histone acetyltransferase and its corre-
sponding ability for epigenetic regulation through histone modifi cation (Wang 
et al.  2010 ). Another gene  EP300  with similar function may also be involved 
(Bartsch et al.  2010 ; van Belzen et al.  2011 ).  

    Genitopatellar Syndrome 

 Genitopatellar syndrome (GPS) is manifested by patellar aplasia or hypoplasia 
along with external genital anomalies and severe intellectual disability. Most cases 
have demonstrated abnormality in the  KAT6B  gene which encodes a member of the 
 MYST  family of histone acetyltransferases (Campeau et al.  2012 ; Campeau and Lee 
 1993 ). A reduced level of both histone H3 and H4 acetylation has been shown in 
patient-derived cells suggesting that dysregulation of histone acetylation is the 
mechanism of disease manifestation (Simpson et al.  2012 ).  

    Say-Barber-Biesecker-Young-Simpson Syndrome 

 Say-Barber-Biesecker-Young-Simpson syndrome (SBBYS) is part of a 
blepharophimosis- mental retardation syndrome group (Ohdo-like syndromes) 
(Szakszon et al.  2013 ; Verloes et al.  2006 ). It is a multiple congenital malformation 
syndrome characterized by vertical narrowing and shortening of the palpebral 

N. Hussain



37

fi ssures, ptosis, intellectual disability, hypothyroidism, hearing impairment, and 
dental anomalies. Mutations of the gene encoding the histone acetyltransferase 
 KAT6B  have been recently identifi ed in individuals affected by SBBYS syndrome 
(Szakszon et al.  2013 ).  

    Coffi n–Lowry Syndrome 

 Coffi n–Lowry syndrome is an X-linked disorder characterized by characteristic 
facial features, severe psychomotor retardation, facial and digital dysmorphism, and 
progressive skeletal deformations. CLS is caused by mutations in the  RPS6KA3  
gene located at Xp22.2, which encodes RSK2, a growth factor-regulated protein 
kinase (Jacquot et al.  1998a ; Jacquot et al.  1998b ; Pereira et al.  2010 ). Histone 
modifi cation of H3 appears to be a direct or indirect target of RSK2, suggesting that 
chromatin remodeling might contribute to mitogen-activated protein kinase- 
regulated gene expression (Huidobro et al.  2013 ; Sassone-Corsi et al.  1999 ).  

   Sotos Syndrome 

 Sotos syndrome is an overgrowth condition in children, fi rst described as “cerebral 
gigantism” by Sotos et al. in 1964 (Sotos et al.  1964 ). It is characterized by large 
body size and early accelerated growth, advanced bone age, and developmental 
delay, usually accompanied by learning diffi culties. Typical facial features include 
macrocephaly, prominent jaw, down-slanting palpebral fi ssures, high hairline with 
sparse hair growth, malar fl ushing, a long narrow face, and the head is said to 
resemble an inverted pear (Tatton-Brown et al.  1993 ). There are also many other 
features associated with the syndrome, such as neonatal jaundice, hypotonia, sei-
zures, scoliosis, cardiac defects, and genitourinary anomalies (Huidobro et al.  2013 ). 
Haploinsuffi ciency of the nuclear receptor SET domain-containing protein 1 
( NSD1 ) gene located on 5q35.2 has been implicated as the cause of Sotos syndrome 
(Sohn et al.  2013 ).  

   Weaver Syndrome 

 Weaver syndrome is manifested in young children by the presence of retrognathia 
and have large, fl eshy ears while both children and adults with classic Weaver syn-
drome are hyperteloric and the eyes are almond shaped (Tatton-Brown and Rahman 
 2013 ). Mutations in the  EZH2  gene are most common (Tatton-Brown and Rahman 
 1993 ) but there are some  NSD1  defects (more commonly linked with Sotos syn-
drome) that have been associated as well (Tatton-Brown and Rahman  2013 ; Rio et al. 
 2003 ). Similarly, it shares a number of clinical features with Sotos syndrome but 
there are certain features that are more commonly present in Weaver’s such as—a 
connective tissue phenotype with soft, loose skin, umbilical hernia and thin, deep-set 
nails. Other potentially distinguishing features described among individuals with 
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 EZH2  alterations include a deep hoarse voice and camptodactyly of the fi ngers and/
or toes evolving into boutonniere deformities in adulthood (Tatton- Brown and 
Rahman  2013 ).  NSD1  and  EZH2  are SET domain-containing histone methyltrans-
ferases that play key roles in the regulation of transcription through histone modifi ca-
tion and chromatin modeling.  NSD1  which is more commonly associated with Sotos 
syndrome preferentially methylates lysine residue 36 of histone 3 (H3K36) and is 
primarily associated with active transcription. In contrast  EZH2  associated with 
Weaver’s syndrome, shows specifi city for lysine residue 27 (H3K27) and is associated 
with transcriptional repression (Tatton-Brown and Rahman  2013 ).  

   Brachydactyly-Mental Retardation Syndrome 

 This condition is characterized by a variety of features, including intellectual disabili-
ties, developmental delays, behavioral abnormalities, sleep disturbance, craniofacial 
and skeletal abnormalities (including brachydactyly type E), and autism spectrum 
disorder (Williams et al.  2010 ). Histone deacetylase 4 (HDAC4) haploinsuffi ciency 
is responsible for psychomotor and behavioral abnormalities in combination with 
the brachydactyly-mental retardation syndrome (BDMR) syndrome-specifi c facial 
dysmorphism pattern (Tammachote et al.  2012 ; Hacihamdioglu et al.  2013 ; Williams 
et al.  2010 ; Villavicencio-Lorini et al.  2013 ).  

   Kleefstra Syndrome 

 Kleefstra syndrome is characterized by developmental delay/intellectual disability 
(childhood), hypotonia, and distinct facial features. A majority of individuals func-
tion in the moderate to severe spectrum of intellectual disability although a few may 
have mild delay. There is usually severe expressive speech delay with little speech 
development, but general language development is usually at a higher level, making 
nonverbal communication possible. Other fi ndings may include heart defects, renal/
urologic defects, genital defects in males, severe respiratory infections, epilepsy/
febrile seizures, autistic-like features in childhood, and extreme apathy or catatonic- 
like features after puberty (Kleefstra et al.  1993 ). The syndrome can be caused 
either by a microdeletion in chromosomal region 9q34.3 or by a mutation in the 
euchromatin histone methyltransferase 1 ( EHMT1 ) gene which modifi es histone 
function and thus causes epigenetic dysregulation (Willemsen et al.  2012 ; Kleefstra 
et al.  2005 ; Kleefstra et al.  2009 ).  

   Kabuki Syndrome 

 Kabuki syndrome (KS) is characterized by distinctive craniofacial anomalies 
and multiple malformations including cardiac anomalies, skeletal abnormalities, 
and mild to moderate intellectual disability (Bokinni  2012 ; Hannibal et al. 
 2011 ). The estimated prevalence is 1 in 32,000. Kabuki syndrome is usually 
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caused by mutations in  MLL2 , a gene that encodes a Trithorax-group histone 
methyltransferase, a protein important in the epigenetic control of active chro-
matin states (Hannibal et al.  2011 ). Recently partial or complete deletions of an 
X chromosome gene— KDM6A  have been identifi ed in some cases of Kabuki 
syndrome.  KDM6A  encodes a histone demethylase that interacts with  MLL2  
(Lederer et al.  2012 ).  

   Siderius X-Linked Mental Retardation Syndrome 

    Siderius X-linked Mental Retardation syndrome (MRXSSD) is a condition fi rst 
described in a case series that have facial clefts associated with X-linked mental 
retardation (Siderius et al.  1999 ). The fi nding of  PHF  gene abnormality with this 
clinical phenotype suggests an important function of  PHF8  in midline formation and 
in the development of cognitive abilities (Laumonnier et al.  2005 ; Abidi et al.  2007 ). 
The coded PHF8 protein harbors two functional domains, a PHD fi nger and a JmjC 
(Jumonji-like C terminus) domain, implicating it in transcriptional regulation and 
chromatin remodeling. Histone methylation modulated by  PHF8  plays a critical role 
in neuronal differentiation (Qiu et al.  2010 ).  

   Claes–Jensen X-Linked Mental Retardation Syndrome 

 Claes–Jensen X-linked mental retardation syndrome is characterized by severe 
mental retardation, slowly progressive spastic paraplegia, facial hypotonia, and 
maxillary hypoplasia (Claes et al.  2000 ). The gene abnormality in this condition 
maps to the  JARID1C  (Jumonji AT-rich-interactive domain 1C), formerly known as 
“ SMCX .” The JARID1C protein belongs to the highly conserved ARID protein family. 
It contains several DNA-binding motifs that link it to transcriptional regulation and 
chromatin remodeling, processes that are defective in various other forms of mental 
retardation. Recent studies suggest that JARID1C mutations are a relatively common 
cause of X-linked mental retardation and that this gene might play an important role 
in human brain function (Jensen et al.  2005 ).   

1.12.3     Genetic Mutations That Affect Noncoding RNAs 

 Noncoding RNAs are functional RNA molecules that are not translated into protein 
but contribute to epigenetic regulation via degradation of protein-coding transcripts 
or by translational repression (Berdasco and Esteller  2013 ). The best described non-
coding RNAs are microRNAs that have been associated with epigenetic regulation 
(Croce  2009 ). miRNAs are transcribed as individual units termed primary miRNA 
which, after processing by the Drosha complex, are exported out of the nucleus by 
the protein exportin ( XPO5 ) and become mature miRNA after undergoing further 
processing by Dicer and TAR RNA-binding protein 2 ( TARBP2 ). They ultimately 
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exert their action via RNA-induced silencing complex (RISC). Genetic changes that 
affect any of the processes in this sequence of events can impact miRNA level and 
function. 

   Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis is an autosomal dominant neurodegenerative disorder 
affecting the motor neurons in the neural axis resulting in fatal paralysis and respira-
tory failure (Berdasco and Esteller  2013 ). Heterozygous mutation in the TAR DNA-
binding protein 43 ( TARDBP ), a member of the miRNA machinery in the cell 
accounts for about 50 % of patients (Ling et al.  2010 ).  

   DiGeorge Syndrome 

 This is characterized by distinct facial features, submucous cleft palate, conotruncal 
heart defects, thymic aplasia or hypoplasia, neonatal hypocalcemia, poor T cell 
function, psychiatric and learning disabilities. Hemizygous deletion of chromosome 
22q11.2 affecting the  DGCR8  gene (DiGeorge syndrome critical region gene 8) is 
found (Shiohama et al.  2003 ). This region encodes an RNA binding-protein which 
is critical in microRNA processing and release from the nucleus (Han et al.  2006 ). 
This has multisystemic effects involving various microRNA types (Berdasco and 
Esteller  2013 ).  

    Goiter, Multinodular1, with or Without Sertoli–Leydig Cell Tumors 

 This is a form of autosomal dominant multinodular goiter characterized by nodular 
overgrowth of the thyroid gland and in some females associated with Sertoli–Leydig 
cell tumors of the ovary. Germline mutations in  DICER1 , a gene that codes for a 
Raze III endoribonuclease, have been identifi ed in families affected by multinodular 
goiter and gonadal tumors (Rio Frio et al.  2011 ). Dysregulation of miRNA because 
of abnormalities of DICER have been documented and correlated with the pheno-
type of this condition (Rio Frio et al.  2011 ; Berdasco and Esteller  2013 ).   

1.12.4     Chromosome Deletion and Rearrangements: Epigenetic 
Changes 

   9q Subteloric Deletion Syndrome 

 The 9q subtelomeric deletion syndrome is characterized in most cases by moderate 
to severe mental retardation, childhood hypotonia, and facial dysmorphism; some 
cases that also have congenital heart defects, urogenital defects, epilepsy, and 
behavioral problems are frequently observed (Kleefstra et al.  2009 ). The two main 
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etiologies for this condition are submicroscopic 9q34.3 deletion or intragenic 
 EHMT1  mutations leading to haploinsuffi ciency of the  EHMT1  gene as mentioned 
above under Kleefstra syndrome (Greer and Shi  2012 ; Kleefstra et al.  2009 ).  

   46XY Inversion(10)(q11.1;q21.3) 

 46 XY inversion (10)(q11.1;q21.3) is another example of autism associated with the 
X chromosome. In this case disruption of the  TRIP8  gene may be implicated 
(Castermans et al.  2007 ). This gene exerts its effect through the JMJC domain 
resulting in histone modifi cations (Castermans et al.  2007 ).  

   Wolf–Hirschhorn Syndrome 

 Wolf–Hirschhorn syndrome (WHS) is a syndrome caused by a deletion or disruption 
of the distal region of the short arm of chromosome 4 at the 4p16.3 site. It is character-
ized by the presence of a peculiar phenotype, delayed growth, delayed psychomotor 
development, and epilepsy (Blanco-Lago et al.  2013 ). It may also be a result of 
chromosome translocation of chromosome (4:14)(p16;q32). In most cases there is 
abnormality of the histone methyltransferase—WHS candidate 1-like 1 ( WHSC1L1 ) 
gene that results in epigenetic effects through histone modulation (Kang et al.  2013 ; 
Sheth et al.  2012 ).    

1.13     Epigenetics, Brain Function and Memory 

 From the above list of syndromes that have an effect on mental development, autism 
and other neuronal changes, it is apparent that epigenetics has a major role in human 
brain functioning in health and disease. Epigenetic mechanisms in the dentate gyrus 
may be one of the molecular switches of hippocampus-associated memory formation 
(Reul et al.  2009 ). Epigenetic modifi cations are thought to be involved in brain 
memory and plasticity and therefore may also be important in behavioral disorders 
(Dulac  2010 ). This mechanism may involve DNA methylation (Day and Sweatt 
 2010 ) or histone modifi cations (Dulac  2010 ). Histone methylation by HDAC3 is 
involved with long-term memory formation (McQuown et al.  2011 ). Even after 
birth, there is evidence of behavior and nurture infl uencing changes in epigenetics 
(Meaney et al.  2007 ). Development of pharmacological agents using epigenetic 
alteration of histones may be by HDAC inhibitors which seem to have an effect on 
behavior and memory (Abel and Zukin  2008 ; Vecsey et al.  2007 ). There is evidence 
that epigenetic alterations of the brain by the action of histone methyltransferases 
G9a may be involved in cocaine-induced brain plasticity (Maze et al.  2010 ). 

 As a category, many syndromes resulting in mental retardation have epigenetic 
origins. Some of these have been described elsewhere in the chapter. Mental retar-
dation syndromes have been linked to histone and DNA modifi cations and to 
microRNA dysregulation (Iwase and Shi  2011 ).  
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1.14     Epigentic Disorders Associated with Assisted 
Reproductive Technology 

 An association between assisted reproductive techniques and increased risk for 
epigenetic defects is increasingly being noted (Katari et al.  2009 ) but it is not 
entirely clear if this is due to the technique or the subfertility pattern of the parents 
(Horsthemke and Buiting  2008 ). The correlation of ART and higher incidence of 
disorders of epigenetics can however be explained by the critical period concept 
where the period of demethylation and de novo methylation corresponds to the 
period of exposure to ART techniques (Niemitz and Feinberg  2004 ; Feinberg  2007 ; 
Kohda and Ishino  2013 ). The pattern of methylation changes also provides clues to 
this association. For example, the hypomethylation of  LIT1  is the most common 
fi nding (13/14 cases) in BWS associated with ART compared to non-ART concep-
tion where the incidence is only about 33 % (Niemitz and Feinberg  2004 ). A recent 
review of 30,959 infants born of IVF in Sweden showed that IVF treatment though 
not directly associated with autistic disorder was associated with mental retardation; 
and specifi c procedures of IVF such as intracytoplasmic sperm injection (ICSI) for 
paternal infertility were associated with an increased relative risk for both autistic 
disorder and mental defi cit (   Sandin et al.  2012 ). An epigenetic mechanism was 
implicated based on similar observations in animal studies (Lucifero et al.  2004 ; 
Paoloni-Giacobino and Chaillet  2004 ; De Rycke et al.  2002 ). ICSI is related to 
increased methylation problems in offspring as demonstrated in ICSI-generated 
mice (Xu et al.  2013 ). Especially relevant may be asymmetries that exist in the patterns 
of development of male and female zygotes that have a potential to be altered during 
the ICSI procedure (Kohda and Ishino  2013 ). 

 Epigenetic effects in cloned offspring are also much higher than in non-cloned 
normal conception, and include the following cellular manifestations: (a) X-inactivation 
errors, (b) improper imprinting of paternal genes, (c) abnormal DNA methylation, 
(d) abnormal histone acetylation and methylation, (e) failure to activate key pluripo-
tency genes such as  Oct4  (Morgan et al.  2005 ). 

1.14.1     Epigenetic Drift, Cancer, and Aging 

 Recently the changes associated with time in the landscape of DNA methylation of 
most of the genome of somatic cells have been characterized and termed “Epigenetic 
Drift” (Teschendorff et al.  2013 ). Some of the changes could also be tissue specifi c 
and may yield biomarkers that help in monitoring tissue function changes with age 
and disease. This concept has potential implications in understanding the biology of 
stem cells, neoplasia, and aging-related changes. Epigenetic drift has been well doc-
umented in changes involved with human aging (Fuso et al.  2012 ; Hannum et al. 
 2013 ; Heyn et al.  2012a ; Martin  2012 ; Mendelsohn and Larrick  2013 ; Teschendorff 
et al.  2013 ). This may be related to many mechanisms but the association with 
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telomerase shortening is especially intriguing (Farwell et al.  2000 ). There is also a 
large body of evidence suggesting its role in the development of neoplasia; therefore, 
understanding the mechanisms behind this process may be important in developing 
strategies for prevention and treatment of cancers (Teschendorff et al.  2013 ).   

1.15     Epigenetics and Multigenerational Disease Processes 

 From analysis of the Dutch Famine Cohort in the Netherlands, researchers observed 
transgenerational phenotypic changes in fetal growth and birth weight (Lumey and 
Stein  1997 ). Transgenerational effects of epigenetics were initially described in 
endocrine disruptors in rats causing male infertility into the F3 generation (Anway 
et al.  2006 ) and more evidence has been accumulating on this subject (Youngson and 
Whitelaw  2008 ). There are mouse models to explain transgenerational maintenance 
of parent-specifi c methylation patterns (Park et al.  2012 ). There is increasing evi-
dence of transgenerational effects of epigenetic changes especially noted in the 
 MLH1     gene associated with Lynch syndrome which is characterized by multiple 
MLH1-negative cancers of the colorectum and endometrium and hemiallelic meth-
ylation of the  MLH1  in all somatic cells (Goel et al.  2011 ; Hitchins et al.  2007 ). In a 
study involving families of two cases with germline  MLH1  epimutations, it was 
discovered that the epimutations was transmitted from a mother to her son but that 
imprint was later erased in his sperms. The affected allele though inherited by three 
other siblings from these two families studied had reverted to the normal active state 
(Goel et al.  2011 ; Hitchins et al.  2007 ). 

 Transgenerational effects have been demonstrated on reproductive functions in 
male and female offspring (up to F3 generation) when F0 gestating rats were 
exposed to various chemicals during period of embryonic gonadal development 
(Manikkam et al.  2012 ; Anway et al.  2006 ). Specifi c and consistent DMRs were 
identifi ed in the sperms of all lineages suggesting the role of epigenetic mechanisms 
(Manikkam et al.  2012 ). The process of epigenetic inheritance may be different in 
men and women and we need to be cognizant of this fact not only in animal experi-
ments but also in analyzing human epidemiological data relating to epigenetics 
(Hitchins et al.  2011 ; Hitchins et al.  2007 ).  

1.16     Epigenetics and Evolutionary Relationship 
of Imprinting to Growth 

 Genomic imprinting may have evolved about 150 million years ago in a common 
live-born mammalian ancestor after divergence from egg-laying animals. Subsequently 
there is evidence of continuing evolution from metatherian (marsupials—where most 
of the development is extra uterine) to eutherian mammals (where most of the 
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development is intrauterine) (Murphy and Jirtle  2003 ; Killian et al.  2000 ). The theory 
postulates that this is related to the father trying to have the largest possible baby with 
only one partner (him) even at the cost of mother’s life; versus the mother trying to 
have a smaller infant so that she can have more babies with more partners. The “battle-
of-sexes hypothesis” or “confl ict theory,” where the mother and father are each vying 
to leave their genes as lasting legacies has been given scientifi c validity and it has 
become clear that paternally- and maternally imprinted genes sometimes have 
opposite effects during fetal development. Paternally imprinted or controlled genes 
promote fetal growth and maternally imprinted genes suppress it (Haig and Graham 
 1991 ; Moore and Haig  1991 ). Evidence for this “battle-of-sexes hypothesis” mostly 
comes from animal studies, but it is also suggested by some observations in humans; 
human triploid fetuses develop a large placenta if the extra genetic material is pater-
nal but placental tissue is sparse if the extra genomic material is maternal (Hall 
 1990 ). There are many hypotheses that attempt to explain this phenomenon from an 
evolutionary perspective but none have gained wide acceptance so far.  

1.17     Epigenetics, Biomarkers, and Drug Discovery 

 Development of biomarkers is an important step in early recognition of disease and 
in monitoring the progression or regression of a particular condition. There is ongo-
ing progress in identifi cation of biomarkers for epigenetic conditions. The challenge 
is that most such conditions are time and tissue specifi c. However, in studies using 
different human tissues from different ages of life, it was shown that in independent 
imprinted genes some of the DMR methylation levels were comparable at birth 
between two tissues—umbilical cord blood and buccal cells. Moreover, within buccal 
cells, DMR methylation levels were similar at birth and at 1 year of age. Furthermore, 
comparison to other fetal tissues showed that DMR methylation in one tissue would 
be comparable to other tissues within the same subject for the markers studied. 
Therefore, it is possible that buccal cells or other easily obtained tissue from an 
individual could be used as a biomarker in epidemiological studies (Murphy et al. 
 2012 ; Park et al.  2012 ). Another potential biomarker for fat mass in childhood is the 
methylation status of the retinoid X receptor in umbilical cord (Godfrey et al.  2011 ). 
Certain epigenetic biomarkers have been found that are associated with exposure to 
certain environmental compounds and persist across generations, thus allowing 
for assessment of ancestral environmental exposures associated with adult onset 
disease (Manikkam et al.  2012 ). 

 An understanding of critical periods in epigenetic modifi cations is important in 
proper targeting of appropriate therapy. A recent example is the use of JMJD2 
histone demethylases to epigenetically control herpes virus infection and prevent its 
reactivation from latency (Liang et al.  2013 ). Knowing that the JMJD2 family of 
chromatin-modifi cation enzymes are required for both HSV and hCMV immediate- 
early (IE) genes essential for viral transcription activators, was key in developing 
therapeutic strategies for inhibiting these enzymes and has opened up a whole new 
fi eld of antiviral drug discovery. Similarly, advances in our understanding of the 
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critical points of epigenetic alterations in cancers are opening up possibilities for 
developing preventative and therapeutic strategies (Yang et al.  2013 ; Ren et al. 
 2013b ; Ren et al.  2013a ; Qiao et al.  2013 ; Dietel et al.  2013 ; Andreoli et al.  2013 ). 
The understanding of periods of vulnerability of the human brain cells to epigenetic 
changes is providing opportunities to develop drug therapies for improving brain 
function and memory (Vecsey et al.  2007 ; Reul et al.  2009 ; McQuown et al.  2011 ; 
Day and Sweatt  2010 ).  

1.18     Epigenetics: Future Trends 

 Study of the epigenome is being fast-tracked by a number of other important devel-
opments. The human methylome with differences between stem cells and fi bro-
blasts has been cataloged (Lister et al.  2009 ). Recently the encyclopedia of DNA 
elements (ENCODE) project has identifi ed and mapped regions of transcription, 
transcription factor association and correlated them with chromatin structure and 
histone modifi cations to help us better understand epigenetic regulation of the 
genome (Dunham et al.  2012 ). Altered epigenetic patterns in gene regulatory 
sequences have thus been revealed by the ENCODE project and the effects are 
global within the organisms and especially in human cancers (Bernstein et al.  2012 ). 
The use of Gene Environment Association Studies (GENEVA) and multi-site 
genome-wide association study (GWAS)    consortia have added signifi cantly to our 
understanding of epigenetics and its role in human health and disease. The chal-
lenge in these studies will be to have a properly defi ned phenotype (phenotype har-
monization) (Bennett et al.  2011 ). A number of human therapies targeting the 
epigenome are being tested especially those related to histone modifi cations effect on 
improvement of memory, anticancer drugs, and antiviral medications. The therapeutic 
use of microRNA is being investigated, and modifi cation of DNA methylation in peri-
conception and early embryogenesis are being studied in animal models with great 
promise. In utero modifi cations of targeted molecules such as leptins are being inves-
tigated to improve birth outcomes (Gluckman and Hanson  2007 ; Gluckman et al. 
 2009 ; Gluckman et al.  2007 ) Changes in post-weaning diet in mice have been shown 
to affect genomic imprinting of the Igf2 locus giving rise to the possibility of nutri-
tional and other therapeutic manipulation of the epigenome for improving health in 
humans during their entire lifetime (Waterland et al.  2006 ). Understanding the criti-
cal periods of epigenome vulnerability will add greatly to the proper targeting of 
these potential therapies.  

1.19     Conclusions 

 Our understanding of epigenetic mechanisms in the preservation of health and the 
development of disease is rapidly expanding. With the advent of new knowledge 
and discovery of new therapies, it is important to classify epigenetic conditions 
using a system that can be useful in targeting the developed therapies to critical 
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periods of development where they can have the most impact. The classifi cation of 
epigenetic conditions presented here helps in determining not only the optimal time 
in the life cycle but also the mechanism of epigenetic change viz., DNA methyla-
tion, histone modifi cation, or microRNA modulation. The fact that in a majority of 
these disorders the affected protein is not intrinsically fl awed but abnormally 
expressed provides ground for optimism that given the appropriate epigenetic 
switch, the right amount of that protein might still be restored.     
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    Abstract     Neural differentiation is a complex process that requires highly accurate 
spatial and temporal regulation by extracellular and intracellular programs. 
Epigenetic mechanisms, such as DNA methylation, covalent histone posttranscrip-
tional modifi cations, chromatin organization, and noncoding regulatory RNA, are 
key regulators of pluripotency maintenance and differentiation. The misregulation 
of these mechanisms could lead to neurological diseases and cancer.  

  Keywords     DNA methylation   •   Histone modifi cations   •   Epigenetics   •   Neural 
 differentiation   •   Neural diseases  

2.1         Introduction 

 The development of the central nervous system (CNS) arises from the external 
layer of the embryo, the ectoderm (Bohacek et al.  2013 ). This is a complex and 
tightly regulated phenomenon which, briefl y, consists in the initial formation of the 
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neural tube which then develops to become the brain and spinal cord (Olynik and 
Rastegar  2012 ). The CNS is composed by many cell types, including neurons, 
astrocytes,  oligodendrocytes, all of which are formed from the same multipotent 
precursor cells—neural stem cells (NSCs)—(Dietrich et al.  2006 ) which have the 
capacity to self-renew and differentiate in multiple lineages. NSCs are capable of 
generating specifi c neurons, of a particular length and at exactly the correct place 
and time for the requirements of each stage of development; neurons appearing 
fi rst, and then astrocytes and oligodendrocytes (Olynik and Rastegar  2012 ). During 
development, NSCs fi rstly divide symmetrically to expand, and then start to divide 
asymmetrically, resulting in a new NSC and a neuron. In later stages of develop-
ment, NSCs are able to become, in addition to neurons, to astrocytes, and/or to 
oligodendrocytes while at the same time maintaining their capacity for self-
renewal. This differentiation has to be strictly regulated during development, both 
spatially and temporally, by extracellular cues such as the NOTCH signaling fam-
ily, TGF-β, FGF, EGF, and FGF2 growth factors, neuregulins (NRG), and by intra-
cellular programs including the expression of homeobox (HB) genes and epigenetic 
modifi cations (Mizutani et al.  2007 ; Namihira et al.  2008 ). Knowledge of exactly 
how the molecular determination of NSC differentiation takes place could have 
major implications for the study of many diseases such as cancer and neurodevel-
opmental disorders. 

 The term epigenetics was fi rst introduced by Conrad Waddington in 1942 to 
explain the variations between genes and their products. However, the word has 
evolved to incorporate the study of mitotically and/or meiotically stable and heri-
table changes in gene expression which are not accompanied by changes in the 
DNA sequence. Epigenetic modifi cations are crucial for gene expression regulation 
during the cell cycle, development, differentiation, and in response to environmen-
tal or biological variations (Brooks et al.  2010 ). Epigenetic regulation comprises 
DNA methylation, covalent histone posttranscriptional modifi cations (such as 
methylation, acetylation, ubiquitination, and phosphorylation), chromatin organiza-
tion, and noncoding regulatory RNA (Bernstein et al.  2007 ). Epigenetic mecha-
nisms are key regulators of pluripotency maintenance and also of cell fate 
specifi cation. During their differentiation from embryonic stem cells (ESCs) to 
NSCs, cells have already acquired epigenetic marks (Meissner et al.  2008 ). NSC 
maintenance requires epigenetic mechanisms that allow the inhibition of neuronal 
and glial cells, whereas differentiation of NSCs requires the elimination of the epi-
genetic suppression of neural and glial specifi cation genes (Hsieh and Eisch  2010 ). 
During the differentiation process, neural genes can become activated due to the 
increased accessibility of their promoters, whereas pluripotency neural genes are 
silenced (Hirabayashi and Gotoh  2010 ) (Fig.  2.1 ).

   In this chapter, we will discuss and summarize the epigenetic changes that occur 
during differentiation from ESCs to NSCs and then to mature neural and glial cells, 
and their relation with many neurological disorders.  
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2.2     Epigenetic Mechanisms and Neural Differentiation 

2.2.1     DNA Methylation 

 One of the most extensively studied epigenetic modifi cations in mammals is DNA 
methylation, which plays an important role in many biological processes, such as 
genomic imprinting, X-chromosome inactivation (XCI) during development, regu-
lation of gene expression, and maintenance of epigenetic memory, among others. 
DNA methylation consists of the covalent addition of a methyl (CH 3 ) group, from 
the methyl donor S-adenosylmethionine (SAM) to the 5′ carbon of the pyrimidine 
ring of the citosine base that precedes guanine (CpG) (Herman and Baylin  2003 ; 
Weber et al.  2007 ). CpGs are mainly associated in clusters called CpG islands and 
are located at the promoter region of more than 50 % of genes (Bird  1986 ). In 
healthy cells, most CpG islands are unmethylated when located at a transcription 
start site (TSS), and when methylated they are usually associated with silent genes. 
Indeed, hypermethylation of CpG islands in promoter regions is related to the 

  Fig. 2.1    Epigenetic changes during the differentiation process in neural genes. ( a ) During ESC 
differentiation, neuronal genes such as Sox2 are activated via decreased DNA methylation. ( b ) In 
ESCs, neural genes carry both the H3K27me3-repressed mark ( red triangle ) and the H3k4me3- 
activated mark ( green triangle ). During differentiation, JMJD3 acts to remove H3k27me3 on the 
promoter of many neural genes ( Nestin, Pax6, Ngns, Mash1, Sox1, Sox3, Nkx2.2 ), which become 
expressed       
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silencing of many tumor suppressor genes (TSG) in cancer. Conversely, CpG sites 
located in repetitive and transposon elements, intergenic regions, and gene bodies 
are usually heavily methylated (Ellis et al.  2009 ; Kanai  2008 ). During ESC differ-
entiation, there is an increase in DNA promoter methylation regions (Delcuve et al. 
 2009 ) and many pluripotency genes are silenced by DNA methylation (Mohn et al. 
 2008 ), while neuronal genes such as  Sox2  are activated via decreased DNA meth-
ylation (Sikorska et al.  2008 ) (Fig.  2.1a ).

   DNA methylation is carried out by DNA methyltransferases—DNMT1, 
DNMT3A, and DNMT3B—the fi rst being responsible for the maintenance of the 
DNA-methylated status following DNA replication and the two latter being de novo 
methyltransferases (Robertson  2001 ). High levels of DNMT1 have been found to 
maintain DNA methylation in NSCs in the embryonic nervous system. In the case 
of de novo methyltransferases,  DNMT3B  is expressed in embryonic NSCs, whereas 
DNMT3A is expressed at late developmental stages (Feng et al.  2007 ). DNMT3A- 
defi cient ESCs have increased cell proliferation and premature glial differentiation 
(Wu et al.  2012 ). A decrease in DNMT3B causes the failure of neuronal differentia-
tion in vitro, maybe due to the principal expression of this methyltransferase in early 
embryonic cells and neural progenitors (Bai et al.  2005 ; Feng et al.  2005 ; Watanabe 
et al.  2006 ). 

 The association between DNA methylation and gene repression can be mediated by 
methyl-CpG-binding proteins (MBPs) which recognize methylated DNA, bind to it, 
and recruit different chromatin remodeling complexes (Defossez and Stancheva  2011 ). 
In the brain, MBD1 and MeCP2, two MBPs that contain a  methyl-CpG- binding 
domain (MBD), are strongly expressed and participate in neurodevelopment and 
 plasticity through the regulation of other epigenetic factors (Fan and Hutnick  2005 ; 
Jobe et al.  2012 ).  

2.2.2     Histone Tail Posttranslational Modifi cations 

 The basic unit of chromatin is the nucleosome. It consists of 147 bp of DNA wrapped 
twice around two copies of each of the histones H2A, H2B, H3, and H4. The 
N-terminus histone tails are susceptible to posttranslational modifi cation (PTM) by 
acetylation, methylation, ubiquitination, phosphorylation, and other processes. 
PTMs need to be strictly regulated, both spatially and temporally, during develop-
ment. Depending on the amino acid residues that the histone PTM is attached to, 
these covalent modifi cations have profound effects on chromatin organization and, 
as a consequence, on gene activation and inactivation depending whether transcrip-
tional machinery has greater or lesser accessibility (Delcuve et al.  2009 ). Together, 
the different PTMs and the effects they exert are referred to as the “histone code” 
(Bernstein et al.  2007 ). Addition of acetyl groups to lysines correspond with the 
open chromatin state, which is very important in nucleosome formation and chro-
matin folding. In the case of histone methylation, it can occur at the lysine and 
arginine residues of histones, and depending on the amino acid residue, the effect 

E.G. Toraño et al.



67

can be different. For example, H3K4me3 is associated with gene activation, whereas 
H3k27me3 and H3k9me3 are inhibitory epigenetic marks. In ESCs, chromatin 
structure is very open and active and during development, acetylation marks are 
substantially reduced and there is an overall increase in repressive marks which 
results in differentiated tissues having a more condensed chromatin structure 
(Meshorer et al.  2006 ). 

    Histone Acetyl Transferases and Histone Deacetylases 

 Histone acetyl transferases (HATs) are the enzymes responsible for catalyzing the 
acetylation of lysine residues of histone, and its reversion is carried out by histone 
deacetylases (HDACs) and both are implicated as regulators of neural-specifi c 
gene-expression patterns in the brain (Abel and Zukin  2008 ). Acetylation is the 
most widely studied histone modifi cation and plays an important role in gene regu-
lation (MacDonald and Howe  2009 ) and its regulatory role is evolutionarily con-
served: in  Drosophila , neural differentiation is connected with high acetylation 
levels whereas low levels are related to glial differentiation (Flici et al.  2011 ). 

 HATs comprise three major families: general control non-derepressible 5 (Gcn5)-
related  N -acetyltransferases (GNATs), and p300/CBP and MYST proteins (Lee and 
Workman  2007 ). It has been shown that knockdown of these HATs leads to aberrant 
ESC differentiation although HATs have not been extensively studied in a develop-
mental context, neither in vivo nor in cellular systems. More studies in NSCs and of 
brain development are necessary to understand the role of histone acetylation in 
embryonic development (Lilja et al.  2013 ). 

 Histone deacetylation is catalyzed by the HDAC enzymes which are critical 
players in many biological processes, including differentiation (Haberland et al. 
 2009b ). They can regulate stem cell self-renewal and differentiation through the 
control of a variety of target genes, and also regulate (NSC) differentiation. Also, 
HDACs can target nonhistone protein targets, such as transcription factors, tran-
scription regulators, signal transduction mediators, DNA repair enzymes, and even 
each other (Xu et al.  2007 ). In mammals, there are 18 HDACs, which are classifi ed 
into four classes depending on sequence identity and domain organization 
(Dokmanovic et al.  2007 ). Class I HDACs (1, 2, 3, and 8) are located in the nucleus 
and are known to have critical functions during early development (Yang and Seto 
 2008 ). HDAC1 and HDAC2 act together to maintain neuronal specifi cation. 
Deletion of either one of these HDACs leads to severe brain abnormalities and post-
natal lethality (Montgomery et al.  2009 ). HDAC1 is enhanced in glial cells in the 
adult brain, whereas HDAC2 is upregulated in the differentiation of NSCs to differ-
ent neural lineages (MacDonald and Roskams  2008 ). Overexpression of  HDAC2  in 
neurons decreases synaptic plasticity and memory formation (Guan et al.  2009 ). 
HDAC1, 2, and 3 inhibit oligodentrocytic differentiation and HDAC2, in addition, 
inhibits astrocytic differentiation (Montgomery et al.  2009 ). In  HDAC8  global dele-
tion mice, their development of scull morphogenesis points to it having a unique 
role in cranial differentiation (Haberland et al.  2009a ). 

2 Role of Epigenetics in Neural Differentiation: Implications for Health and Disease



68

 Class II HDACs (4, 5, 6, 7, 9, and 10) have cell type-specifi c expression and may 
serve as key regulators of neural development, but their roles are not well defi ned. 
For instance, HDAC4, 5, 7, and 9 are upregulated in differentiated NSCs (Ajamian 
et al.  2003 ); HDAC5 regulates neuronal differentiation (Schneider et al.  2008 ) and, 
along with HDAC4, are involved in neuronal maturation (Majdzadeh et al.  2008 ). 
HDAC3 and 5 also participate in NSCs proliferation (Sun et al.  2007 ). The third 
class of HDACs, called sirtuins, requires nicotinamide adenine dinucleotide (NAD + ) 
for their activity, linking them with cell metabolism and redox state (Calvanese and 
Fraga  2011 ). Seven sirtuin members, SIRT1-7, have been identifi ed in mammals, 
with different subcellular locations; SIRT1, 6, and 7 are located in the nucleus, 
SIRT2 is cytosolic, and SIRT3, 4, and 5 are found in the mitochondria (Verdin et al. 
 2010 ). SIRT1 has a role in ESC maintenance, through the epigenetic repression of 
many developmental genes (Calvanese et al.  2010 ). It has also been implicated in 
neuronal differentiation, but its role is not very clear as it has been associated with 
both activation and inhibition of neural differentiation (Lilja et al.  2013 ). HDAC11 
alone forms HDAC class IV. 

 HDAC inhibitors (HDACis) are molecules that inhibit HDAC activities, which 
allow effi cient control of gene expression (Kretsovali et al.  2012 ). They are classi-
fi ed into four different families: the short-chain fatty acids (sodium butyrate, phen-
ylbutyrate, and valproic acid (VPA)), the hyroxamic acids (trichostatin A (TSA) and 
suberoylanilide hydroxamic acid (SAHA)), the epoxyketones (trapoxin), and the 
benzamides (Abel and Zukin  2008 ). Their effects cause transcription alterations 
which result in no net gain in the number of induced or repressed genes. Sirtuins are 
not inhibited by compounds such as vorinostat or TSA in contrast to class I and II 
HDACs (Xu et al.  2007 ). The administration of HDACis such as VPA can induce 
differentiation into neural lineage and glial suppression due to the induction of a 
neurogenic bHLH transcription factor,  NeuroD  (Hsieh et al.  2004 ). HDACis have 
potent anticancer activities such as arresting tumor growth, induction of differentia-
tion, and apoptosis (Minucci and Pelicci  2006 ). For these reasons, they represent a 
good therapeutic approach for tackling many neurological diseases.  

    Histone Methyltransferases 

 Histone methyltransferases (HMTs) catalyze histone methylation of lysine or argi-
nine residues of PTMs. Histone methylation can be associated with either gene 
silencing or gene activation, depending on the number of methyl groups (1, 2, or 3) 
and the location of the residue. Examples of repressive marks are H3K9me2, 
H3K9me3, H3k27me3, and H4K20me3 while H3K4me3 and H3K36me3 are 
examples of active marks (Mosammaparast and Shi  2010 ). 

 Two members of the chromatin remodeling system, Polycomb-group (PcG) 
and Thithorax-group (TrxG) proteins, are evolutionarily conserved from 
 Drosophila  to humans and are responsible for the correct expression and regu-
lation of the majority of key developmental genes in ESCs. PcG and TrxG pro-
tein complexes have antagonistic functions in that PcG proteins promote 
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heterochromatin formation via H3k27me3 inhibitory epigenetic mark, whereas 
TrxG proteins have the reverse effect due to the promotion of H3k4me3 associated 
with gene activation (Bernstein et al.  2006 ; Ng and Gurdon  2008 ; Ringrose and 
Paro  2007 ; Schuettengruber et al.  2007 ). PcG proteins play a key role in silencing 
developmental genes and, as a consequence, in pluripotency maintenance and 
inhibition of differentiation. They form two polycomb-repressive complexes, 
PRC1 and -2, of which each contains a different set of core proteins. Both silence 
an extensive range of key developmental genes in ESCs due to trimethylation at 
histone 3 lysine 27. In addition, most PcG target genes also carry H3k4me3. This 
histone signature (H3k27me3 and H3k4me3 together) occurs in regions referred 
to as bivalent domains, and collectively, means the gene is maintained poised for 
activation and prepares ESCs for differentiation. 

 During differentiation, active genes are enriched in H3k4me3 due to TrxG protein 
complex action, while the demethylase JMJD3 is recruited, which removes the 
H3K27me3 mark. In contrast, genes that remain silenced retain H3k27me3 and lose 
H3k4me3 through Rbp2 demethylase, which is recruited by PRC2 complex (Cloos 
et al.  2008 ; Pasini et al.  2008 ; Soshnikova and Duboule  2008 ). This “bivalent” state is 
resolved during the differentiation process when genes becomes univalent as a result 
of neural differentiation, leaving them in an “on” or “off” state of transcription. Among 
the genes carrying the “bivalent” mark are  Hox  genes (Barber and Rastegar  2010 ), 
the master regulators of embryonic development. The genome is composed of 39  Hox  
genes organized in four clusters,  Hoxa, Hoxb, Howc , and  Hoxd . They control the exact 
purpose of each developing tissue in the body and, during neurogenesis, they are 
responsible for dictating and leading somatogenesis, cellular migration, and axonal 
direction, and their misregulation leads to disease and cancer (Barber and Rastegar 
 2010 ; Oury and Rijli  2007 ). 

 In neural differentiation, JMJD3 acts to remove H3k27me3 on the  Nestin  pro-
moter, a neurofi lament gene whose activation is a step in the transition from ESC to 
NSC (Burgold et al.  2008 ). More examples of neural genes that lose repressive 
marks during differentiation into neural lineage are paired box gene 6 ( Pax6 ), neu-
rogenins (Ngns),  Mash1  (achaete–scute complex homolog 1, or  Ascl1 ), SRY-Box 1 
( Sox1 ),  Sox3 , and NK2 transcription factor-related locus 2 ( Nkx2.2 ) (Hirabayashi 
and Gotoh  2010 ; Mikkelsen et al.  2007 ) (Fig.  2.1b ). In addition, during transition 
from ESC to NSC, a new “bivalent” state is established in functioning genes in 
terminally differentiated neurons. These neuron-specifi c genes become poised for 
expression and lose the H3k27me3 mark in the fi nal differentiation before becom-
ing expressed.   

2.2.3     Noncoding RNA 

 Noncoding RNA (ncRNA) refers to the part of the RNA that is not translated into 
protein and includes microRNAs (miRNAs), small interfering RNAs (siRNAs), 
small nucleolar RNAs, and PIWI-interacting RNAs (piRNAs) (Li and Zhao  2008 ). 
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They regulate gene expression through the control of chromatin structures, RNA 
modifi cations, DNA transcription, and mRNA translation and splicing (Mohamed 
Ariff et al.  2012 ). ncRNAs are important executers in epigenetic regulation and, in 
particular, miRNAs play a role in stem cells maintenance and differentiation through 
degradation of their target mRNAs (Guo et al.  2010 ). miRNA activities act in coor-
dination with DNA marks and histone modifi cations to ensure the correct differen-
tiation of all the cell types in the CNS (Olynik and Rastegar  2012 ). The most 
abundant miRNA in both the embryonic and adult CNS is miR-124, whose levels 
are increased during neuronal differentiation (Makeyev et al.  2007 ). miR-124 is 
critical in neurogenesis due to its targeting of  Sox9 , which is essential for multipo-
tent NSC formation and maintenance (Cheng et al.  2009 ; Scott et al.  2010 ). Other 
examples of miRNAs involved in neural differentiation are  miR-9 , which is 
expressed in neurogenic areas of the brain and controls NSC proliferation and dif-
ferentiation, and Let-79, which reduces proliferation and induces neural differentia-
tion (Zhao et al.  2009 ,  2010 ). The misregulation of these miRNAs is related with 
cancer and many neurological diseases, such as Alzheimer’s and Parkinson’s (Junn 
and Mouradian  2012 ).   

2.3     Epigenetics in Neural Diseases 

 As a whole, epigenetic mechanisms are thought to be involved in a number of 
 neurological disorders. The inadequate control of proliferation, “poised” state, or 
the imbalance between HATs and HDACs and the promotion or inhibition of neural 
differentiation has been associated with many neurological disorders and tumori-
genesis of the nervous system. Any malfunction of the epigenetic machinery during 
neural development could lead to neural diseases and knowledge of how aberrant 
epigenetic mechanisms take place in such development would provide good oppor-
tunities for therapeutic intervention (Fig.  2.2 ). 

2.3.1     Rett Syndrome 

 Rett syndrome (RTT) is an X-linked dominant neurological disorder that predomi-
nantly affects females, with an incidence of 1 in 10,000–15,000 female births. It is 
characterized by normal development during the fi rst 6–18 months after birth, fol-
lowed by the appearance of severe problems, including autistic features, epileptic 
seizures, and poor motor and language skills (Rett  1986 ). This disorder is principally 
caused both by mutations and duplications in the  MECP2  gene (Bird  2008 ; Urdinguio 
et al.  2009 ; Van Esch et al.  2005 ). Although this gene disruption affects all tissues, 
its deregulation seems to be particularly damaging to brain function (Chen et al. 
 2001 ; Guy et al.  2001 ; Neul et al.  2008 ). Additionally, XCI is thought to cause a 
mosaicism of MeCP2 protein expression and differences in penetrance of the 
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symptoms, although a recent study showed that XCI patterns in various peripheral 
tissues did not differ between RTT discordant monozygotic twins (Miyake et al. 
 2013 ). 

 Currently, many works are focusing on understanding the different facets of 
MeCP2 function. One of the targets of MeCP2 is the brain-derived neurotrophic 
factor ( BNDF ) gene, whose protein is synthesized in response to neuronal activity 
and is essential for appropriate brain function. A recent work using ESCs has stud-
ied the maturation process of neurons and found that MeCP2 regulates not only 
BDNF levels but also the nuclear size and RNA synthesis during the process 
(Yazdani et al.  2012 ). Furthermore, RTT mutations in  MECP2  have recently been 
described which abolish the interaction of MeCP2 with the NCoR/SMRT corepres-
sor, a fi nding in line with the hypothesis that brain dysfunction in RTT is caused by 
a loss of the MeCP2 connection between the NCoR/SMRT corepressors and chro-
matin (Lyst et al.  2013 ). 

 Microarray expression analyses have suggested that MeCP2 is able to regulate a 
wide range of genes in different regions of the brain (Jordan et al.  2007 ; Tudor et al. 
 2002 ; Urdinguio et al.  2009 ). Although MeCP2 was fi rstly described as interacting 
with repressor complexes and inhibiting gene expression, compelling evidence is 
pointing to MeCP2 being involved in the regulatory action of both activator and 
repressor functions (Ben-Shachar et al.  2009 ; Chahrour et al.  2008 ; Samaco and 
Neul  2011 ; Zachariah and Rastegar  2012 ). This indicates that adequate regulation 

  Fig. 2.2    Some    epigenetic mechanisms implicated in neural diseases. Rett syndrome is principally 
caused by a mutation in MeCP2. It has been shown that the DNA methylation of telomerase inverse 
transcriptase (hTERT) promoter is increased in patients with Alzheimer’s disease and an aberrant 
gene expression related to histone acetylation and phosphorylation has been found. In Huntington 
disease, huntingtin protein has been found to be modifi ed by many PTMs. In schizophrenia 
patients, the extracellular    matrix protein reelin is reduced; a decrease, which may be regulated by 
DNA methylation and HDACs, and its expression are increased by DNA methyltransferase. Also, 
an increase in GABAergic mRNA has been demonstrated and shown to be associated with a rise 
in H3k4me3. Gliomas present specifi c epigenetic patterns such as aberrant DNA methylation and 
changes in histone PTMs and their regulatory genes       
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exerted by  MeCP2  is essential for correct brain function. It has been reported that 
RTT symptoms are, fortunately, reversed by MeCP2 restoration in mouse models 
of RTT (Bird  2008 ; Guy et al.  2007 ), which brings hope for the treatment of this 
complex disease.  

2.3.2     Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a neurodegenerative disease associated with dementia 
and shows progressive memory loss and cognitive decline. It is associated with 
plaques containing amyloid-ß, and neurofi brillary tangles in the brain (Ittner and 
Gotz  2011 ). Many genetic risk factors for AD have been identifi ed, although only a 
few cases of AD can be explained by specifi c gene mutations. Besides that, the 
phenotypic discordance between monozygotic twins where one has Alzheimer’s 
might be explained by the existence of epigenetic mechanisms that contribute to the 
development of this illness (Poulsen et al.  2007 ). In addition, the fact that reduced 
neurogenesis is a common feature in AD could be due to failures in the differentia-
tion process, including epigenetic failures. There are some studies that relate epi-
genetic mechanisms directly with AD: It has been shown that the DNA methylation 
of telomerase inverse transcriptase ( hTERT ) promoter is increased in patients with 
AD (Silva et al.  2008 ) and an aberrant gene expression related to histone acetylation 
and phosphorylation has also been found (Kilgore et al.  2010 ).  

2.3.3     Huntington’s and Parkinson’s Diseases 

 Huntington’s disease (HD) and Parkinson’s disease are neurodegenerative diseases. 
Despite the fact that the molecular mechanisms implicated in their development 
appear to be very different, both are late-onset and have been associated with the 
accumulation of intracellular toxic proteins (Rubinsztein  2006 ). 

 HD is a heritable disease characterized by abnormal involuntary movements, 
cognitive dysfunction, and psychiatric symptoms (Walker  2007 ). It is caused by an 
autosomal-dominant mutation in the huntingtin gene ( HTT    ), which produces an 
expansion of a poly-glutamine repeat within the amino terminus of the protein hun-
tingtin ( HTT ). The mutant form of this protein has been found to interact with 
HATs, which suggests that epigenetics play a role in HD. Also, this protein associ-
ates with HDAC corepressors to repress transcription (Gray  2010 ,  2011 ; Steffan 
et al.  2000 ). These interactions between  HTT  protein and the regulation of the his-
tone code can lead to aberrations of gene expression. Accordingly, genome-wide 
expression profi ling patterns in HD patients have shown alterations in mRNA 
expression (Borovecki et al.  2005 ). Recently, a study has shown that treatment with 
HDACis in a mouse model of HD resulted in improved motor function, extended 
survival, and reduced brain atrophy (Chopra et al.  2012 ). 
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 Parkinson’s disease (PD) is a degenerative disorder of the CNS that affects 1–2 % 
of the population over the age of 65. The most common symptoms are resting 
tremor, rigidity, bradykinesia, and postural instability, which result from the loss of 
neuromelanin containing dopaminergic neurons (Thomas and Beal  2011 ). Many 
studies have related PD with specifi c/particular genetic mutations (Hardy  2010 ; 
Nuytemans et al.  2010 ; Ramirez et al.  2006 ), but in the last few years there is grow-
ing evidence pointing to epigenetic mechanisms contributing to PD development 
(Coppede  2012 ). For instance, the expression of the gene frequently altered in PD, 
alpha-synuclein ( SNCA ), can be regulated by DNA methylation (Matsumoto et al. 
 2010 ). Also, treatments with TSA performed in a rat model of PD have shown a 
neuroprotective action of this epigenetic drug (Monti et al.  2010 ), and levels of 
many miRNAs have also been shown to be altered (Gillardon et al.  2008 ). These 
studies evidence the relationship between epigenetic mechanism and PD, and more 
investigations in this area could help to make progress in discovering new targets 
and designing appropriate therapies.  

2.3.4     Schizophrenia 

 Schizophrenia is a mental disease characterized by a serious disorder of cognition. 
Common symptoms include delusions, hallucinations, paranoid, bizarre thoughts, 
social dysfunction, poor motivation, and apathy, among others. Diagnosis is usually 
in adolescence or later, suggesting that it may will be a neurodevelopmental disor-
der (Sawa and Snyder  2002 ). To date, DNA methylation has been examined for only 
a small number of candidate genes (Roth et al.  2009 ). For instance, the levels of the 
extracellular matrix protein reelin are reduced in postmortem brains from patients 
diagnosed with schizophrenia or bipolar illness with psychosis. This downregula-
tion is thought to be mediated by epigenetic mechanisms given that  Reelin  promoter 
contains several sites for DNA methylation and HDAC and DNMT inhibitors 
increase its expression. Furthermore, another gene infl uencing the GABAergic sys-
tem, the glutamic acid decarboxylase 1 (GAD1) showed changes in schizophrenia 
patients related to chromatin remodeling modifi cations (Abel and Zukin  2008 ).  

2.3.5     Glioma 

 Glioma is the most common primary brain tumor and causes more than 40 % of all 
CNS neoplasms. It is well known that aberrant epigenetic mechanisms lead to can-
cer and glioma progression (Nagarajan and Costello  2009 ). Gliomas are classifi ed 
by their state of differentiation and present distinct epigenetic patterns such as aber-
rant DNA methylation (Martinez et al.  2009 ), changes in histone PTMs and their 
regulatory genes (Kreth et al.  2012 ), and also downregulation and upregulation of 
miRNAs (Croce  2009 ).  
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2.3.6     Therapeutic Applications 

 Targeting histone acetylation could provide benefi ts for the treatment of many 
 neurological diseases. For example, HDACis might interfere in neurological dis-
eases to provide a protective effect (Chuang et al.  2009 ). As mentioned earlier, VPA 
promotes neural differentiation and could have important clinical applications in the 
treatment of neurological diseases such as epilepsy, bipolar disorders, and serious 
depression (Blaheta and Cinatl  2002 ).   

2.4     Conclusions 

 It is true to say that current knowledge of the epigenetic changes that take place dur-
ing neural development, neural disorders, and cancer development and their clinical 
potential is quite wide. However, many aspects remain unknown and other aspects 
need to be fully explored for a truly complete understanding of the development of 
neural disease and cancer. The use of new technical tools such as high-throughput 
approaches, and the development of stem cell-based therapies should lead to the 
identifi cation of new therapeutic targets and result in improvements in quality of life 
for patients.     
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    Abstract     Epigenetic modifi cations are emerging as key players in not only the 
regulation of normal genomic expression patterns, but also their role in disease 
progression due to their deregulation. An irregular change in DNA methylation, 
either through aberrant hypermethylation or hypomethylation, may have serious 
consequences relating to carcinogenesis by potentiating or preventing gene func-
tions. Conversely, the reversal of abnormal hypermethylation has been aided by the 
advent of DNMT inhibitors to restore tumour suppressor gene function. In addition, 
the fi eld of histone post-translational modifi cations (PTMs) is expanding. The best 
characterised and seemingly most involved in pathogenesis remain acetylation and 
methylation of amino acid residues within N-terminal tails. As the complexity of the 
epigenetic language becomes more apparent, it has been found that there is signifi cant 
crosstalk between modifi cations, including DNA methylation and histone PTMs. 
Great promise lies in the development of histone deacetylase inhibiting compounds, 
which initiate a vast number of effects normalising or eradicating tumour cells.  
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3.1         Introduction 

 The term epigenetics, coined by Waddington in 1942, is used to describe reversible 
alterations in gene expression or cellular phenotype caused by modifi cations other 
than changes in the underlying DNA sequence and permit inheritance of expression 
patterns. Epigenetic modifi cations are laid down in response to environmental or 
internal stimuli, and help to regulate cellular functions, allowing cell types of differ-
ent phenotypes to develop from an identical genome. Packaging of DNA is intricate 
and complex given the importance of folding metres of nucleotide sequences into 
the nucleus whilst allowing the accessibility of enzymes required for replication and 
transcription to come into contact with the DNA. In eukaryotes, this is solved by the 
presence of histones, folded protein chains assembled into a globular nucleosome. 
The nucleosome contains an octamer of the four pairs of core histones H2A, H2B, 
H3 and H4 wrapped in 147 base pairs of the right-handed DNA helix, coiled around 
1.65 times in a left-handed superhelix (Kouzarides  2007 ; Luger and Mader  1997 ; 
Bishop  2008 ). Nucleosomes are separated by stretches of linker DNA of varied 
length, dependent on tissue type and species (Woodcock et al.  2006 ). Core histones 
have a globular C-terminal, whilst basic N-terminal tails rich in arginine and lysine 
project from the core histones, contributing to their affi nity for DNA and acting as 
the target of covalent, post-translational modifi cations (PTMs) (Brent et al.  2004 ). 
The complex involving DNA wrapped around nucleosomes is referred to as chro-
matin and the tightness of its compaction permits or restricts access to DNA. The 
primary structure of chromatin is a 10 nm fi bre and is further compacted by stacking 
nucleosomes to form the 30 nm diameter secondary structure (Szerlong and Hansen 
 2011 ). Various models have been proposed for the secondary structure, including 
the zigzag two-start helical ribbon (Bednar et al.  1998 ), two-start crossed-linker 
(Williams et al.  1986 ) and one-start solenoid (Finch and Klug  1976 ; Notbohm et al. 
 1979 ) although there is evidence that more than one form may be present simultan-
eously (Grigoryev et al.  2011 ). Epigenetic modifi cations remodel chromatin and 
can provide binding sites for other molecules, by histone structural variants, DNA 
methylation, non-coding RNA and PTMs of histones—which may alter chromatin 
tightness or be linked to events such as DNA repair (Paull et al.  2000 ). Post- 
translational histone modifi cations    include phosphorylation, acetylation, sumoylation, 
ADP-ribosylation, methylation and ubiquitylation. Due to the heritable nature of 
 epigenetic alterations, changes in DNA methylation, histone methylation and histone 
acetylation have all been implicated in cancer development, and so will be the focus 
of this chapter.  

3.2     DNA Methylation 

 DNA methylation is governed by DNA-methyltransferase (DNMT) enzymes utilis-
ing an S-adenosylmethionine as a methyl-donor at the fi fth carbon within a cytosine 
base (Goll and Bestor  2005 ), via a “base fl ipping” mechanism where the cytosine is 
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moved into an extrahelical position, providing the DNMT access to the base 
(Huang and MacKerell  2004 ). For a cytosine to be susceptible to this alteration, it 
must be present within a CpG dinucleotide which is symmetrical in double-stranded 
DNA allowing the epigenetic mark to be maintained through DNA replication. 
DNMT1 is a critical enzyme in this process preferentially binding to hemi- 
methylated DNA and methylating the other DNA strand (Hermann et al.  2004b ). 
Although renowned for being one of the    most stable epigenetic marks, in germ cell 
development and embryonic differentiation DNA it undergoes active demethylation 
(Reik et al.  2001 ; Smith et al.  2012 ). Cytosine methylation is utilised in the pro-
cesses of imprinting (Smrzka et al.  1995 ), X-inactivation (Sharp et al.  2011 ), tissue-
specifi c cell differentiation (De Smet et al.  1999 ), silencing of repetitive sequences 
such as retrotransposons and in tumour development (Smallwood and Kelsey  2011 ). 

 CpG dinucleotides can occur within the genome as CpG islands or isolated CpGs 
and are methylated via different processes. CpG islands (CGI) are 5′ sequences 
longer than 500 bp, with a CpG content greater than 55 % (Takai and Jones  2002 ) 
and are located close to 76 % of promoters within the human genome (Davuluri 
et al.  2001 ). Promoter CGIs are associated with nucleosome-free regions and aren’t 
methylated, allowing access for transcriptional enzymes to the DNA (Choi  2010 ). 
Most CGI in promoters are resistant to de novo methylation during development, 
whether expressed or not (Bestor et al.  1992 ), with less than 20 % methylation 
(Eckhardt et al.  2006 ; Weber et al.  2007 ). CGIs that undergo methylation become 
transcriptionally silenced (Bird  2002 ) as methylation blocks the binding of several 
transcription factors which require contact with the major groove of DNA. CGIs 
also recruit histone deacetylases (HDACs) or enlist methyl-binding proteins which 
modulate chromatin resulting in tighter, transcriptionally inactive structures (Bird 
and Wolffe  1999 ; Le Guezennec et al.  2006 ). 

 Isolated CpGs mainly occur in regions of repeats and transposable sequences 
(Wilson et al.  2007 ) which are highly susceptible to cytosine methylation. Eighty 
percent of these CpGs are found to be methylated in both humans and mice 
(Antequera  2003 ) as CpG-poor regions are predisposed to DNA methylation (Bird 
 2002 ) due to de novo methylation of nucleosomal DNA by DNMT3b (Hermann 
et al.  2004a ). Hypomethylation of normally methylated sequences, such as those 
controlling transcription, can allow their expression and subsequently lead to cancer 
development (Ehrlich  2002 ). Over 45 % of the genome is composed of retrotrans-
posons, such as LINEs (Smit and Riggs  1996 ), which have the potential to alter 
gene sequence and function by inserting themselves (Chen et al.  2012 ; Muotri et al. 
 2010 ). These repetitive sequences are constitutively methylated in normal somatic 
cells (Steinhoff and Schulz  2004 ) with more than 90 % of methylated CpGs existing 
in retrotransposons (Yu et al.  2001 ), upholding closed chromatin which represses 
transcription and prevents them from abnormal insertions (Miriam and Mark  2010 ). 
Cancer cells have been observed to develop hypomethylated transposons, permitting 
their transcription and leading to harmful translocation and recombination of chro-
mosomes (Rodriguez et al.  2006 ; Delgado-Cruzata et al.  2012 ). 

 Profi ling of cancer methylation patterns show that some TSGs are methylated in 
multiple cancers, such as p16 INK4a , responsible for inhibiting cell cycle progression, 
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which is methylated in prostate, bladder, breast, renal and colon cancers (Herman et al. 
 1995 ; Gonzalez-Zulueta et al.  1995 ). Other TSG promoter methylation is seen only 
in tumours of certain tissues (Esteller et al.  2001 ), for example CDH1 promoter 
hypermethylation downregulates E-cadherin in oesophageal cancer, allowing 
metastasis and invasion (Corn et al.  2001 ). Similarly, ICAM-1 codes an adhesion 
molecule and silencing allows colorectal cancer cells to break free and metastasize 
to the liver (Tachimori et al.  2005 ). The tumour suppressor gene APC is found to be 
methylated in hepatocellular carcinoma in 81.7 % of cases with no methylation 
occurring in the controls (Lee et al.  2003 ) allowing for a highly accurate marker for 
tumours. The specifi c patterns of promoter methylation may allow tumours to be diag-
nosed as previous studies have shown hypermethylation in these regions in precancer-
ous tumours as an early stage of oncogenesis (Esteller et al.  2000b ). In addition, serum 
levels could potentially be used to calculate the risk of cancers (Esteller et al.  1999 ; 
Laird  2003 ), the stage of tumour progression, metastatic risk or sensitivity to chemo-
therapeutic agents (Strathdee et al.  1999 ; Esteller et al.  2000a ). 

 Paradoxically, global hypomethylation is a common feature of cancers also 
(Choi et al.  2009 ; Feinberg et al.  2006 ; Feinberg and Vogelstein  1983 ), due to acti-
vation of oncogenes and instability of both chromosomes and the genome. Lowered 
global methylation can be associated with a large increase in the risk of developing 
breast cancer due to genomic instability (Choi et al.  2009 ), even in families at high risk 
of developing the disease. Satellite 2 (Sat2) is a specifi c repetitive sequence normally 
methylated, but found to be demethylated in many breast tumours (Wu et al.  2012 ), 
and these changes, both globally and gene specifi c, offer the hope of a potential, 
non-invasive biomarker test (Delgado-Cruzata et al.  2012 ). 

 Treatment with nucleoside-analogue DNMT inhibitors such as 5-aza-cytidine 
(5-AC, azacitidine, Vidaza) and 5-aza-2′-deoxcycitidine (5-AZA-Cde, decitabine, 
Dacogen) can reverse hypermethylation at promoters and subsequently reactivate 
transcription of TSGs by causing the removal of nucleosomes. Both of these drugs 
were fi rst approved by the FDA for the treatment of myelodysplastic syndromes 
(Kantarjian et al.  2006 ; Silverman et al.  2002 ), precursors for leukaemia (Ziemba 
et al.  2011 ) and are now in use for the treatment of acute myelogenous leukaemia 
(AML) (Marks  2012 ; Francesca et al.  2011 ). Murine studies indicated that 5- AZA- Cdr 
is more potent than 5-CR in the treatment of leukaemia, resulting in a 647 % increase 
in survival, compared to 115 % for the same dose of 5-CR (Momparler et al.  1984 ). 
Vulnerability to each drug depends on the nucleoside transporters present, as each 
drug has different transporter profi les (Damaraju et al.  2012 ). Further explanation for 
the differing clinical effectiveness of azacitidine and decitabine lies in that only azacit-
idine prevents protein synthesis, whereas decitabine is effective at inducing DNA 
damage, reducing DNMT1 presence and hypomethylating DNA in concentrations 
2–10 times lower than azacitidine (Hollenbach et al.  2004 ). 

 5-AC is converted intracellularly to its active form, azacytidine triphosphate 
(Glover and Leyland-Jones  1987 ; Leone et al.  2002 ) and is incorporated into RNA 
and DNA in a 65:35 ratio (Hollenbach et al.  2004 ). The drug inhibits DNMT1 to 
cause global hypomethylation, directly induces DNA damage, and its incorporation 
into RNA interferes with the synthesis of proteins and DNA. Anti-neoplastic effects 
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in myelodysplasic syndromes are due to hypomethylation of promoters reactivating 
TSGs to allow differentiation, downregulation of hematopoiesis-inducing cytokines 
and also apoptotic death of rapidly diving cells, including those of myeloid origin 
(Keating  2011 ). 5-AC has signifi cant cytotoxicity due to incorporation into nucleic 
acids, so patients may experience mild side effects associated with its usage, as well 
as reactions at the injection site (Keating  2011 ). It is effective in about half (49 %) 
of patients, improving their quality of life and rates of remission (Silverman et al. 
 1993 ), as well as their psychological well-being (Silverman et al.  2002 ). In a trial 
comparing subcutaneous 5-AC with conventional treatment such as chemotherapy, 
5-AC prolonged survival by a median of 9.4 months (Keating  2011 ). An esterised 
nucleoside derivative, 2′, 3′, 5′-triacetyl-5-azacitidine (TAC), has shown promise in 
trials as a more soluble, stable and bioavailable prodrug form, with lower toxicity 
and can be taken orally (Ziemba et al.  2011 ) as both 5-AC and 5-AZA-Cde have 
short half-lives (Lin et al.  1981 ; Notari and DeYoung  1975 ). 

 5-AZA-Cde’s antitumorigenic effects are through a combination of promoting 
apoptosis and inhibiting the activity of cancer cells, strengthening tight junctions to 
disrupt invasion (Shin et al.  2012 ). It signifi cantly depletes the amount of DNMT1 
available within eight hours of a single dose (Al-Salihi et al.  2011 ), to cause global 
hypomethylation and prevent promoter hypermethylation (Alcazar et al.  2012 ). 
At lower concentrations than those required to trigger apoptosis in cancer cells, 5-AZA- 
Cde promotes differentiation, cell cycle arrest in G 2 /M or cycle exit and inhibits prolif-
eration (Qian-Ying et al.  2012 ; Alcazar et al.  2012 ). Through promoter demethylation, 
apoptosis is caused by the downregulation of anti-apoptotic proteins such as Bcl-2, 
production of reactive oxygen species (ROS), caspase activation (Shin et al.  2012 ) 
and also by upregulation of TRAIL (tumour necrosis factor- related apoptosis-
inducing ligand), to activate the extrinsic apoptotic pathway (Matias et al.  2013 ).  

3.3     Histone Methylation 

 In histones, methylation occurs on the amino acid residues; lysine and arginine on the 
histone tails. Complexity is added by the number of methyl groups that can be attached 
to these sites—lysine can be mono-, di- or tri-methylated, and arginine can be mono- or 
di-methylated (Ng et al.  2009 ). The methyl donor is an S-adenosylmethionine 
(AdoMet), from which a methyl group is transferred to a lysine’s ε-amino (NH 2 ) group, 
or arginine’s ω- or δ-amino groups. Methylation at both sites can inhibit or activate 
transcription depending on the context of protein and specifi c residue within the 
sequence modifi ed. A variety of domains recognise methylation of lysine or arginine, 
including the tudor domains, chromodomains, PHD fi ngers, Ankyrin repeats, WD40 
repeats, HEAT domains, PWWP domains and MBT domains, with PHD also able to 
bind to unmodifi ed lysines (Gardner et al.  2011 ). 

 Lysine residues are methylated by histone lysine methyltransferases (KMTs), 
all but one containing the conserved, catalytic SET domain of 130 amino acids 
(Zhang and Bruice  2008 ; Black et al.  2012 ). SET domain containing enzymes are 
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grouped based on the sequences surrounding it (Xiaodong et al.  2005 ). KMTs transfer 
between one and three methyl groups to a lysine residue using cofactor AdoMet as 
a donor (Guo and Guo  2007 ), with the cofactor residing on one side of the SET 
domain and the substrate on the other. A lysine channel brings the side chain into 
contact with AdoMet, and this channel allows the lysine to be brought into contact 
with a tyrosine with hydrogen bond formation allowing transfer of the methyl 
group. Stearic properties of the channel determine how many methyl groups may be 
added, as a phenylalanine in place of a tyrosine permits larger, already methylated 
substrate lysines to pass through, allowing further methylation (Bing et al.  2003 ). 

 The fi rst of the KMTs to be discovered was the SET domain containing SUV39H1 
(KMT1A), which methylates lysine 9 of H3 (Rea et al.  2000 ), and provided the 
opportunity to search for other KMTs with homology to the enzymatic (SET) 
domain. Some evidence for interplay between PTMs lies in the presence within 
SUV39 family sequences of reader domains for other modifi cations, with some 
members harbouring chromodomains or MBDs, for recognition of other methylated 
lysines or methylated DNA, respectively (Völkel and Angrand  2007 ). The second 
class of KMTs, smaller enzymes with a structurally distinct catalytic domain, is so 
far represented by a single enzyme, KMT4 or Dot1L in humans (Black et al.  2012 ). 
The KMTs have high substrate and methylation state specifi city, generally binding 
only one specifi c lysine within a tail. This specifi city is crucial because methyla-
tion states provide additional information—for example trimethylation of lysine 27 
on histone H3 is associated with X-inactivation, but not dimethylation (Collins 
et al.  2005 ). 

 Methylation is a reversible modifi cation, and the activity of KMTs is opposed by 
the lysine demethylases (KDMs), which are divided into two families. All KMTs 
require Adomet as a cofactor and generate formaldehyde and carbon dioxide as by- 
products of the reaction. The amine oxidases are exemplifi ed by LSD1 (KDM1A), 
often found in corepressor complexes, which demethylates using an oxidation reac-
tion (Shi et al.  2004 ). FAD as a necessary cofactor in this class (Black et al.  2012 ). 
LSD1’s function is dependent on its binding partners, for example activating when 
complexed with the androgen receptor, or repressing transcription when bound to 
CoRest (Cloos et al.  2008 ). The Jumonji domain proteins demethylate via oxida-
tion, and are dependent on α-ketoglutarate, O 2  and Fe(II) (Cloos et al.  2008 ). A third 
group of enzymes, the LOX family, demethylates lysines by deamination, an area 
that must be further investigated (Black et al.  2012 ). 

 Arginine residues are methylated at their guanidino group on the terminal nitro-
gen atom (Bedford  2007 ) to form monomethylarginine (MMA), symmetric dimethy-
larginine (SDMA) or asymmetric dimethylarginine (ADMA) (Turner  2005 ). Each 
methylation at the guanidino group removes a hydrogen bond donor and changes the 
arginine’s potential-binding partners (Bedford and Clarke  2009 b) and argentines’ 
that have been methylated become more hydrophobic (Kleinschmidt et al.  2008 ). 
SDMA is a repressive transcriptional mark, whereas ADMA has a role in transcrip-
tional activation, and methyl marks also act in DNA repair, RNA processing and 
imprinting (Kleinschmidt et al.  2008 ). With much less specifi city than KMTs, protein 
arginine N-methyltransferases (PRMTs) commonly have multiple arginine targets 

C. Westerland and T.C. Karagiannis



87

(Bedford and Clarke  2009 b), the majority of substrates involved with RNA (Bedford 
and Clarke  2009 a). PRMT recruitment to promoters is mediated by coactivators, to 
modify histones and other protein substrates within chromatin (Kleinschmidt et al. 
 2008 ). There are 11 PRMTs found in humans, distributed between three types, 
containing an AdoMet-binding pocket within a conserved catalytic domain, and the 
total enzyme ranging from 316 to 956 amino acids in length (Wolf  2009 ). Type I and 
II PRMTs fi rst catalyse formation of MMA as an intermediate, and then further 
methylate it to form ADMA and SDMA, respectively, whereas type III forms a 
monomethylated residue (Di Lorenzo and Bedford  2011 ). Tudor domains bind and 
recognise arginines that are symmetrically dimethylated (Cote and Richard  2005 ). 
Type IV enzymes catalyse the methylation of the internal δ nitrogen, but this type of 
activity has so far only been discovered in yeast (Bedford and Clarke  2009 b). 

 PRMT1 is responsible for 84 % of total cellular protein arginine methyltransferase 
activity, and 54 % of asymmetric arginine methyltransferase activity (Pal and Sif  2007 ), 
expressed in all tissues but found at highest levels in neuronal tissues of embryos 
where it is involved in neuronal differentiation (Cimato et al.  2002 ). It regulates cel-
lular location of proteins (Pal and Sif  2007 ) and despite a wide range of substrates 
shows a preference for arginines fl anked by glycines (Bedford and Clarke  2009 b). 
It is expressed at equal levels across all differentiated cell types, yet relative levels of 
splice-variant isoforms vary between regular and cancerous breast tissues, providing 
hope for a new diagnostic tool (Wolf  2009 ). 

 PRMT4, also known as CARM1 (coactivator-associated arginine methyltransfer-
ase 1), acts in conjunction with PRMT1 and two other coactivator classes, the his-
tone acetyltransferase (HAT) p300/CBP and p160 family, to enhance transcription, 
although PRMT1 and CARM1 also have repressive roles, and knockdown studies 
show that their functions partially overlap (Kleinschmidt et al.  2008 ). It is also a 
coactivator for transcription factors including p53, and nuclear receptors including 
the androgen receptors (Shia et al.  2012 ). CARM1 aids transcription by recruiting 
other proteins after nuclear receptor binding and recruits RNA splicing factors 
(Di Lorenzo and Bedford  2011 ). 

 PRMT5 has involvement with the Janus tyrosine kinase indicating a role in sig-
nal transduction pathways activated by cytokines, and was the fi rst type II enzyme 
discovered and main type II PRMT in mammals (Di Lorenzo and Bedford  2011 ). 
PRMT6 is the smallest of the PRMT family at 316aa and is involved in cellular 
immunity against HIV-1 by downregulating expression of viral genes. A gene dupli-
cation event in PRMT7 leads to possession of two AdoMet-binding cores, but it 
cannot function without both domains. It has been found to have both type II and III 
activity, but is dependant on the substrate (Di Lorenzo and Bedford  2011 ). PRMT8 
has 80 % homology to PRMT1, the closest relationship between members of the 
PRMT family, causing some overlap in substrate specifi city. PRMT7 is notable for 
being the only membrane-bound PRMT (Bedford and Clarke  2009 b). 

 Unmodifi ed arginine residues can be converted into citrulline by a deimination 
reaction by the peptidylarginine deiminase family (PADIs), whose main substrates 
include the core histones (Bedford and Clarke  2009 a). No enzyme has been found 
so far that can reverse arginine deimination or methylation, but methylation prevents 
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their deimination, and deimination prevents their methylation—antagonistic activities 
but not true demethylation (Di Lorenzo and Bedford  2011 ). Jmjd6 was a purported 
arginine demethylase, but more recent studies have brought this into question, fi nding 
only lysine oxidase activity (Di Lorenzo and Bedford  2011 ). 

3.3.1     Aberrant Histone Methylation in Cancer 

 Both lysine and arginine methylation are commonly dysregulated in cancers, due to 
their involvement in transcriptional regulation. PRMT5 overexpression corepresses 
E-cadherin, allowing epithelial to mesenchymal transition, a key step in metastasis. 
This role is seen in its abnormally high levels in leukaemia, lymphoma and gastric 
cancer (Bedford and Clarke  2009 a). An isoform of leukaemic fusion protein 
AML- ETO has some histone methyltransferase activity due to recruitment of 
PRMT1, which activates cancer-promoting genes via methylation of arginine 3 in 
H4 in promoters (Shia et al.  2012 ). CARM1 aids proliferation of breast cancer cells 
in response to oestrogen, as well as showing elevated levels in castration-resistant 
lines of prostate cancer (Bedford and Clarke  2009 a). LSD1 can function as either a 
tumour suppressor or an oncogene, dependent on the complex it is involved in, so 
may be downregulated or overexpressed to carcinogenic effect (DeCarlo and 
Hadden  2012 ). Leukaemic fusion proteins resulting from an MLL translocation 
commonly recruit Dot1L, to encourage proliferation and loss of differentiation in 
lung tumours (Kim et al.  2011 ).   

3.4     Histone Acetylation 

 Histone acetylation is a dynamic and reversible process with the level of acetylation 
reliant on the relative levels of activity of HATs and antagonistic HDACs. This equi-
librium regulates cellular activities such as proliferation, differentiation and senes-
cence, and its deregulation is a key factor in pathogenesis. 

 Specifi c ε-amino group lysine residues in the N-terminal tails of core histones 
are acetylated by HATs, neutralising the positive charge of the residue and decreas-
ing the overall electrostatic attraction between nucleosome and DNA, as well as 
hindering the hydrogen bonding ability of the lysine. Acetylation therefore decreases 
the level of contact between histones and DNA, as well as altering interaction of 
histones with other histones in neighbouring nucleosomes, and histone interaction 
with other chromatin proteins (Lacoste and Coté  2003 ; Hong et al.  1993 ). This con-
denses the chromatin structure, permitting access to DNA by transcription factor 
complexes and enzymes, and also makes the chromatin more fl exible. Strong evidence 
for the role of lysine acetylation in transcriptional regulation was provided by the early 
observation that chromatin in actively transcribed genes is normally hyperacety-
lated at histones, whilst hypoacetylated in silenced regions (Allfrey et al.  1964 ). 

C. Westerland and T.C. Karagiannis



89

Recent study has expanded the known protein substrates to include the oncoprotein 
c-MYC, tumour suppressor p53 and HATs themselves in autophosphorylation 
(Jiang et al.  2012 ; Sapountzi and Coté  2010 ) as well as other proteins residing in the 
nucleus and cytoplasm. Roles for histone acetylation are not limited to transcrip-
tional regulation, as acetylation of lysines 5 and 12 in H4 is necessary to lay down 
new core histones and assemble nucleosomes (Yang  2004 ), but it is most commonly 
associated with transcriptional activation. 

 The distinction between type A and B HATs lies in their cellular localisation—
type A HATs reside in the nucleus, acetylating substrates including core histones 
and proteins associated with chromatin, whereas type B HATs are found in the 
cytoplasm where they aid newly synthesised histones’ transit into the nucleus via 
acetylation (Schrump  2009 ; Roth et al.  2001 ). The superfamilies of type A HATs 
are grouped according to homology of domains: MYST, GNAT (Gcn5-related 
N-acetyltransferase) and p300/CBP (Sterner and Berger  2000 ). Bromodomains rec-
ognise acetylation on histone tails, and these may be part of the structure of com-
plexes containing HDACs, HATs, transcription factors or proteins maintaining 
chromatin compaction (Wang et al.  2012 ). 

 Human members of the MYST family are hMOF, HBO1, MOZ, MORF and 
TIP60, and all possess greatly homologous catalytic domains (Sapountzi and Coté 
 2010 ). TIP60 and HMOF contain chromodomains for recognition of acetylated 
lysine, whereas MOZ and MORF have protein-binding plant homeodomains 
(PHD). TIP60 acetylates H4 and transcription factors, and can either act with other 
enzymes to co-activate (Brady et al.  1999 ) or co-repress transcription (Nordentoft 
and Jorgensen  2003 ) in a gene-dependent manner. 

 p300 and CBP are functionally redundant tumour suppressors, with high 
sequence homology (Roth et al.  2001 ). They acetylate the core histones and tran-
scription factors, targeting genes for active transcription (Martinez-Balbas et al. 
 1998 ) showing very similar distributions to promoters—out of 8,707 associated 
with one or both enzymes there were 222 only associated with p300, and 2,747 with 
only CBP (Wang et al.  2009 ). 

 The GNAT family in humans comprises PCAF and GCN5. Both enzymes require 
the presence of coenzyme acetyl coA to prevent their inactivation, and will acetylate 
linker histone H1 only if free from chromatin complexes (Herrera et al.  1997 ). 
PCAF (p300/CBP-binding protein-associated factor) derives its name from its inter-
action with p300/CBP (Sterner and Berger  2000 ), and autoacetylation localises it to 
the nucleus. PCAF is found in the PCAF complex, which has a preference for 
 residues within H3 (Turner  2000 ). 

 Histone acetylation is a dynamic and    reversible process, the level of acetylation 
reliant on relative levels of activity of HATs and antagonistic HDACs, and the bal-
ance vital to regulated development and aberrant activity a key factor in pathogen-
esis. HDACs remove acetyl groups from lysine residues to restore their positive 
charge and leaving DNA more tightly wound around core histones, thus less accessible 
to DNA-binding factors. HDACs are unable to bind to DNA directly, and so must 
form complexes to allow them to bind and alter DNA, available binding partners play-
ing a key role in expression patterns for a given cell type (Haberland et al.  2009 ). 
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The 18 characterised human types are divided into classes I, II, III and IV, based on 
comparison to yeast HDACs (Table  3.1 ). Classes I, II and IV are the metal- dependent 
“classical” HDAC family, with a Zn 2+  cofactor necessary for their active site function 
(Atadja  2011 ). The class III enzymes are known as the sirtuins due to similarity to 
yeast enzyme Sirt2, require cofactor nicotinamide adenine dinucleotide (NAD + ) to 
function, and have little homology to the other HDACs (Atadja  2011 ) (Table  3.2 ).

    Class I HDACs (HDACs 1, 2, 3 and 8) have a highly conserved N-terminal 
deacetylase domain and only short N- and C-terminal domains. Their varied roles 
are seen in their association with both transcriptionally active and inactive chromatin 
(Wang et al.  2009 ). Non-histone targets include transcription factors and 
AMP- activated protein kinase (AMPK), a protein complex involved in cellular 
 metabolic stress pathways (Lin et al.  2012b ). All class I HDACs so far have been 
determined to be part of repressor complexes with the exception of HDAC8, which 
is found in the cytoplasm of smooth muscle cells, allowing it to acetylate non-nuclear 
proteins and aid muscle contraction (Witt et al.  2009 ; Wolfson et al.  2013 ). 

 Both HDAC1 and HDAC2 are found in the same three chromatin remodelling 
complexes, the nucleosome remodelling and deacetylating complex (NuRD), Sin3 
and corepressor for element-1 silencing transcription factor (CoREST). The CoRest 
complex is responsible for the inactivation of neuronal genes in non-neuronal tis-
sues, where their expression would be redundant or even harmful (Ballas et al. 
 2001 ). Sin3 is recruited by methylated DNA-binding protein MeCP2 (Jones et al. 
 1998 ), whereas MBD2 complexes with NuRD to target it to methylated sequences 
(Le Guezennec et al.  2006 ). NuRD also has a subunit, CDH1, with two chromodo-
mains, and includes LSD1 for another dimension of chromatin-modifying capability 
(Ramirez et al.  2012 ). 

 HDAC3 is found in a corepressor complex with NCoR1 (nuclear receptor 
corepressor) and SMRT (silencing mediator of retinoic and thyroid receptors), 

   Table 3.1    Members of classical HDAC family   

 Class  Coenzyme  Size (kDal)  Members  Yeast homologue 

 I  Zn +   22–25  HDACs 1, 2, 3, 8  Rpd3 
 IIa  Zn +   120–135  HDACs 4, 5, 7, 9  HDAI 
 IIb  Zn +   120–135  HDACs 6, 10  HDAI 
 IV  Zn +   120–135  HDAC 11  HDAI 

   Table 3.2    Classifi cation of the Sirtuins, non-metal-dependent HDAC enzymes   

 Class  Coenzyme  Size (kDal)  Location  Members  Yeast homologue 

 I  NAD +   4–50  Nucleus, cytoplasm (1 and 
2 only), mitochondria 
(3 only found here) 

 SIRT1, SIRT2, 
SIRT3 

 Sir2 

 II  NAD +   4–50  Mitochondria  SIRT4  Sir2 
 III  NAD +   4–50  Mitochondria  SIRT5  Sir2 
 IV  NAD +   4–50  Nucleus  SIRT6, SIRT7  Sir2 
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corepressors that are necessary for typical embryonic development (Wilson et al. 
 2006 ; Oberoi et al.  2011 ). The binding of both corepressors stimulates deacetylase 
activity and mediates its targeting to promoter sequences, as isolated HDAC3 is not 
an active deacetylase (Guenther et al.  2001 ). 

3.4.1     Class II HDACs 

 The class II HDACs have been found to bind to NCoR/SMRT and recruit the activity 
of class I HDACs, which may explain initial results that found class II HDAC activity 
in impure samples—suppression of this binding or purifi ed class II samples have no 
deacetylase activity (Fischle et al.  2002 ; Verdin et al.  2003 ). A shorter splice variant 
of HDAC 9 that lacks the HDAC domain is equally effective in repression of target 
genes, suggesting that their inhibition of transcription is through some mechanism 
other than intrinsic HDAC activity, such as its interaction with HP1 and CTBP, 
known corepressors of transcription, often using the N-terminal domain (Lahm 
et al.  2007 ; Zhang et al.  2001 ). 

 The class IIa HDACs have two important domains, the carboxyl-terminal HDAC 
domain and the amino-terminal protein interaction domain (Fischle et al.  2001 ). 
Class IIa HDACs are divergent from the other metal-dependent HDACs by their 
ability to shuttle between the nucleus and cytoplasm, phosphorylation in the 
N-terminal domain promotes retention in the cytoplasm in association with 14-3-3 
proteins, and nuclear import is in association with MEF2 (McKinsey et al.  2000 ; 
Verdin et al.  2003 ; Yang and Seto  2008 ). Class IIa expression patterns are specifi c 
to tissue types and developmental stages, such as HDAC7 in vascular endothelium 
during embryogenesis (Chang et al.  2006 ) and HDAC4 for regulation of chondro-
cytes at growth plates (Vega et al.  2004 ). Class IIa have reduced catalytic activity 
compared to the other HDACs, due to a tyrosine to histidine substitution, so that a 
transition state in the reaction is no longer effectively stabilised (Bottomley et al. 
 2008 )—reversion to tyrosine in experiments resulted in a greater than 1,000-fold 
increase in activity (Lahm et al.  2007 ). 

 Class IIb consists of HDAC6 and HDAC10, both of which are mainly cytoplasmic. 
Despite each being complete, HDAC6’s catalytic domains are unable to function 
individually (Verdin et al.  2003 ). HDAC6 is predominantly localised to the cyto-
plasm in the absence of a stimulus, where it is the main deacetylase, and its partial 
translocation to the nucleus occurs in association with cell cycle arrest (Fischle et al. 
 2001 ; Yang and Seto  2008 ). It provides a link between protein acetylation and 
ubiquitination by forming a complex with other proteins to bind ubiquitinated 
targets for deacetylation, deacetylation allowing further ubiquitination at these resi-
dues (Seigneurin-Berny et al.  2001 ). When misfolded ubiquitinated proteins accu-
mulate in cells and would otherwise have cytotoxic effects, HDAC6 has a protective 
role, catalysing aggresome formation by sequestering ubiquitin-marked misfolded 
proteins and promoting degradation by autophagy (Boyault et al.  2007 ; Bali et al. 
 2005 ). Other cytoplasmic functions include deacetylation of α-tubulin in 
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microtubules during chemotaxis (Hubbert et al.  2002 ), vital to vascular endothelial 
cell migration in angiogenesis (Li et al.  2011b ). The role of HDAC10, which 
possesses only one catalytic domain, is yet to be fully elucidated.  

3.4.2     Class IV HDACs 

 Whilst the class IV catalytic domain shows similarity to both class I and II, HDAC11, 
the only member of this class, is mostly like the class I HDACs (Bottomley et al. 
 2008 ). In addition to the HDAC domain, it has short N- and C-terminal extensions but 
is the smallest of the HDAC family, mainly consisting of the catalytic domain. 
Expression is high only in certain tissues—the testis, brain, kidneys, heart and skeletal 
muscle, as well as several cancer lines, and predominantly resides in the nucleus of 
cells (Gao et al.  2002 ). HDAC6 is highly conserved from yeast to humans, indicating 
that it may have an important, albeit undiscovered, role (Yang and Seto  2008 ).  

3.4.3     Class III HDACs: “Sirtuins” 

 The Sir2 homologues have functions relating to regulation of metabolism, transcrip-
tion and apoptosis (Sauve et al.  2006 ). Within the sirtuin family, enzymes are classed 
across species according to their deacetylase domains of around 250 amino acids 
and reliant on NAD + , which they cleave during deacetylation. They are not sensitive 
to the classical HDAC inhibitors (HDACi) due to their different active sites and 
mechanism of catalysis, and are grouped with the ADP-ribosyltransferases (Sauve 
et al.  2006 ). In humans class I includes SIRT1, 2 and 3, class II consists of SIRT 4, 
SIRT 5 is the sole member of class III, and SIRT6 and 7 make up class IV (Roy 
 2000 ). A fi fth class, class U, is found in gram-positive bacteria (Sauve et al.  2006 ). 
Until recently, SIRT5 was believed to only possess weak, limited spectrum deacety-
lase activity (Du et al.  2011 ), but recently its roles in post-translational protein modi-
fi cation have been expanded to include much stronger lysine desuccinylation and 
demalonylation (Peng et al.  2011 ). Relatively weak deacetylase activity is found in 
SIRT4-7, suggesting that they too may have other enzymatic functions (Yuan and 
Marmorstein  2012 ).  

3.4.4     HDAC Expression/Aberrant Function in Cancer 

 Hypoacetylation of tumour suppressor genes due to HDAC overexpression is common 
to many cancers, and repressive chromatin structures silence certain genes to allow 
unregulated growth of cells. Class I HDAC upregulation is often correlated with 
poorer outcomes for patients, knockout studies suggesting that HDACs 1 and 3 are 
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necessary for the abnormal proliferation and longer survival times of cancer cells, 
whereas loss of HDAC 4 and 7 function had no discernible effects (Keith et al. 
 2003 ). Class II isoform expression is often decreased in tumours, high levels of 
expression being a predictor of better survival (Weichert  2009 ). HDAC1 and 
HDAC2 overexpression has the cancer-promoting functions of increasing cell sur-
vival, proliferation, and preventing expression of tumour suppressor p21, as well as 
encouraging loss of differentiation in cancer cells (Weichert et al.  2008a ). In colon 
cancer cells, HDAC3 is upregulated to 2.8 times the level found in normal cells, and 
the other class I members, HDAC2 and HDAC1, are found in elevated levels com-
pared to normal mucosa cells (Wilson et al.  2006 ), all three linked to poor prognosis 
and an advanced stage of disease in multiple cancers (Weichert et al.  2008a ,  b ). 
In hepatocellular carcinoma, HDAC1 expression levels correlated with loss of dif-
ferentiation and invasiveness (Xie et al.  2012 ). 

 APC loss of function mutation in colon cancer is correlated with HDAC2 
expression—elevated levels were found in 82 % of colon tumours, and signifi cant 
differences observed between tumour and normal colon cells (Zhu et al.  2004 ). 
Even mice lacking APC and with no tumours showed higher levels of HDAC2 
expression than comparative tissues in wild-type mice (Zhu et al.  2004 ). 

 In leukaemias induced by chromosomal translocations, oncogenic transcription 
factors may recruit HDACs and support their aberrant activity. PML-RARα forms a 
corepressor complex containing HDAC1 or HDAC2, which targets promoters of 
select genes in acute promyelocytic leukaemia (APL) to suppress function of tumour 
suppressor PML (Matsushita et al.  2006 ). AML-ETO interacts with HDAC1 in 
AML to cause increased chromatin binding, the pattern of which defi nes disease 
subtype and can predict survival outcomes (Tickenbrock et al.  2011 ). 

 Sirt1 studies involving cancer report apparently antagonistic roles: under certain 
circumstances, it acts as a tumour suppressor, but is oncogenic in others. Cancer- 
promoting effects of overexpression include increased angiogenesis, cell prolifer-
ation and survival (Stunkel and Campbell  2011 ) and anti-apoptotic prevention of 
Bax translocation to mitochondria (Cea et al.  2011 ), although it also prevents intes-
tinal polyps from progressing to tumours and inhibits colon cancer cell proliferation 
(Firestein et al.  2008 ). This is refl ected in the expression patterns of tumours, in 
which some display overexpression and others down-regulation of Sirt1. Cells lack-
ing SIRT3 exhibit elevated levels of ROS, potentially increasing their chances of 
developing cancer, as well as higher levels of glycolysis as seen in cancer cells 
(Giralt and Villarroya  2012 ).   

3.5     Histone Deacetylase Inhibitors in Cancer Therapy 

 HDACi impair HDAC function by blocking their active sites to impair enzymatic 
activity. Common structural features include a group to co-ordinate with active site 
zinc, joined by a hydrocarbon chain to a cap that hydrogen bonds with key residues 
within the HDAC lysine-binding channel (Monneret  2005 ). By inhibition of HDAC 
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enzymes, HAT activity is unopposed and acetylation at targets increases, opening up 
chromatin and increasing expression of certain genes such as tumour suppressors 
(Fig.  3.1 ). The increased acetylation is not global (Richon et al.  2000 ) showing selec-
tive targeting of genes with altered expression in cancer and leaving normal cells 
unaffected at doses toxic to cancer cells despite histone hyperacetylation occurring in 
both subsets (Ungerstedt et al.  2005 ). Targets for HDACi are the substrates of HATs, 
including many non-histone proteins, resulting in the diverse range of cellular 
responses to HDACi treatment including induction of cell differentiation, maturation, 
cell cycle arrest, senescence and cell death in carcinoma cells (Fig.  3.2 ).
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  Fig. 3.1    ( a ) Histone deacetylation leads to the formation of tight, repressive chromatin structures, 
inhibiting access to genes by transcription machinery and preventing transcription. ( b ) Histone 
deacetylase inhibitors prevent HDAC action. The unopposed activity of HATs leads to histone tail 
hyperacetylation resulting in open, transcriptionally active chromatin with access to genes ( green ) 
by transcription complexes       
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    These drugs are distributed between six structural classes on the basis of their 
functional groups—the hydroxamic acids, electrophilic ketones, cyclic peptides, 
short-chain fatty acids, benzamides and miscellaneous (Newbold et al.  2008 ). Up to 
20 % of genes are shown to have altered expression after HDACi treatment, 
increased and decreased expression occurring in approximately numbers of genes, 
infl uenced by drug concentration, cell line and length of exposure (Licciardi et al. 
 2012 ; Xu et al.  2007 ). The gene expression profi le changes resulting from HDACi 
treatment have some overlap due to shared mechanisms of action (Peart et al.  2005 ), 
but some genes are altered in a class-specifi c manner (Newbold et al.  2008 ) and 
resistance profi les accordingly different (Peart et al.  2003 ). Generalised effects are 
cell cycle arrest, intrinsic or extrinsic apoptic pathway activation, autophagic cell 
death, mitotic catastrophe, senescence and ROS generation (Xu et al.  2007 ). 

 Short chain fatty acids include butyrate, the fi rst HDACi to be synthesised, but 
use is restricted by their limited bioavailability, specifi city and potency (Sato  2012 ). 
The aliphatic chain acts as an analogue of the lysine side chain, blocking the HDAC 
lysine channel. This class also includes valproic acid (VPA), a class I isoform- 
selective inhibitor which was previously used as an anti-epileptic. The hydroxamic 
acid class includes suberoylanilide hydroxamic acid (SAHA), Trichostatin A (TSA), 
and inhibition is via hydroxamic acid group coordination with zinc in the HDAC 
active site (Marks  2007 ). Romidepsin, a naturally derived prodrug, is a member of 
the cyclic peptide class. 

 The US Food and Drug Administration (FDA) has approved romidepsin and 
vorinostat for the treatment of cutaneous T cell lymphoma, assorted conditions in 
which malignant T cells invade the skin and immunity becomes dysfunctional, 
resulting in immunosuppresion (Campbell et al.  2010 ) with romidepsin also 
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↓ p-gp ↑ access to genes

 HDAC6-related:
↓ HSP90 ↓ Aggresomes

↑ Active PP1

Cell cycle arrest:
↑p21 ↓ Cyclins

Extrinsic apoptotic pathway:
↑ Death receptors ↑ Ligands

Anti-angiogenic effects:
↓ VEGF ↓ HIF-1α ↑ VHL

Intrinsic apoptotic pathway:
↑ Pro-apoptotic molecules
↓ Anti-apoptotic molecules

ROS:
↓ Trx ↑ TBP ↑ ROS

Mitotic catastrophe:
↓ CPC localisation

Immunomodulatory:
↓ IL-10
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Autophagic cell death

  Fig. 3.2    Summary of effects induced by HDACi in malignant cells       
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approved for peripheral T-cell lymphoma (PTCL), a collection of aggressive disease 
subtypes caused by invasive, malignant T-cells. Even in cases where treatment is 
not curative, debilitating symptoms such as pruritis may be eased for improved 
quality of life.  

3.6     Prominent HDAC Inhibitors 

 Trichostatin A, a fungal antibiotic derived from  Streptomyces hygroscopicus , was the 
fi rst compound with HDAC activity discovered. Interestingly, TSA treatment also 
leads to down-regulation of DNMTs and the reversal of promoter hypermethylation 
to further normalise gene expression (Li et al.  2011a ). 

 Vorinostat (Zolinza ® ) is a synthetic compound and was the fi rst HDACi 
approved for clinical use in the treatment of cutaneous T cell lymphoma (CTCL). 
The phase II trial yielded 24 % response rate, impressive given that the median 
number of prior treatments was 5 (Duvic et al.  2007 ). Oral delivery avoids the 
risk of line sepsis from skin commensals such as  S. aureus , a potential cause of 
fatality as CTCL patients become immunocompromised with disease progression. 
The drug binds the coenzyme zinc with its hydroxamic acid group, forming 
hydrogen bonds with residues in the active site of HDAC (Grozinger and Schreiber 
 2002 ) and lacks selectivity, inhibiting class I HDACs as well as class IIb HDAC6, 
and weakly inhibits class IIa (Rangwala et al.  2012 ). The effect of restoring 
histone acetylation is highly transient, and lost rapidly when treatment is stopped, 
allowing recovery from any serious side effects noticed during treatment and 
normal cells are up to ten times as resistant to its effects as cancer cells, avoiding 
unnecessary side effects from generalised cytotoxicity (Sarfstein et al.  2010 ). 
Resistance arises to vorinostat in the form of overexpression of prosurvival 
proteins Bcl-2 and Bcl- X L   , which combat initiation of the intrinsic apoptotic 
pathway by preventing damage of the mitochondrial membrane by Bax and Bak 
(Newbold et al.  2008 ). 

 Romidepsin (depsipeptide, FK228, Isotodax ® ) is a highly potent prodrug, isolated 
from  Chromobacterium violaceum . Its disulfi de bond must be reduced intracellu-
larly by glutathione to yield the active, less stable form, with an active sulfhydryl 
group. Glutathione upregulation is normally a determinant of multidrug resistance, 
but cellular levels can be taken as an indicator of sensitivity to romidepsin (Peart 
et al.  2003 ). The prodrug form is hydrophobic and can easily cross cellular mem-
branes, making romidepsin highly effective compared to other HDACi (Monneret 
 2005 ). Romidepsin preferentially inhibits class I HDACs (class I selective), but with 
higher affi nity for HDAC1 and 2 over HDACs 4 and 6 (Newbold et al.  2008 ), and 
weak inhibition of class II HDACs (Bertino and Otterson  2011 ). It was approved 
by the FDA for CTCL in 2009 for intravenous delivery (Sato  2012 ) following prom-
ising results in phase II trials of patients with poor prognostic factors and prior 
failed treatments (Piekarz et al.  2009 ), and is the only HDACi approved for PTCL. 
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In the pivotal phase II trial for approval in the treatment of PTCL, romidepsin 
yielded responses in 38 % of patients and complete responses in 18 % (Coiffi er 
et al.  2012 ). Overexpression of Bcl-2 does not confer resistance to romidepsin, 
although abnormally high levels of Bcl-X L  prevent it from inducing cell death 
(Newbold et al.  2008 ). Resistance to HDACi can also arise in    cells expressing high 
levels of P-glycoprotein (P-gp), an effl ux protein involved in multidrug resistance, but 
no resistance has been found to other HDACi by this mechanism (Peart et al.  2003 ).  

3.7     Cell Cycle Arrest 

 Cyclin-dependent kinase (CDK) inhibitor p21 is normally induced by p53 in 
response to DNA damage, yet its induction is p53-independent in HDACi treatment 
and is mediated by increased acetylation at promoter histones (Xu et al.  2007 ). 
HDAC1 inhibits p21 expression (Xie et al.  2012 ); hence, p21 is frequently upregu-
lated with HDACi treatment leading to G 1  cell cycle arrest (Richon et al.  2000 ). 
Cyclins, which drive cycle progression, are downregulated contributing to cell cycle 
arrest (Nebbioso et al.  2005 ). Arrest in G 1  occurs with low dose treatment and in 
both G 1  and G 2  at higher doses (Richon et al.  2000 ) (Fig.  3.3 ).

3.8        Intrinsic Apoptosis 

 The intrinsic apoptotic pathway is commonly initiated by HDACi to selectively 
cause cell death. Mitochondrial membrane permeability allows cytochrome-C 
release, which stimulates caspase-9 to activate the effector caspases and initiate 
apoptotic morphology (Xu et al.  2006 ) (Fig.  3.4 ). HDACi causes upregulation of 
Bid, which once cleaved initiates Bax, which causes damage to the mitochondrial 
membrane, or other pro-apoptotic proteins such as Bim, Bok and Bmf, whilst 
 simultaneously decreasing expression of antagonistic anti-apoptotic molecules such 
as Bcl-2 and Bcl-X L , which protect the mitochondrial membrane, and survivin 
(Xu et al.  2006 ). Evidence for the necessity of this pathway is seen in cell death 
mediated by vorinostat where Bim and Bid are necessary for its therapeutic effect in 
lymphoma (Lindemann et al.  2007 ).

3.9        Extrinsic Apoptotic Pathways 

 Ligation of death receptors by their ligands, such as Fas by FasL, DR4/5 by TRAIL 
and TNFR-1 by TNF, instigates activation of intracellular signalling by caspases 8 
and 10 (Xu et al.  2007 ). Death receptors and ligands are upregulated in the presence 
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of HDACi, whilst normal cells are unaffected (Insinga et al.  2005 ). The ability for 
TRAIL to induce apoptosis in transformed and tumour cells whilst leaving normal 
cells unaffected is also of great clinical signifi cance (Pitti et al.  1996 ). Increased 
sensitivity to TRAIL-mediated apoptosis is reported with HDACi treatment 
(Jin et al.  2002 ). Further potency is added by downregulation of c-FLIP, Bcl-2 and 
XIAP (inhibitor of apoptosis), molecules that inhibit the death receptor pathway, 
 following HDACi exposure (Rosato and Grant  2005 ; Peart et al.  2005 ) (Fig.  3.4 ).  
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3.10     Reactive Oxygen Species 

 An increase in ROS occurs in malignant cells treated with HDACi. ROS may be 
scavenged by the antioxidant thioredoxin (Trx) to prevent DNA, protein and lipid 
damage. Trx’s role in carcinogenesis is multifaceted, also inhibiting signalling and 
Bim induction by apoptosis signal-regulating kinase (ASK1) (Xu et al.  2007 ). Trx 
is present in low levels in many cancers, but HDACi induce greater Trx expression 
in normal cells. Higher expression of Trx or other free radical scavengers are associ-
ated with HDACi resistance in cancer cells (Shao et al.  2001 ). Vorinostat causes 
expression of Trx-binding protein (TBP-2) to prevent ROS binding by Trx, which 
then amplifi es the effects of ROS accumulation (Ungerstedt et al.  2005 ). Caspases 
are cysteine proteases that trigger cell death in response to intracellular or extracel-
lular stress, such as accumulation of ROS, and are seen to rise in vorinostat-treated 
cells (Ungerstedt et al.  2005 ).  

3.11     HDAC6 Inhibition-Related Effects 

 HDAC6 may be a useful target for selective HDACi due to its necessity for tumori-
genesis, with cytoskeletal substrates and the role in cellular phenotype transforma-
tions induced by oncogenes Ras and ErbB2 (Lee et al.  2008 ). By physically binding 
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and also by deacetylation, HDAC6 stabilises the chaperone HSP90 to allow it to 
maintain cellular levels of its client proteins, which include chimeric proteins 
 Bcr- Abl, AML1-ETO and PML-RαR, as well as anti-apoptotic AKT, and c-Ras, 
which are all implicated in oncogenesis, as well as members of cell signalling cas-
cades (Bali et al.  2005 ). HDACi induce HSP90 acetylation without altering its 
expression (Rosato and Grant  2005 ). Acetylated HSP90 is inactive, leaving client 
proteins susceptible to ubiquitination and degradation. This is aided by VPA- and 
TSA-induced expression of the Ubiquitin B gene causing enzymatic polyubiquity-
lation and consequential proteasomal degradation of proteins, in addition to degra-
dation of HDAC2 in VPA-treated cells (Wu et al.  2010 ; Kramer et al.  2008 ). The 
aggresome structure, essential for degrading misfolded proteins to prevent cytotox-
icity resulting from their accumulation, is assembled through HDAC6 binding to 
dynein motors to guide ubiquitinated, misfolded proteins (Xu et al.  2007 ). HDAC6 
inhibition disrupts the sequestering of misfolded proteins and leaves cells vulnera-
ble to stress from their accrual (Rosato and Grant  2005 ). HDAC6 infl uences protein 
phosphorylation by complexing with protein phosphatise 1 (PP1) to disable it, and 
this interaction is disrupted by HDACi, allowing active PP1 to dephosphorylates 
target proteins such as Akt, which is inactivated along with its anti-apoptotic path-
way (Xu et al.  2007 ).  

3.12     Anti-angiogenesis 

 Tumours require extensive, abnormal vasculature to survive the hypoxic conditions 
encountered as they enlarge, and interruption of their blood supply can halt their 
growth. After 24 h of treatment with vorinostat, anti-angiogenic protein thrombos-
pondin- 1 (TSP-1) increased signifi cantly, whilst expression and secretion of the pro-
angiogenic VEGF (vascular epithelial growth factor) was decreased (Duvic et al. 
 2007 ). Overexpression of VEGF decreases expression of the anti-angiogenic von 
Hippel–Lindau (VHL) factor, which ubiquitinates hypoxia inducible factor (HIF-1α) 
for proteasomal degradation, although HDACi usage restores VHL levels (Kong 
et al.  2006 ). Increased transcription of class I HDACs 1, 2 and 3 is induced by 
hypoxia and activates a pathway leading to transcription of HIF-1α, part of the HIF-1 
transcriptional complex that regulates angiogenesis-related genes (Geng et al.  2011 ) 
that may also be induced by low oxygen via HDAC7 translocation to the nucleus. 
HDAC inhibition decreases HIF-1α activation, whilst also acetylating and degrading 
(Marks  2007 ). Inhibition of HDACs 4 and 6 disrupts their stabilisation of HIF-1α and 
leads to ubiquitin-independent proteasomal digestion (Qian et al.  2006 ), as does dis-
ruption of HSP90s chaperone function via HDAC6 inhibition. Decreases in VEGF 
and HIF-1α expression levels are also seen following treatment with romidepsin 
(Patrick et al.  2011 ).  
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3.13     Mitotic Catastrophe, Autophagy 

 TSA induces arrest during prometaphase of mitosis by preventing normal chromosome 
alignment, and interferes with microtubule attachment to kinetochores to cause seg-
regation errors and mitotic catastrophe (Ma et al.  2008 ; Robbins et al.  2005 ). In 
romidepsin treatment, increased acetylation at centromeres interferes with other 
PTMs characteristic of that region, as well as preventing recruitment of the chromo-
somal passenger complex (CPC), an essential driver of many events in mitosis and 
cytokinesis. This generalised disruption of events leads to cell death, cells exhibit-
ing abnormalities such as multiple nuclei and failure of sister chromatids to separate 
(Zhang et al.  2010 ). 

 Autophagy has a two-sided role in cancer: loss of autophagy can result in dam-
aged cells being retained, whereas abnormally occurring autophagy can be cytopro-
tective for cells under stress, aiding adaptation to hypoxic conditions or chemotherapy, 
a hallmark of aggressive cancers (Eisenberg-Lerner and Kimchi  2009 ; Carew et al. 
 2010 ). Inhibition of HDAC1 triggers caspase-independent autophagic cell death 
(Xie et al.  2012 ).  

3.14     Immunomodulation 

 HDACi have a large toll on macrophage recognition of and phagocytic response to 
bacteria, as well as decreasing intracellular bacterial killing by inhibiting production 
of reactive oxygen and nitrogen species by immune cells (Mombelli et al.  2011 ), 
resulting in immunosuppresion of already vulnerable patients. HDACi inhibit the acti-
vation of T cells and natural killer (NK) cells, but conversely sensitise tumour cells to 
their cytolytic activities through increasing surface receptors (Schmudde et al.  2008 ), 
creating a dilemma that could be resolved by sensitising immune cells to tumour 
antigens before commencing HDACi treatment as immune cells activated prior to 
treatment remain active (Schmudde et al.  2010 ). Romidepsin and vorinostat affect a 
decrease of 95–99 % in the levels of IL-10, a key cytokine in CTCL, normalising 
immune function and increasing survival times (Tiffon et al.  2011 ).  

3.15     Side Effects 

 The lack of specifi city of HDACi leads to some side effects including weight loss, 
fatigue and diarrhoea, as well as haematological toxicities (Witt et al.  2009 ; 
Mercurio et al.  2010 ) Paradoxically, treatment with HDACi was shown to enhance 
the migration activity of 13/30 cancers studied, and boosted metastasis of tumours 
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in mice (Lin et al.  2012a ). It is hoped that specifi c HDACi may be able to alleviate 
side effects by narrowing their spectrum of inhibition, and hence minimising the 
pathways altered.  

3.16     Synergistic Effects 

 Several cytotoxic drugs commonly used in cancer therapy are substrates for the 
MDR1 (multidrug resistance) gene product p-glycoprotein pump (P-gp), expression 
of which decreases prognosis and response to chemotherapy by causing effl ux of 
the drug. HDACi strongly decreased MDR1 expression in drug-resistant cells yet 
increased expression in sensitive cells (El-Khoury et al.  2007 ). Anti-cancer drugs 
that target DNA require access to the DNA, much like transcription factors, and are 
limited by the condensed chromatin state maintained by histone deacetylation; 
hence, HDACi can aid their access and effectiveness.  

3.17     Conclusions 

 The reversible nature of epigenetic marks makes epigenomic medicine a promising 
target for many future studies, as deregulation of epigenetic processes is implicated 
in a diverse range of human conditions, ranging from neurodegenerative conditions 
to pulmonary disease. The fi eld of epigenetic drugs in cancer treatment is a rapidly 
evolving and exciting area of research, as is the potential for more specifi c epigen-
etic biomarkers to allow non-invasive tracking of tumour progression, metastatic 
potential and recurrence. Personalised treatment regimes based on epigenetic pro-
fi les for tumour susceptibility are a hope for the future, providing better prognoses 
and avoiding unnecessary cytotoxic side effects of futile therapies. The fi eld of 
PTMs still requires further study, to reveal all the enzymes involved and classify in 
more detail interactions between modifi cations. As the mechanisms of HDAC and 
their inhibiting compounds are further characterised, the fi eld for more collabora-
tive treatments using the synergistic effects of various classes of epigenomic drugs 
with chemotherapeutic drugs and other conventional treatments can be explored. 
Current inhibitors possess limited selectivity, with hope that class- or isoform- 
specifi c HDACi will allow more specifi city in the pathways induced or disabled, 
limiting the side effects experienced in patients.     
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    Abstract     In the past few decades, exciting advances have been made to understand 
the epigenetic regulation of chromatin structure and function. There has been tre-
mendous progress in the identifi cation and study of protein complexes of catalytic 
nature, which reversibly modify chromatin (DNA as well as histone proteins) dur-
ing various nuclear processes that involves DNA. Histone proteins undergo post- 
translational modifi cations (PTMs) like acetylation, phosphorylation, ubiquitination, 
methylation, and proteolytic clipping. However, the proteolytic clipping of histone 
tails is not as well understood as other covalent modifi cations. In some cases, the 
proteolytic processing, particularly of histone H3 and H1, has been considered as a 
physiologically regulated event. For example, in  Tetrahymena , six amino acids are 
removed from the NH 2 -terminus of histone H3 in transcriptionally silent micronu-
clei. Similarly, during viral infection of foot-and-mouth disease virus, H3 has been 
reported to be cleaved between Leu20 and Ala21 from the NH 2 -terminus. Lately, in 
parallel to the emergence of the “histone code” hypothesis, there has been substan-
tial excitement in the fi eld of site-specifi c proteolytic processing of some of the core 
histones. A chromatin-bound proteolytic activity with unique specifi city for histone 
H2A has long been identifi ed and characterized in quite detail. Recently, human 
Cathepsin L and an unidentifi ed protease in yeast and another in chicken liver have 
been shown to cleave H3 from NH 2 -terminus. Such processing of histones has the 
potential to regulate chromatin dynamics to an extent that makes it physiologically 
relevant and crucial. This comprehensive review will shed light on advancements 
made so far on proteolytic processing of histones and future directions of study. 
Here we discuss the biochemical properties and biological functions of histone pro-
teolysis in transcription, viral diseases, stem cell differentiation, and sporulation.  
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4.1         Introduction 

 In eukaryotic cells, genes are complexed with core histones and other chromosomal 
proteins to form chromatin (Luger et al.  1997 ; Wolffe and Guschin  2000 ; Workman 
and Kingston  1998 ). The basic repeating unit of chromatin, the nucleosome (Wolffe 
and Kurumizaka  1998 ; Wolffe and Guschin  2000 ), includes two copies of each of the 
four core histones (H2A, H2B, H3, and H4) wrapped around by 146 base pairs of 
DNA (Neely and Workman  2002 ; Luger et al.  2012 ; Andrews and Luger  2011 ; 
Richmond et al.  1984 ). With the aid of linker histone H1, the nucleosomes are further 
packaged into 30 nm fi bers with six nucleosomes per turn in a spiral or solenoidal 
arrangement to form chromatin (Osipova et al.  1990 ; Hayes et al.  1990 ; Pachov et al. 
 2011 ; Woodcock et al.  2006 ; Woodcock and Dimitrov  2001 ). The precise organiza-
tion of chromatin is very critical for many cellular processes, including transcription 
(Workman and Kingston  1998 ; Cosgrove  2012 ; Adams and Workman  1993 ; Ajiro 
and Allis  2002 ; Steger et al.  1998 ; Jansen et al.  2012 ; Saunders et al.  1990 ; Workman 
and Abmayr  2004 ), replication (Vignali et al.  2000 ; Travers et al.  2012 ), repair 
(Lukas et al.  2011 ; Soria et al.  2012 ; Widlak et al.  2006 ; Vaissiere and Herceg  2010 ), 
recombination, chromosomal segregation (Berchowitz et al.  2009 ), etc. 

 As an important component of the nucleosome, each core histone is composed of 
a structured three helix domain called histone fold (Arents and Moudrianakis  1995 ; 
Kukimoto et al.  2004 ; Simon et al.  2011 ; Bando et al.  1997 ) and two unstructured 
tails (Luger et al.  2000 ; Luger and Richmond  1998 ; Ouzounis and Kyrpides  1996 ; 
Simon et al.  2011 ; Depken and Schiessel  2009 ; Zlatanova and van Holde  1992 ). The 
histone tails regulate gene expression by affecting the dynamics of chromatin struc-
ture (Wolffe and Guschin  2000 ; Widom  1998 ; Chodaparambil et al.  2006 ). The 
dynamic changes in chromatin structure are directly infl uenced by PTMs (Imhof 
and Becker  2001 ) such as acetylation (Carrozza et al.  2003 ; Eberharter and Becker 
 2002 ), phosphorylation (Cerutti and Casas-Mollano  2009 ), poly(ADP-ribosylation) 
(Burzio et al.  1979 ; Poirier and Savard  1980 ), ubiquitination (Ma et al.  2011 ; 
Chandrasekharan et al.  2009 ,  2010 ; Shilatifard  2006 ), and methylation (Li et al. 
 2009 ; Lu et al.  2008 ) of specifi c amino acids within the tails of histones as shown in 
Fig.  4.1 . The “histone code” hypothesis predicts that a preexisting modifi cation 
affects subsequent modifi cations on histone tails which serve to recruit different 
proteins or protein complexes to regulate diverse chromatin functions such as gene 
expression, DNA replication, and chromosomal segregation (Chakravarthy et al. 
 2005 ). The removal of these tails (and consequently the crucial residues) thus can 
drastically affect the modifi cations present on the histones.

   The highly basic histone tails are predicted to be less structured than the central 
histone-fold regions and are believed to interact with the negatively charged 
DNA backbone or with other chromatin-associated proteins (Bharath et al.  2002 ; 
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Vogler et al.  2010 ). The tails of histones are also thought to be involved in 
 nucleosome–nucleosome interaction for establishing transcriptionally repressive 
chromatin, referred to as heterochromatin. The covalent PTMs of histone tails may 
alter their interaction with DNA, with chromatin-associated proteins, and with other 
regulatory proteins that may be required for various cellular processes. 

 In general, cellular proteins are continuously synthesized and degraded (Pedersen 
et al.  1986 ; Ward and Richardson  1991 ). Balance between synthesis and degrada-
tion of proteins is one of the major regulatory factors behind several biological 
processes. The homeostasis of proteins in cells is determined by the equilibrium 
between the rates of synthesis and degradation. Proteases are key molecules for 
regulation of turnover of proteins and different physiological processes such as 
apoptosis, blood coagulation, cell cycle control, and removal of histone proteins 
during fertilization (Magdalena and Adam  2012 ; Morin et al.  2012 ). 

 The NH 2 -termini of histones are exposed and labile to proteolysis and portions of 
certain histone tails undergo cleavage at precise stages in the cell cycle, develop-
ment, differentiation, aging, sporulation, and viral infection. The enzymatic degra-
dation of histones has been described in different tissues and organisms by different 
research groups (Bartley and Chalkley  1970 ; Falk et al.  1990 ; Elia and Moudrianakis 
 1988 ; Eickbush et al.  1976 ,  1988 ; Chong et al.  1974 ; Grigera and Tisminetzky  1984 ; 

  Fig. 4.1    Post-translational modifi cations and proteolytic cleavage of histone tails. Histones 
undergo various reversible or irriversible covalent post-translational modifi cations (PTMs) like 
acetylation, methylation, phosphorylation, ubiquitination, sumoylation, and proteolytic processing 
during development and disease pathogenesis. The sequence-specifi c or PTM-specifi c cleavage 
sites on histone tails by various proteases are marked along with the different PTMs       
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Davie et al.  1986 ; Sakai et al.  1987 ; Tesar and Marquardt  1990 ). Several investiga-
tors have reported the presence of proteolytic activity capable of degrading histones 
as well as nonhistone proteins in chromatin from a variety of sources such as calf 
thymus (Lipinska and Klyszejko-Stefanowicz  1980 ), rabbit thymus,  Xenopus  liver, 
rat liver (Lipinska et al.  1980 ; Garrels et al.  1972 ; Ramponi et al.  1978 ), rat ventral 
prostate, rat macrophages, cycad pollen (Brandt and Von Holt  1975 ), chicken liver 
(Mandal et al.  2012 ), fi sh, mouse (Duncan et al.  2008 ), and yeast (Santos-Rosa et al. 
 2009 ). Some of the proteases and their specifi c cleavage sites for proteolytic pro-
cessing are represented in Fig.  4.1 . 

 Also, over the past 30 years, a number of investigators reported the presence of 
proteolytic activity in isolated nuclei and chromatin. EUO gene of an obligate intra-
cellular pathogen  Chlamydia trachomatis  has been shown to encode a histone 
H1-specifi c protease (HSP) (Kaul et al.  1997 ). The above reports clearly indicate 
that the proteolytic processing of histones is a universally conserved process. But, 
the exact mechanism of histone removal/degradation as well as the necessity of 
proteolysis by these molecules is not clear. However, two possibilities exist: fi rst, 
the histones may be degraded directly from the chromatin and then replaced by 
fresh histones from a pool and second, the histones may be in equilibrium between 
chromatin and the pool and degradation may take place in the pool itself under cer-
tain physiological conditions.  

4.2     Classifi cation of Histone Proteases 

4.2.1     Classifi cation Based on pH 

 The histone proteases can be classifi ed according to the pH range found optimum 
for the in vitro activity of the proteases.

    Acidic proteases : Degrade histones at acidic pH  
   Neutral proteases : Degrade histones at neutral pH  
   Alkaline proteases : Degrade histones at alkaline pH     

4.2.2     Classifi cation Based on Specifi city 

    Histone-Specifi c Proteases 

 Histone specifi city refers to the property of the histone-clipping proteases by virtue 
of which they cleave only a particular histone and not any other. The HSP activities 
which have been discovered and characterized till now are described below. 

 A histone H2A-specifi c protease activity was discovered by Eickbush et al. in 
1976 (Eickbush et al.  1976 ) in the chromatin of calf thymus. During the analysis of 
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prepared total histones, one extra protein band was seen which migrated between 
histone H2A and H4 during SDS–polyacrylamide gel electrophoresis. The appear-
ance of this extra band was correlated with the disappearance of the histone H2A 
band during the lengthy extraction procedure of histones, suggesting the existence 
of a histone H2A protease. The chromatin of calf liver and brain were also tested for 
the presence of H2A cleavage activity under similar conditions but no such activity 
could be demonstrated with brain chromatin. Later, by partial amino acid sequenc-
ing of the extra band, the cleavage site was mapped between Val114 and Leu115 at 
the C-terminus of histone H2A. Since its discovery, extensive work has been carried 
out to characterize the histone H2A-specifi c protease activity in detail. 

 The protease responsible for proteolysis of histone H2A has been partially puri-
fi ed from calf thymus chromatin. The partial purifi cation procedure involves the 
extraction of chromatin with a salt concentration at which histone H2A and H2B are 
released from the chromatin suggesting that H2A-specifi c protease is bound tightly 
with chromatin. The isolated H2A protease has been used as a unique probe for the 
analysis of histone octamer structure. In vitro histone octamer reconstitution and 
subsequent gel fi ltration studies have shown that C-terminally cleaved H2A (cH2A) 
can form dimers with H2B but this dimer has substantially lowered affi nity for 
H3:H4 tetramer. Therefore, it is suggested that the removal of 15C-terminal resi-
dues from H2A would result in a decrease in octamer stability. It has also been 
studied that H2A present in histone octamer which is complexed with DNA is not 
accessible to H2A-protease. On the other hand, the H2A protease cleaves histone 
H2A present in H2A:H2B dimers bound to DNA and the proteolysis of H2A is 
inhibited if the enzyme is treated with H3:H4 tetramer-DNA complex prior to the 
addition of H2A:H2B dimer-DNA complex. Further, it was demonstrated that under 
physiological conditions the H2A-specifi c protease binds primarily to the highly 
basic NH 2 -terminal tail domain of H3:H4 tetramers and this binding lowers the 
effective concentration of the enzyme available for cleavage of H2A. The H2A- 
specifi c protease cleaves octameric H2A when tails of the H3:H4 tetramers are 
modifi ed by acetylation suggesting that the activity of this H2A-specifi c protease is 
regulated by PTMs of the tail domains of histone H3:H4 tetramers (Elia and 
Moudrianakis  1988 ). 

 A chromatin-bound HSP has also been purifi ed (Dyson and Walker  1984 ) from 
calf thymus chromatin and it is speculated that this protease may play a role in the 
regulation of gene expression or turnover of the protein. The EUO gene of  Chlamydia 
trachomatis  has been shown to encode an HSP. A neutral protease B (Tsurugi and 
Ogata  1982 ) specifi c to histone H1 has been partially purifi ed (Tsurugi and Ogata 
 1986 ) from rat liver chromatin by chromatography through sepharose 6B and 
DEAE-Sephadex columns. The neutral protease B was found to degrade all the core 
histones. However, the histone H1 was specifi cally digested only when it was com-
plexed with an equal amount of DNA. A nucleotide and pyrophosphate-dependent 
histone H1-specifi c proteolytic activity has been demonstrated in permeabilized 
human lymphocytes (Surowy and Berger  1983 ). Specifi c proteases for histone H4 
and H2B, if they exist, are yet to be discovered. 
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 In mammalian kidney cells (BHK cells) infected with foot-and-mouth disease 
virus (FMDV) (Grigera and Tisminetzky  1984 ), histone H3 is selectively degraded, 
and the product (named as Pi) migrates just above H4 in SDS–polyacrylamide gels. 
In these cells, the degradation of H3 was blocked by cycloheximide treatment 
immediately after the infection. But when the protein synthesis inhibitor was added 
2 h post-infection, H3 cleavage was observed which suggests that the H3-specifi c 
protease was translated immediately after infection. The conversion of H3 to Pi has 
also been observed in IB-RS2 (a swine-derived cell line) cells when infected with 
FMDV but not when infected with Herpes Simplex Virus (HSV) suggesting that the 
conversion of H3 to Pi is caused by the FMDV virus and not by the host. 

 Further, it was demonstrated that the conversion of H3 to Pi is catalyzed by the 
FMDV 3C protease and the cleavage site has been mapped between Leu20 and 
Ala21 from the N-terminal end (Falk et al.  1990 ). The processed H3 (Pi), where 
N-terminal is truncated, lacks most of the lysine residues responsible for acetyla-
tion, and may thus be unable to maintain the conformation required for chromatin 
to be transcriptionally active; and this cleavage would therefore shut off the host cell 
transcription (Tesar and Marquardt  1990 ). 

 Brandt and Von Holt ( 1975 ) had also observed the proteolytic degradation of 
histones H3 and H4 during the extraction of histones from chromatin of cycad pol-
len by 0.25 N HCl. They mapped the cleavage site in histone H3 between Lys23 and 
Ala24, and discussed that selective cleavage of certain histones could also provide 
a mechanism for the regulation of gene expression.  

    Histone Nonspecifi c Proteases 

 Histone subtype nonspecifi c proteases having protease activity similar to trypsin 
have also been reported by several investigators, which degrade most of the histones 
nonspecifi cally (Harvima et al.  1988 ). However the susceptibility of all the fi ve 
histones to nonspecifi c proteolysis is critically dependent upon whether histones are 
free or in association with DNA. In the nucleohistone complex, histone H1 is the 
fi rst protein susceptible for proteolysis, whereas the core histones remain almost 
resistant. But once they are dissociated from DNA, the H1 becomes resistant to 
proteolysis and core histones are rapidly degraded suggesting that the specifi city of 
the proteases is dependent on the accessibility and conformation of the histones. 
Such a histone subtype nonspecifi c proteolytic activity which is tightly bound to 
chromatin was observed in calf thymus (Bartley and Chalkley  1970 ). Another neu-
tral protease of the same nature with a molecular weight of 200 KDa, purifi ed from 
rat liver chromatin, also degrades histones and nonhistone proteins (Chong et al. 
 1974 ). A possible role for this endogenous chromatin-bound protease has been sug-
gested in gene activation and in the removal of histones from DNA during sper-
matogenesis. An entirely different protease activity associated with avian erythroid 
chromatin was detected which was capable of degrading histones of chromatin at 
pH 3, and was less active at pH 9 but had no activity at neutral pH (Harlow and 
Wells  1975 ). In calf thymus, a calcium-activated neutral protease (CANP) was 
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reported (Sakai et al.  1987 ) which cleaves histone H2A, H2B, and H3 at certain 
sequences. Further, a protease activity specifi c to histones from sperm was found in 
the egg extract of sea urchin (Suzuki et al.  1990 ). This protease was purifi ed and 
characterized with the monomeric molecular weight of 28 kDa and named as SPKK 
protease because of its unique specifi city to the SPKK motif which is present in 
sperm histones H2B and H1. These histones from sea urchin sperm are rich in the 
SPKK sequence which is not present in usual histones. It has been discussed that 
this SPKK protease may play a role in the unpacking of sperm chromatin and tran-
scriptional activation of male origin genes during fertilization (Suzuki et al.  1990 ). 
A list of histone proteases identifi ed in different organisms is shown in Table  4.1 .

4.3          Signifi cance of Proteolytic Processing of Histone Tails 

 Although substantial information is available now on histone proteases, their roles 
in vivo are yet to be ascertained. Different investigators have speculated different 
roles of histone proteases on the basis of certain experimental analyses. The NH 2 - 
terminal residues of histone tails are subjected to a wide array of PTMs including 
acetylation, methylation, phosphorylation, citrullination, ubiquitination, ADP- 
ribosylation, sumoylation, and proteolytic processing (Gardner et al.  2011 ). The 
combinatorial action of these modifi cations regulates critical DNA processes 
including replication, repair, and transcription. These modifi cations have been cor-
related with a variety of human diseases including arthritis, cancer, heart disease, 
diabetes, and neurodegenerative disorders (Portela and Esteller  2010 ). Almost all of 
these PTMs are quite well established, except for proteolytic processing which is 
poorly understood. Majority of the investigators have discussed the possible role of 
histone proteases either in the turnover of histones, the derepression of genes, or in 
the removal of histones during spermatogenesis. Recently, Jenuwein and Allis 
( 2001 ) have hypothesized in their “histone code” hypothesis that histone proteases 
might play a role in erasing methylation marks from the tails of histones by prote-
olysis. Some of the speculations and evidences about the role of histone proteases 
are described here. 

   Table 4.1    List of proteases identifi ed and their source organism   

 S. No  Type of histone protease  Origin  References 

 1  H3 protease  Tetrahymena  Allis et al. ( 1980 ) 
 2  H3 protease  Viral  Falk et al. ( 1990 ), Tesar and Marquardt ( 1990 ) 
 3  H3 protease  Yeast  Santos-Rosa et al. ( 2009 ) 
 4  H3 protease  Chicken  Mandal et al. ( 2012 ) 
 5  H2A protease  Calf thymus  Lipinska and Klyszejko-Stefanowicz ( 1980 ) 
 6  Cathepsin L H3 protease  Mouse  Duncan et al. ( 2008 ) 
 7  H1-like protease  Tetrahymena  Allis et al. ( 1984 ) 
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 Cleavage of histone H3 has been observed in BHK-21 cells upon treatment with 
FMDV. Later it was shown that FMDV encodes a 3C protease which induces the 
cleavage of twenty amino acids from nuclear histone H3. Since the acetylation of 
NH 2 -terminal tails of histone H3 and H4 is known to occur for the activation of 
transcription, the cleavage of the N-terminal domain of histone H3 during infec-
tion could be an effi cient way for FMDV to switch off host cell transcription (Falk 
et al.  1990 ). 

 Chromatin undergoes structural and chemical changes during development and 
aging (Moindrot et al.  2012 ; O’Sullivan and Karlseder  2012 ). Recently, it has been 
shown that Cathepsin L-dependent proteolytic cleavage of NH 2 -terminus of histone 
H3 is required for stem cell differentiation (Duncan et al.  2008 ) and a yet unidenti-
fi ed H3 protease is responsible for the expression of genes required for sporulation 
in yeast (Santos-Rosa et al.  2009 ). Progesterone hormone-induced proteolytic pro-
cessing of histone H3 in Japanese quail has also been observed (Mahendra and 
Kanungo  2000 ). Also, it has been shown that tissues having high cell turnover like 
thymus and intestinal mucosa exhibit a greater rate of proteolysis of nucleohistone 
compared to other tissues (Bartley and Chalkley  1970 ). Several other investigators 
have also drawn similar conclusions. 

 In another experiment, the mass of the erythrocyte nuclei was increased, chroma-
tin dispersed, and RNA synthesis resumed when chick erythrocytes (which contain 
dormant nuclei with condensed chromatin) were fused with HeLa cells suggesting 
the presence of some factors in the cytoplasm of HeLa cells that reactivate inactive 
erythrocyte nuclei. The reactivation of fused erythrocyte nuclei was found to be sup-
pressed in the presence of protease inhibitors which suggests indirectly that cellular 
proteases might play a role in reactivation of erythrocyte nuclei (Johnson and Harris 
 1969 ; Van der Veer and Bootsma  1982 ). The role of histone proteolysis has also 
been postulated in the inactivation of Tetrahymena micronuclei during growth and 
development (Van der Veer and Bootsma  1982 ). 

 The biological implication of proteolytic processing would be that the selective 
cleavage of certain histones might provide a mechanism for the regulation of 
genes at the transcriptional level. For example, proteolytic cleavage of histones in 
highly packed chromatin may result in unfolding of a particular region. Perhaps 
the cell retains the enzyme in a sequestered form until it is required. For example, 
it is known that H2A protease is able to either open the octamer or shift the equi-
librium from an octamer toward an H3-H4 tetramer and cH2A-H2B dimer in 
solution. Thus, the enzyme may be able to completely destabilize the nucleosome 
in vivo (Eickbush et al.  1988 ; Elia and Moudrianakis  1988 ; Watson and 
Moudrianakis  1982 ). 

 During vertebrate spermatogenesis and other specialized developmental situa-
tions, nearly complete removal of histones from the genome is known to occur. 
Therefore, a role of histone proteases has also been proposed during spermatogen-
esis when nucleohistone is transformed into the nucleoprotamine complex. 

 It has been observed that a scaffold-associated protease is able to degrade the 
histone H1 selectively in the presence of DNA containing single-strand breaks 
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induced by gamma-radiation or DNaseI treatment. This experiment suggests that 
HSP activated by gamma-irradiated DNA may be involved in the regulation of the 
access of repair enzymes to the damaged portions of DNA within chromatin (Gaziev 
and Kutsyi  1988 ,  1992 ).  

4.4     Possible Regulatory Mechanism of Proteolytic 
Processing of Histones 

 The physiological signifi cance of proteolytic processing of histone tails is not clear. 
However, following are the possibilities that could regulate or be regulated by pro-
teolytic clipping of histones: PTMs of certain amino acids, viral infections, aging, 
DNA damage, differentiation, gene expression, and apoptosis. Specifi c PTMs of an 
enzyme or histones can alter the specifi city of proteolytic enzymes. The susceptibil-
ity of histones to proteolysis in chromatin could be regulated by the addition or 
removal of acetyl or methyl groups on lysine residues near the site of cleavage. For 
example, in mammalian systems, Cathepsin L has been shown to cleave histone H3 
during stem cell differentiation (Duncan et al.  2008 ). In yeast, a similar activity has 
been identifi ed which is required for the expression of sporulation-specifi c genes 
(Santos-Rosa et al.  2009 ). Both these H3 cleaving activities are regulated by PTMs 
of histone H3. 

 The modifi cation of certain lysine residues may either make the lysine residues 
unrecognizable to proteases thereby preventing a cleavage at that site or may lead to 
a change in the interaction of histones with DNA or proteins. For example, upon 
viral infection by FMDV (Falk et al.  1990 ; Tesar and Marquardt  1990 ), cellular 
transcription was found to be inhibited which has been strongly correlated with the 
NH 2 -terminal proteolytic processing of histone H3. The perturbation of cross-talk 
between different PTMs by proteolytic processing may be correlated with the main-
tenance of different transcriptional states and be tightly regulated with the help of 
different histone PTMs and modifi ers as shown in Fig.  4.2 . The transcriptionally 
active chromatin differs from inactive chromatin by acetylated lysine residues at the 
NH 2 -termini of core histones. Therefore, the NH 2 -terminally truncated H3 lacks 
most of the lysine residues for acetylation and may thus be unable to maintain the 
conformation required for chromatin to be transcriptionally active. Similarly, the 
NH 2 -terminal proteolytic processing of histone H3 during aging may also be respon-
sible for the decline in gene expression (Mandal et al.  2012 ).

4.5        Conclusion 

 Since the histones are such an indispensable part of chromatin, any major changes 
in their sequence or structure may lead to dramatic effects on the cellular metabo-
lism. Although not much is known about the different histone proteases and their 
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role in the cellular processes, one can be sure that the phenomenon has a signifi cant 
relevance and importance albeit in a temporally or spatially regulated manner in an 
organism. Extensive research needs to be carried out in this fi eld in order to reveal 
more yet unidentifi ed histone proteases and their functions.     
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    Abstract     It may well be the case that an important part of future medicine is 
directed not only in the development of novel therapies which restore gut microbiota 
but also in the administration of preventative strategies through dietary intervention. 
Dietary changes contribute to 57 % of the total structural variation in gut microbi-
ota, whereas genetic differences attribute no more than 12 %. As such a diet that is 
rich in complex carbohydrates not only promotes a healthy gut microbiota but also 
boosts the production of immunomodulatory short chain fatty acids (SCFA) which 
have HDAC inhibitory properties. Histone deacetylase inhibitors (HDACi) have 
been observed across a wide range of naturally derived compounds which include 
sulforaphane from broccoli, diallyl disulfi de from garlic, and curcumin from tur-
meric. Identifi cation of potent anti-infl ammatory effects of dietary compounds is 
worth investigating, particularly due to wide accessibility by the general public. 
Although our current knowledge of restoring    gut microbiota through administra-
tion of probiotics and their metabolites and naturally derived HDACi is not com-
plete. Future research is required to understand the mechanistic actions and 
pharmacokinetics involved in dietary HDACi and probiotics to aid in future develop-
ments of therapeutic modalities for the treatment of chronic infl ammatory diseases. 
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In this chapter we discuss the infl ammasomes related in health and disease and outline 
current and novel therapies for the treatment of chronic infl ammatory diseases 
including allergies, infl ammatory bowel diseases, metabolic syndromes, and autism 
spectrum disorders.  

     Keywords     Probiotics   •   Metabolites   •   Short chain fatty acids   •   Histone deacetylase 
inhibitors   •   Infl ammation  

5.1         Chronic Infl ammatory Diseases 

 The discovery of the pro-infl ammatory transcription factor NF-κB in 1988 has since 
led to the central hypothesis linking divergent conditions such as arthritis, diabetes, 
asthma, dementia, and cancer through an underlying common denominator of 
chronic infl ammation (Baltimore  2009 ). Chronic infl ammatory diseases are a major 
cause of morbidity and mortality as they account for 60 % of deaths worldwide 
(World Health Organisation  2005 ). The insidious nature of chronic infl ammation 
enables extensive damage to take place over several years before any major clinical 
symptoms become apparent. This places infl ammation as a major focus of medical 
research and demands a greater understanding on the mechanisms associated with 
its deviation from an otherwise “sterile” state (Hussain and Harris  2007 ). Several 
risk factors contribute towards the pathogenesis of chronic infl ammatory disease, 
with “Western lifestyle” as the predominant view. This modern way of life is char-
acterized by a reduced exposure to particular microbes, constant encounter with 
environmental pollutants, and an unhealthy diet consisting of low dietary fi ber and 
an increased intake of refi ned sugar, animal proteins, and unsaturated fats. Strong 
evidence suggests that dysbiosis of gut microbiota has been linked with chronic 
infl ammatory diseases (Donato et al.  2010 ). Part of the concern with “Western life-
style” lies with the fact that the industrialization process, and in particular, changes 
to our diet, has taken place much faster than our ancient genomes could adapt 
(Cordain et al.  2005 ).  

5.2     Infl ammatory Process 

 Infl ammation constitutes an important part of host defense and is the fi rst step taken 
in response to infection or tissue injury. Resolution of this process is pivotal in the 
return towards homeostasis in which cellular debris is cleared and tissue repair is 
resolved. The immune system is split into two different sub-divisions that are inter-
twined, yet unique in their ability to defend against foreign antigens. The fi rst line 
of defense is the innate immune system which is a nonspecifi c rapid response to the 
invading pathogen. Initiation of innate immunity is reliant upon the identifi cation of 
pathogens through germ line-encoded proteins called pattern recognition receptors 
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(PRRs). PRRs of innate immune cells sense pathogen-associated molecular patterns 
(PAMPs) which are conserved regions present on many microbes but absent on 
host cells (Janeway  1989 ). PAMPs can include cell wall components such as lipo-
polysaccharide (LPS) and lipoteichoic acid (LTA) as well as bacterial DNA (CpG). 
There are four major classes of PRRs that have been identifi ed and these are cat-
egorized in accordance to their ligand specifi city, function, and localization 
(Doughty  2011 ). PRRs include the Toll-like receptors (TLRs), nucleotide binding 
and oligomerization domain like receptors (NLRs), retinoic-acid inducible gene-1 
helicase-like receptors (RLRs), and C-type lectin receptors (CLRs). TLRs mainly 
recognize PAMPs and are located on the plasma membrane as well as internal mem-
branes (endosome, lysosome, endoplasmic reticulum) (Stutz et al.  2009 ). CLRs are 
membrane bound on macrophages; however, they mediate their effects through 
binding directly with the pathogen followed by internalization (Taylor et al.  2005 ). 
NLRs and RLRs are cytosolic receptors that detect PAMPs from within the cyto-
plasm; however, they are dissimilar in that NLRs are also able to detect endogenous 
host-derived signals referred to as damage-associated molecular patterns (DAMPs), 
whereas RLRs only detect cytoplasmic viral RNA (Onoguchi et al.  2011 ). The inter-
play between the diverse PRR families results in a holistic brigade in the defense 
against invading pathogens. 

 Upon interacting with the specifi c ligand, one of the modes of action of PRR 
engagement includes stimulation of receptor-mediated signaling pathways such as 
NF-κB, through adaptor proteins such as MyD88, Mal, Trif, and TRAM (Creagh and 
O’Neill  2006 ). The ubiquitous NFκB is imperative to the modulation of genes that are 
relevant in infl ammatory diseases, apoptosis, and cancer (   Sun and Roland  2002 ). 
NF-κB is able to regulate the transcription of pro-infl ammatory mediators, therefore 
can target a wide class of genes including that of adhesion molecules, cytokines 
(TNF-α, IL-1β, IL-6, IL-1β, IL-18), and chemokines (IL-8, MIP-1β, migration inhibi-
tory factor (MIF), monocyte chemotactic protein 1 (MCP-1)). Increased transcription 
of these genes perpetuates the infl ammatory response and promotes cell survival 
(Nishikori  2005 ). Potent inducers of NF-κB include pro- infl ammatory cytokines 
such as TNF-α, IL-1β as well as LPS, reactive oxygen species (ROS), and others 
(Tran et al.  1997 ). The wide range of stimuli that initiates this signal transduction path-
way denotes the broad impacts of NF-κB; hence it is for this reason there is tight regu-
lation of the multiple steps involved in its transcriptional activity (Baldwin  1996 ). 

 Cytokines are pleiotropic molecules that elicit their effects during the infl amma-
tory response. In sterile infl ammation they clear the injurious stimuli and maintain 
homeostasis; however, when dysregulated they contribute to the pathogenesis 
behind a plethora of conditions. The main infl ammatory-associated cytokines 
include TNF-α, IL-1β, and IL-6 amongst many others and they are produced by a 
variety of cells, the most important source being that of monocytes and macro-
phages at the site of infl ammation (Gabay  2006 ). Of these, TNF-α and IL-1β are 
extremely potent infl ammatory molecules that mediate infl ammation induced by 
bacterial LPS (Feghali and Wright  1997 ). These two cytokines can further exert 
secondary effects by stimulating IL-6 synthesis which depending upon the circum-
stances can have either infl ammatory or anti-infl ammatory effects. One suggested 
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mechanism for this is through the inhibition of TNF-α and activation of the 
anti-infl ammatory cytokine IL-10 (Starkie et al.  2003 ). 

 Additionally, there is a small subset of chemotatic cytokines called chemokines 
that function to recruit leukocytes in infection, infl ammation, and tissue injury 
(Moser  2003 ). Despite its commonly used nomenclature following that of cyto-
kines, the fi rst chemokine to be discovered was IL-8 (Holmes et al.  1991 ). IL-8 is 
the most comprehensively studied chemokine and serves a wide range of pro- 
infl ammatory effects that include stimulation of neutrophil degranulation and 
increased expression of cell adhesion molecules (Oppenheim et al.  1991 ). MCP-1 is 
yet another chemokine that is produced by macrophages and endothelial cells. 
This molecule orchestrates the acute and chronic infl ammatory response at the site 
of injury by recruiting monocytes, memory T cells, and dendritic cells. As such, this 
chemokine has been implicated in the pathogenesis of diseases characterized by 
monocytic infi ltrates associated with psoriasis, rheumatoid arthritis, and atheroscle-
rosis (Xia and Sui  2009 ). Upon recruiting immune cells another important compo-
nent is that of maintaining the cells at the site of infl ammation. Of particular 
interest to this role is that of the chemokine, MIF which is said to prolong the life 
span and activity of monocytes/macrophages (Baugh  2002 ). Even with all this 
insight into cytokines and chemokines, a lot of research still needs to be executed 
in order to illuminate further on the various roles and regulatory mechanisms of 
these molecules. 

 In contrast to other cytokines that are transcriptionally induced and secreted dur-
ing the infl ammatory process, the expression of IL-1β and IL-18 requires processing 
from precursor molecules (pro-IL-1β and pro-IL-18). This processing entails the 
activation of caspase-1 through a multiprotein complex referred to as the “infl am-
masome.” Caspase-1 is an intracellular cysteine protease that exists as an inactive 
zymogen in macrophages and dendritic cells, whereas it is present in its active form 
in circulating human monocytes (Netea et al.  2009 ). Upon proteolytic activation 
caspase-1 cleaves the precursors pro-IL-1β and pro-IL-18 into their biologically 
active cytokines. Infl ammasomes are categorized into two broad families: the NLR 
family which includes  n ucleotide binding and  o ligomerization  d omain (NOD or 
NACHT) and  l eucine  r ich  r epeat containing (LRR) and the PYHIN family which 
includes a pyrin domain (PYD) and  h emopoietic expression,  i nterferon-inducibility, 
 n uclear localization domain (HIN) (Proell et al.  2008 ). 

 In particular it is the NLR family that has gained much attention since mutations 
in NLR genes have been linked with several auto-infl ammatory diseases (Hoffman 
and Brydges  2011 ; Inohara et al.  2005 ). Of the 22 members currently present    within 
the NLR family, all the members share common features of a centrally located NOD 
which mediates self-oligomerization and activation of NLRs, C terminal LRRs 
which mediate autorepression and ligand sensing, and an N terminal which medi-
ates protein–protein interactions for initiating downstream signaling (Fig.  5.1 ) 
(Lee  2007 ). It is the variation in the N terminal that additionally subcategorizes 
the NLR members into three different groups. The largest group being the 
PYD- containing group, therefore taking the name NLRP (also known as NALP); 
another group is the CARD-containing group, which takes the name NLRC; and 
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fi nally there is an baculoviral  a poptosis  i nhibitory  p rotein-containing group that is 
referred to as Naip (Chen et al.  2009 ).

   The largest group of NLRs, the NLRPs [NLR (NOD-like receptor)-related pro-
teins] consist of various proteins that have been extensively studied in the fi eld of 
infl ammasomes. A common feature of the NLRPs is their ability to recruit the adaptor 
protein,  a poptosis-associated peck-like protein containing  C ARD (ASC) through 
homophilic PYD–PYD interactions. It is the CARD domain of the ASC which inter-
acts with, and leads to the subsequent activation of caspase-1. Nevertheless, slight 
variations exist in accordance to the specifi c NLRP protein in question; for instance, 
in the case of NLRP1, recruitment of caspase-1 occurs directly via CARD homotypic 
interaction and in NLRP3 indirectly through CARD–CARD interaction (Martinon 
Fabio  2004 ). This can be attributed to the differing constituents of the infl ammasome 
complex between the various NLRP proteins. The NLRP1 infl ammasome can be 
assembled with the lack of the adaptor protein ASC; however, the presence of this 
molecule is known to enhance infl ammasome activity. Oligomerization of the 
infl ammasome facilitates recruitment of the precursor enzyme, pro-caspase 1 which 
is converted to the active form caspase-1 resulting in two subunits, a 20-kDa (p20) 
and a 10-kDa (p10) (Fig.  5.2 ). Ultimately the establishment of the infl ammasome is 
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  Fig. 5.1    Schematic representation of NLR structure       

NLRP3 PYD

PYD

CARD 1

CARD 1 p20 p10

NOD LRR

ASC

CASP1

  Fig. 5.2    Critical components during assembly of the NLRP complex       
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crucial in the processing and maturation of the cytokines IL-1β and IL-18 by caspase-1 
(Mariathasan et al.  2004 ).

   Depending on the NLR in the complex, infl ammasomes are equipped with the 
ability to respond to a wide range of signals. NLRP1 can sense lethal toxin from 
anthrax, NLRC4 responds to fl agellin, and the most highly studied infl ammasome 
complex NLRP3 (also known as NALP3) responds to a variety of pathogenic, 
endogenous, and environmental signals (Rathinam et al.  2012 ). The broad range of 
NLRP3 activators makes explicit the versatile nature of this infl ammasome. Yet 
there is no evidence to suggest that NLRP3 directly interacts with the various lig-
ands. As such it has been speculated that NLRP3 may in fact require two separate 
signals which control the points for the production of IL-1β and IL-18. This two part 
pathway differentially regulated by TLRs and NLRs may serve as a safeguard 
against unnecessary production of IL-1β and IL-18 (Chen et al.  2009 ). 

 The fi rst signal requires TLR activation of NF-κB which is stimulated by PAMPs 
such as LPS, LTA, or bacterial nucleic acids. NF-κB expression leads to the produc-
tion of pro-IL-1β and pro-IL-18. It is said that “priming” via these microbial stimuli 
is necessary for subsequent activation of NLRP3. The second signal directly acti-
vates the NLRP3 infl ammasome and can be induced by the effect of extracellular 
ATP, bacterial toxins, or particulate substances (Franchi et al.  2012 ). ATP was the 
fi rst DAMP to be identifi ed and its cytosolic presence is an indicator of stressed and 
dying cells (Mariathasan et al.  2006 ). The priming step of monocytes with PAMPs 
releases ATP which serves as the signal for the assembly of the NLRP3 infl amma-
some (Stutz et al.  2009 ). Extracellular ATP results in the stimulation of the 
ATP- gated P2X 7 -like receptor; this in turn causes the opening of the hemichannel 
protein pannexin-1. Activation of this P2X 7  receptor induces a complete collapse of 
ionic gradients that switches cytosol potassium (K + ) from high to low concentration 
(Kahlenberg and Dubyak  2004 ). The drop in K +  is also mimicked by the action of 
pore-forming toxins such as listeriolysin O or hemolysins that punch holes on the cell 
membrane. Potassium effl ux is known as one of three models through which NLRP3 
infl ammasome formation can take place. This is in line with studies that demonstrate 
the presence of high extracellular K +  concentration inhibiting the activation of the 
NLRP3 infl ammasome (Pétrilli et al.  2007 ; Franchi et al.  2007 ). 

 Another model for NLRP3 activation is based on the phagocytosis of crystalline 
and particulate substances. Uric acid was one of the fi rst crystals shown to engage 
with NLRP3 and it is the aetiological agent responsible for gout (Martinon et al. 
 2006 ); then airborne pollutants such as asbestos and silica were discovered, the inha-
lation of which can potentiate towards lung diseases (Dostert et al.  2008 ). A similar 
mechanism is also applied for the adjuvant properties of alum, a particulate sub-
stance associated with Alzheimer’s disease (Halle et al.  2008 ). Phagocytic cells 
contain many lysosomes which endocytose and break down into small materials and 
cellular debris. However, with the case of the crystals and particulate substances, 
their large size makes it diffi cult for the lysosomes to catabolise. For this reason they 
undergo “frustrated” phagocytosis and remain at the surface of the lysosome causing 
phagolysosomal destabilization. This leads to the release of lysosomal proteases, 
predominantly cathepsins B leading to NLRP3 infl ammasome activation. 
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 The generation of ROS triggered by ATP and particulate matter posits a further 
model for NLRP3 infl ammasome activation. This model is supported by the fact 
that many NLRP3 agonists are capable of inducing ROS (Dostert et al.  2008 ). 
A study with the redox-sensitive protein thioredoxin has shown to bind and activate 
NLRP3 after the production of ROS by NLRP3 activators (Zhou et al.  2010 ). 
However this model is subject to controversy, since another report has found that 
ROS inhibition does not affect NLRP3 activation per se, but rather negatively inter-
feres with the priming step of NLRP3 infl ammasome (Bauernfeind et al.  2011 ). 

 Despite several theories for NLRP3 infl ammasome activation has surfaced, none 
of the aforementioned provides a unifying mechanism of action. It may be the case 
that the dynamic nature of this infl ammasome requires an integration of various cel-
lular signals in order to regulate the infl ammatory response. In addition to the mat-
uration of the potent pro-infl ammatory cytokines IL-1β and IL-18, infl ammasomes 
can also initiate a crucial form of cell death referred to as “pyroptosis”. This process 
forms an important part of tissue repair, as pyroptosis kills the infected cell and 
eliminates the replicative niche required to perpetuate further damage to the host 
(Jones and Weiss  2011 ). The complexity of infl ammatory regulation is understandable 
from the point of view that there are severe risks for the host both from a lack of 
suffi cient response as well as excessive response to a pathogen. 

 It has only been a decade since the discovery of infl ammasomes and yet several 
studies have already produced evidence to suggest that the production of IL-1β is 
not exclusive to the canonical caspase-1 infl ammasome pathway. Unlike IL-18, 
studies have demonstrated that IL-1β is able to be produced in an infl ammasome 
independent pathway relying only on processing via caspase-1 (Denes et al.  2012 ) 
but also in its absence via caspase-8 or an unknown mechanism which does not sup-
port the current infl ammasome paradigm (Gringhuis  2012 ; Mayer-Barber et al. 
 2010 ). This provides impetus to further investigate the possibility of other pathways 
that may be involved in the secretion of IL-1β and IL-18.  

5.3     Infl ammasomes in Health and Disease 

 Infl ammasomes are widely recognized as being involved in the protective role of 
infection clearance; however, they are also responsible for the pathogenesis of a range 
of disorders. The dysregulation of IL-1β and IL-18 production is the driving force 
behind intestinal infl ammation, metabolic diseases, and auto-infl ammatory syndromes 
(Davis et al.  2011 ). In auto-infl ammatory disorders the monocyte- macrophage is the 
dysfunctional cell, which causes the aberrant infl ammatory response. This is different 
from autoimmune diseases in which T cells are responsible for the underlying patho-
genesis. As such delineating the mechanisms that lead to the production of bioactive 
IL-1β and IL-18 have been the focus of intense research in the past few years. 

 Indeed NLRs have been implicated in microbial sensing, downstream signal-
ing, and the initiation of the antimicrobial response (Elinav et al.  2011a ). 
Growing support for this role has been established through in vivo infection models 
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demonstrating the involvement of infl ammasomes as part of host defense (van de 
Veerdonk et al.  2011 ). Pneumolysin (PLY), a key virulence factor from  Streptococcus 
pneumoniae , as well as a novel NLRP3 activator, has shown upon interaction an 
enhanced secretion of IL-1β and the subsequent development of protective immunity 
against  S. pneumoniae  respiratory infections (McNeela et al.  2010 ). Identifi cation 
of the primary mechanisms associated with PLY pathogenesis has opened up an 
avenue for the design of pneumococcal vaccines. Other studies have shown that 
caspase-1 defi cient mice challenged with the cytosolic bacterium  Listeria monocy-
togenes  are unable to clear the infectious burden relative to that of wild-type mice. 
Yet interestingly the caspase-1 defi cient mice show no impairment in the adaptive 
response, highlighting the critical role of infl ammasomes as part of innate immunity 
(Tsuji et al.  2004 ). In addition to knockout models of the various infl ammasome 
components, another study has focused on TLR-2 defi cient macrophages and their 
response to  Francisella novicada  infection compared to wild-type mice (Jones and 
Weiss  2011 ). The presence of TLR-2 enables rapid infl ammasome activation aiding 
in infection clearance through a more profound response by producing higher levels 
of IL-18 and pyroptotic cell death (Fig.  5.3 ).
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  Fig. 5.3    Activation of the infl ammasome pathway       
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   Several other studies have also confi rmed the protective role of IL-18 in intestinal 
homeostasis. This was investigated in animal models via treatment with dextran 
sodium sulfate (DSS), a polysaccharide that is toxic to the colonic epithelium and 
capable of inducing colitis. Knockout mice that were defi cient in various compo-
nents of the NLRP3 infl ammasome (i.e., caspase-1, NLRP3) revealed weight 
loss, intestinal bleeding, and greater susceptibility to colitis relative to DSS-treated, 
wild-type mice (Dupaul-Chicoine et al.  2010 ; Zaki et al.  2010 ). It was later deter-
mined that serum derived from DSS-treated wild-type mice had detectable IL-18 
that was crucial in mediating intestinal homeostasis. When caspase-1 defi cient (−/−) 
mice treated with DSS were given exogenous IL-18, increased weight gain and 
improved survival rates were observed (Zaki et al.  2010 ). Therefore, IL-18 produc-
tion by intestinal epithelial cells is central to the protective role of NLRP3 against 
intestinal infl ammation (Reuter and Pizarro  2004 ). Other infl ammasomes such as 
NLRP6 have also been identifi ed as a key regulator of the colonic microbial ecology 
and important in the maintenance of colonic homeostasis and prevention of auto- 
infl ammation through modulating IL-18 (Elinav et al.  2011b ). Furthermore a recent 
study has also demonstrated that infl ammasomes carry out an important protective 
role in response to severe injury (Osuka et al.  2012 ). 

 Perhaps the most intriguing fi nding is that of the involvement of NLRP3 in 
metabolic disorders such as impaired insulin sensitivity, obesity, diabetes, and 
atherosclerosis in which chronic infl ammation is known as the etiological compo-
nent responsible for pathogenesis (Strowig et al.  2012 ). These conditions pose as a 
burgeoning concern in affl uent countries with the WHO estimating that 1.4 billion 
adults are overweight and 300 million are clinically obese (World Health 
Organisation  2002 ). Increased intake of omega-6 fatty acids through Western diet 
potentiates the risk for chronic infl ammatory disease as omega-6 fatty acids are 
paralleled with an increase in the production of pro-infl ammatory prostaglandins E2 
and leukotriene B4 (James et al.  2000 ). In fat tissue, lipids such as palmitate and 
ceramide participate as ligands responsible for NLRP3 activation, causing the pro-
duction of IL-1β which results in a reduction in fat oxidation and subsequent insulin 
resistance. This prompts the pancreas to produce more insulin and the hormone Islet 
Amyloid Polypeptide (IAPP). Unfortunately this hormone has a natural tendency to 
form amyloid, which is detected by the macrophages within the pancreas and fur-
ther activates NLRP3. Ultimately excessive production of IL-1β causes the death of 
β cells and insulin resistance; a cycle which in an attempt to be protective, accumu-
lates greater damage (Wen et al.  2012 ). Another mechanism through which NLRP3 
is activated in the obese phenotype is through an increased amount of saturated fatty 
acids and activating ER-stress pathways through triggering calcium signals and free 
radicals (Vandanmagsar et al.  2011 ). Hence identifi cation of the involvement of 
infl ammasomes in metabolic disorders will facilitate the design of NLRP-specifi c 
drugs as is the case with “glyburide” which inhibits IL-1β secretion by interfering 
with caspase-1 activity. This serves to prevent IL-1β secretion by antagonizing the 
P2X 7  receptor and interfering with caspase-1 activity (Lamkanfi  et al.  2009 ). 

 Gain of function mutations in the gene encoding NLRP3 causes spontaneous 
activation of the infl ammasome responsible for several auto-infl ammatory disorders 
which include familial cold auto-infl ammatory syndrome (FCAS), Muckle–Wells 
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syndrome (MWS), and neonatal-onset multisystem infl ammatory disease (NOMID). 
These are a rare group of disorders which are characterized by recurrent episodes of 
fever and rash with no known aetiology. Upon treatment of patients with IL-1β 
blocking agents there is a rapid cessation of symptoms (Ting et al.  2006 ). 

 Taken together these studies allow an enhanced appreciation of the hosts effort to 
integrate different infl ammasome components and spatiotemporally distant PRRs as 
part of innate immunity. The extensive role of infl ammasomes in the pathogenesis of 
various infl ammatory diseases establishes a compelling avenue for future therapeu-
tic intervention.  

5.4     Current Therapies for Chronic Infl ammatory Disease 

 In the past decade the most signifi cant breakthrough in the treatment of infl amma-
tory diseases has come about through anti-cytokine strategies. Improved knowl-
edge on the molecular pathology of chronic infl ammatory conditions has established 
that blocking of pro-infl ammatory cytokines such as IL-1 or TNF-α can be used as 
therapy for a variety of conditions. While this may serve to treat excessive infl am-
mation from taking place, it also weakens the immune system resulting in an 
increased susceptibility towards opportunistic infections (van der Meer  2005 ). 
Additionally, such therapies are not suitable for use by all, as one- and two-thirds 
of patients respond poorly or can relapse once the treatment ceases to have any 
benefi cial effect (Gaestel et al.  2009 ). Other commonly used infl ammatory treat-
ments include nonsteroidal anti-infl ammatory drugs (NSAIDs) which work by 
blocking the COX enzymes that produce prostaglandins. These are widely used for 
pain relief, fever, or rheumatoid arthritis. Nevertheless prolonged use of NSAIDs 
has various toxicities such as renal dysfunction, liver abnormalities, and gastroin-
testinal complications which include dyspepsia and stomach ulcers (Bush et al. 
 1991 ). In fact, alongside  Helicobacter pylori  infection, the vast majority of peptic 
ulcers are believed to have originated from the chronic consumption of NSAID 
(Sung et al.  2000 ). NSAID inhibits mucosal synthesis which increases the risk of 
colonization by pathogenic bacteria, such as  H. pylori . This interaction ultimately 
aggravates the toxic effect of NSAIDs; particularly it is the colonization of the 
mucosa which can stimulate the release of pro-infl ammatory cytokine and chemo-
kines evoking a more rigorous infl ammatory response (Lazzaroni and Bianchi Porro 
 2001 ). NSAIDs work by blocking both COX-1 (protective) and COX-2 (infl amma-
tory disease) enzymes, eliminating the protective function of COX-1 within the 
stomach. As such, this prompted the development of specifi c COX-2 inhibitors 
such as Vioxx and Celebrex; however, the dilemma now faced is that prolonged 
use increases the likelihood of heart attacks, thrombosis, and stroke (Day  2004 ). 
On the basis of the short comings present with conventional anti-infl ammatory medi-
cine, there has been a growing interest into the use of alternative therapies to counteract 
these issues.  
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5.5     Novel Therapies for Chronic Infl ammatory Disease 

 The microbiome of the gastrointestinal tract represents the largest source of microbial 
stimulation and has over time evolved a key role in the development of proper 
immune function. Central to the protective role of benefi cial bacteria within the gut 
include effi cient digestion of food (Hooper et al.  2002 ), maintaining epithelial bar-
rier integrity (Artis  2008 ), effective fat metabolism (Bäckhed et al.  2004 ), prevent-
ing uptake of foreign antigens (Sanz and De Palma  2009 ), and modulating immune 
response (Puren et al.  1999 ). Of particular importance is the crosstalk which takes 
place between a functional epithelial barrier and the underlying immune cells 
(Hill and Artis  2010 ). A breach in the epithelial barrier results in the exposure of 
resident infl ammatory cells (e.g., macrophages, mast cells, dendritic cells) to both 
pathogenic and nonpathogenic bacteria, which if unresolved can initiate the slow 
progression from chronic infl ammation to cancer (Karin et al.  2006 ). The gastroin-
testinal mucosa depicts a battlefi eld in which tolerance to normal intestinal bacteria 
is constantly challenged with foreign antigens introduced through the diet. Hence 
the gut is constantly in a state of mild homeostatic infl ammation and deviations 
from this tightly regulated equilibrium may serve as an initiating step towards 
pathogenesis (Mowat and Bain  2011 ). 

 A diverse population of bacteria contribute to this internal armada, with a par-
ticular dominance of the Firmicutes and Bacteroidetes phyla (Eckburg et al.  2005 ). 
Controversy exists in relation to the ratio of Firmicutes and Bacteroidetes phyla 
within a dysbiotic gut (Mariat et al.  2009 ); however, diet is suggested to be a major 
factor in this outcome. Diet has been implicated as one of the key Western lifestyle 
factors which contribute to the increased incidence of chronic infl ammatory dis-
eases in developed countries (Musso et al.  2010 ). Several studies have assessed the 
contribution of dietary factors on gut microbiota and the subsequent biological 
effect on the host. An epidemiological study comparing the infl uence of long-term 
dietary habits between a rural African cohort of children with that of urban-raised 
Europeans demonstrated a stark contrast in gut composition (De Filippo et al.  2010 ). 
The African cohort contained lower levels of Firmicutes and greater amounts of the 
benefi cial Bacteroidetes bacteria mainly  Prevottela  and  Xylanibacter , which were 
completely absent in the European cohort. Bacteriocides bacteria are strong produ-
cers of short chain fatty acids (SCFA) which are immunomodulatory molecules 
produced following consumption of fi ber through fermentation with commensal 
bacteria. It is for these reasons that communities in which the consumption of high 
fi ber diets is common, such as those in developing countries, have a lower incidence 
of infl ammatory disease. Another experiment showed a similar effect in gnotobiotic 
mice (germ-free) that were switched from a low fat, plant polysaccharide-rich 
diet to a high-fat/high-sugar “Western” diet (Turnbaugh et al.  2009b ). Hence this 
makes explicit that dietary choices impact on the gut microbiota and the important 
role of dysbiosis in the progression towards disease. Evidence for this can be 
observed across numerous infl ammatory-associated conditions such as allergies 
(Kirjavainen et al.  2002 ), infl ammatory bowel diseases (Tamboli et al.  2004 ), 
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metabolic syndromes (Tremaroli and Backhed  2012 ), and autism spectrum disorders 
(Parracho et al.  2005 ). Knowledge into the underlying pathogenesis which connects 
these conditions has paved the way for novel therapeutic interventions aimed at 
restoring gut microbiota. Thereupon attention has focused on the use of probiotic 
supplements as it offers the most physiologic and least toxic approach in benefi -
cially altering the gut microbiota in the treatment of infl ammatory diseases 
(Gussler and Graham  2011 ). 

 Probiotics are defi ned as “live microorganisms, which when administered in 
adequate amounts confer a health benefi t on the host” (FAO/WHO  2002 ). Lactic 
acid bacteria are the fi rst microbes identifi ed for use in probiotic supplements 
(Ljungh  2006 ). Yet the benefi cial effects of lactic acid bacteria date back to the 
times of Professor Elie Metchnikoff, who in 1908 observed the health benefi ts of 
consuming fermented dairy products in Bulgarian peasants. This diet replenished 
the commensal bacteria within the gut and therefore conferred benefi cial effects 
such as better digestion and an enhanced immune system (Anukam and Reid  2007 ). 
The resurgence in the importance of diet and gut microbiota has subsequently led to 
intensifi ed research into different species and strain-specifi c characteristics of the 
various probiotics which have become available (Luyer et al.  2005 ). Probiotics have 
been associated with important clinical benefi ts in conditions characterized with gut 
dysbiosis such as allergies (Michail  2009 ), infl ammatory bowel disease (Zocco 
et al.  2006 ), autism spectrum disorders (Parracho et al.  2005 ), and the more recently 
identifi ed metabolic diseases (Mallappa et al.  2012 ) and cardiovascular disease 
(Kumar et al.  2012 ). A great deal of evidence pertaining to human and animal stud-
ies has demonstrated that the immunomodulatory properties of probiotics function 
through an enhancement of epithelial barrier, competitive adherence to mucosal 
lining and immunomodulation (Ohland and MacNaughton  2010 ). The mechanisms 
which underlie these various protective responses remain to be elucidated; however, 
studies demonstrate an important role for innate immunity (Pagnini et al.  2010 ). 

 One of the most vital functions of the commensal probiotics lies in their ability 
to convert dietary fi ber (complex carbohydrates) into immunomodulatory SCFA. 
Production of SCFA is directly linked with the amount of carbohydrate that is con-
sumed and the composition of gut microbiota. It is for this reason that an increased 
consumption of dietary fi ber such as fruits and vegetables is encouraged, as it pro-
motes fermentation of SCFA which drives the immune system away from aberrant 
infl ammation. Numerous studies demonstrate that a defi ciency in SCFA is linked 
with infl ammatory diseases (Madsen  2011 ). Metagenomic screenings demonstrate 
that the genes responsible for carbohydrate fermentation in the gut are one of the 
most highly conserved functions of the gut microbiome (Tasse et al.  2010 ). Dietary 
fi ber escapes digestion in the upper gastrointestinal tract and undergoes bacterial 
fermentation in the colon: a process which leads to the formation of immunomodu-
latory SCFAs. The three main SCFAs (acetate, propionate, and butyrate) exert 
different effects on colonocytes which positively infl uence gut morphology and 
function (Scheppach  1994 ). These probiotic metabolites are major energy substrates 
for colonocytes (butyrate) or can be used as substrates for lipid synthesis in the liver 
(acetate, propionate) (Tremaroli and Backhed  2012 ). Butyrate has particularly 
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gained attention due to its ability to modulate the physiologic roles of proliferation, 
differentiation, and gene repression (Säemann et al.  2000 ). Under normal conditions 
it can stimulate the growth of colonic mucosa, and in malignant cells it has an 
antiproliferative effect (Bailón et al.  2010 ). Given the important role that SCFAs, 
like butyrate, have within the gut; numerous studies have taken to utilizing probiotic 
metabolites as a therapeutic modality in the treatment of infl ammatory diseases. 

 Despite a great deal of knowledge substantiating the infl uence of dietary factors 
in health and disease, the underlying mechanisms responsible remain largely con-
founding. Nonetheless the role of “epigenetics” is fast becoming the avenue for 
delineating such mechanisms, as it combines the impact of environmental factors 
(e.g., nutrition, lifestyle) on the genome and the subsequent infl uence on the health 
status of the organism. Epigenetics involves heritable changes which alter gene 
expression without hindering the DNA sequence. It relies upon posttranslational 
modifi cations which alter the accessibility of transcription factors to genes and to 
areas of gene promoters; thus regulating the outcome of gene expression. Such 
modifi cations include (1) histone acetylation, in which a relaxed chromatin struc-
ture enables activation of transcription factors (Andoh et al.  1999a ) and (2) DNA 
methylation of CpG islands in promoter region of genes, this is associated with gene 
silencing (Razin and Kantor  2005 ). Taken together, epigenetics can be involved in 
both normal development and disease progression, as will be explained further in 
the context of gut microbiota.  

5.6     Allergic Disease 

 Developed countries exhibit epidemic proportions of allergic diseases with 40 % of 
the population in Australia, New Zealand, and the United States demonstrating 
cases of asthma while the incidence of eczema has doubled and even tripled in some 
industrialized countries (Graham-Rowe  2011 ). In another Australian study a survey 
of more than 250 childcare centers showed that 85–90 % have at least one child with 
a food allergy (Hadley  2006 ). Mounting evidence suggests that infants that suffer 
from allergies have an altered gut microbiota composition. Studies have shown, in 
comparison to    healthy controls children with allergies show an increase in coliforms 
and  Staphylococcus aureus  in the gut and a defi ciency in the benefi cial lactobacilli 
and bifi dobacteria biota (Björkstén et al.  1999 ). As such, numerous studies have 
demonstrated the role probiotics play in alleviating allergic infl ammation. The clini-
cal safety of probiotics has been demonstrated across a variety of strains, since 
probiotic bacteria are generally selected from the commensal fl ora of healthy gut 
microbiota (Borriello et al.  2003 ). 

 Promising results have been observed with  Lactobacillus rhamnosus  GG (LGG) 
supplementation in atopic children with an increase of the anti-infl ammatory 
cytokine IL-10 (Pessi et al.  2000 ) and enhanced IFN-γ production in children with 
cow- milk allergies (Pohjavuori et al.  2004 ). Bifi dobacterial supplementation of 
infants with atopic eczema demonstrates reduction in the  Escherichia coli  as well as 
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increased number of bacteroides numbers during weaning (Kirjavainen et al.  2002 ). 
Furthermore early pattern of SCFA levels demonstrates the propensity of infants to 
develop allergies later in life (Böttcher et al.  2000 ). For instance when the levels of 
i-butyric and i-valeric acids are decreased at 1 year of age, this is linked with higher 
reports of food allergies in 3 years time (Sandin et al.  2009 ). As such, microbial 
stimulation of the gut microfl ora during those formative years is of utmost importance 
for the establishment of a balanced immune system.  

5.7     Infl ammatory Bowel Diseases 

 A recent systemic review carried out on the incidence of infl ammatory bowel diseases 
(IBD) has demonstrated an emergence of global disease (Molodecky et al.  2012 ). IBD 
which include Crohn’s disease and ulcerative colitis have been of particular inter-
est as studies suggest these conditions are the predecessors of colorectal carcinomas 
(Ray  2012 ). The gut microbiota of IBD patients are characterized with a decrease in 
lactobacilli and bifi dobacteria and an increase in  E. coli  and clostridia, as such this 
dysbiosis presents an avenue for probiotics to intervene (Manichanh et al.  2012 ). 

 An accumulating body of evidence suggests that probiotics are able to induce 
anti-infl ammatory effects via inhibition of the infl ammatory transcription factor 
NF-κB (Donato et al.  2010 ). Administration of the commensal probiotics 
 Bifi dobacterium breve  ( B. breve ) and  LGG  diminishes the expression of infl am-
matory bowel disease causing factors IL-17, IL-23, and CD40 expression (Ghadimi 
et al.  2012 ). Further investigations showed that  B. breve  and LGG modulate their 
anti-infl ammatory effects via epigenetic changes. Histone acetylation mediates 
LPS-induced NF-κB activation which is responsible for other genes involved in 
perpetuating the infl ammatory response. This data provides evidence to show that 
probiotics are able to repress conserved infl ammatory pathways via restricting 
access to key transcription factor NF-κB, while concurrently increasing DNA 
methylation. 

 As previously alluded to, an important aspect of innate immunity is the role that 
NLRP3 infl ammasomes play in intestinal homeostasis. One study established 
that the  Lactobacillus  strains  Lactobacillus delbrueckii  subspecies  bulgaricus , and 
 Lactobacillus gasseri  are able to induce NLRP3 activation in porcine gastrointes-
tinal lymphoid-associated tissue (GALT) (Tohno  2011 ). The key point here is that 
these two strains are able to activate TLR-2 and TLR-9, making them suitable can-
didates for the priming step necessary for NLRP3 activation. This demonstrates that 
the role    of probiotics may not necessarily involve a repression of the infl ammatory 
process. In this instance, NLRP3 activation is said to restore physiologic infl amma-
tion and hence can induce protective effects by improving the hosts defense mecha-
nisms. While similar studies with human NLRP3 have not yet surfaced, the impacts 
of the porcine model should not be underscored since it has a much greater concor-
dance with the human protein than that of commonly used mouse models. In another 
experiment the probiotic  Bifi dobacterium animalis  coupled with a high fi ber diet 
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demonstrated that the reduction in TNF-α was correlated with TLR-2 signaling 
(Trevisi et al.  2008 ). This provides key evidence to suggest the role of probiotic 
interventions may actuate their protective role through TLR- signaling pathway. 

 The SCFA are known to play an important role in modulating the infl ammatory 
process with the gut. Research into the molecular mechanisms through which SCFA 
achieve their immunomodulatory effects have identifi ed two key mechanisms: (1) 
G-protein-coupled receptors (GPR43 and 41) located on innate immune cells (Sina 
et al.  2009 ) and (2) histone deacetylase inhibitors (HDACi) (Vinolo et al.  2011b ). 

 In a GPR43 knockout mouse model, the chemotactic effect of SCFA was abolished 
in comparison to that of wild-type mice (Vinolo et al.  2011a ). Consistent with this 
outcome, studies in mice that lack the GPR43 receptor results in an inability to 
mount an appropriate infl ammatory response in models of colitis, arthritis, and 
asthma (Sina et al.  2009 ; Maslowski et al.  2009 ). Therefore the GPR43 receptor is 
suggested to be pivotal in the chemotactic signal of neutrophils following SCFA 
binding. As such this indicates that butyrate may have important effects in the regu-
lation of mucosal immunity through modulation of the cytokine and/or chemokine 
response (Säemann et al.  2000 ). 

 Research into the molecular mechanisms underlying the anti-infl ammatory 
effects of butyrate has focused on modulation of pro-infl ammatory cytokines and 
inhibition of the transcription factor NF-κB (   Andoh et al.  2003 ). In particular, IL-8 
has been used as marker of intestinal infl ammation. Treatment with butyrate in a 
TNF-α-induced IL-8 mouse model found that there was a marked decrease not only 
in IL-8 levels but also in the transcriptional activity of NF-κB (Andoh et al.  1999b ). 
While a number of studies have confi rmed these fi ndings, (Fusunyan et al.  1998 ; 
Park et al.  2007 ) other studies have been inconclusive (Diakos et al.  2002 ; Bailón 
et al.  2010 ). Differences in these studies in    terms of the methodologies used, culture 
conditions, and various cell types examined make conclusions about the effective-
ness of butyrate diffi cult. 

 High fi ber diets signifi cantly increase IL-18 levels in the blood compared to low 
fi ber diet. IL-18 is produced via the infl ammasome pathway. High fi ber is associated 
with SCFA production and GPR43/41 as well as an increase in IL-18 levels in the 
blood. Since NLRP3 and NLRP6 have been particularly implicated in gut homeo-
stasis, a link can be formed between level of GPCR and infl ammasome activation 
(Korecka and Arulampalam  2012 ). 

 It is proposed that one mechanism for the immunomodulatory effects of SCFAs 
is through inhibition of histone deacetylation. Of the three SCFA produced by com-
mensal bacteria, butyrate is the most potent HDACi, coming before propionate and 
the least potent being acetate. Histone hyperacetylation results in a more relaxed 
chromatin structure making it easy for transcription factors such as NF-κB to be 
targeted by various anti-infl ammatory mediators (Andoh et al.  1999a ). However, the 
epigenetic effects of butyrate are not limited to increasing global histone acetylation; 
it can also have effects on DNA methylation (Spurling et al.  2008 ). 

 In addition to butyrate, other probiotic metabolites produced by commensal 
probiotics have been investigated for their role during infl ammatory bowel dis-
eases.  Bacteriodes fragilis  is a commensal bacteria which colonize the lower 
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gastrointestinal tract and has been observed to play a protective role in an in vivo 
experimental colitis model induced by  Helicobacter hepaticus . The benefi cial 
effect of this bacterium is attributed to the production of a single microbial mole-
cule referred to as “polysaccharide A” (PSA) (Mazmanian et al.  2008 ). PSA exhib-
its anti- infl ammatory effect through inhibiting cells of the IL-17 lineage produced 
by intestinal immune cells and also through induction of IL-10 (Troy  2010 ). Hence 
alongside SCFA, probiotics metabolites like PSA further demonstrate the symbi-
otic interaction between commensal bacteria and host immune system.  

5.8     Metabolic Syndromes 

 Metabolic syndromes which include obesity, diabetes, and cardiovascular disorders 
(CVDs) are now increasingly being accepted as a consequence of aberrant gut micro-
biota modulating host metabolism. Obese individuals contain lower abundance of 
Bacteroidetes and higher abundance of Firmicutes (Ley et al.  2006 ). Metagenomic 
analysis of obese mice supports that a shift in microbial composition can potentiate 
the obese phenotype. Relative to lean wild type, obese mice were identifi ed to have an 
increased expression of genes responsible for more effi cient extraction of energy from 
food and therefore stimulating lipogenesis (Turnbaugh et al.  2009a ). Yet the impact of 
host genetics can be delineated as a separate factor in the obesity epidemic, as studies 
demonstrate that gnotobiotic mice are able to develop adiposity through transplanta-
tion of microbiota from obese mice (Turnbaugh et al.  2008 ). The risks associated with 
obesity are tremendous and are linked with increased likelihood of conditions such as 
diabetes and CVDs. Hence the ideal strategy would be to consume a low-fat diet and 
lose weight; however, due to diffi culty in compliance by obese patients (Freedman 
et al.  2001 ) strategies implementing the use of probiotics to restore gut microbiota 
have captured the likes of probiotic treatments. 

 Intake of probiotic yogurt containing  L. acidophilus  and  Bifi dobacterium lactis  
in a double-blind placebo-controlled trial (DBPC) has shown promising results as it 
improves blood glucose and antioxidant status in T2DM patients (Ejtahed et al. 
 2012 ). Another important DBPC trial has shown that the probiotic  Lactobacillus 
gasseri  SBT2055 lowers the effect of abdominal adiposity, body weight suggesting 
favorable potential for probiotic intervention in metabolic disorders (Kadooka et al. 
 2010 ). Another study has identifi ed the protective roles of all three SCFA butyrate, 
propionate, and acetate against diet-induced obesity and insulin resistance (Lin 
et al.  2012 ). Despite this exciting new insight, the host signaling for the immuno-
modulatory effects of SCFA still remain open ended with one study suggesting the 
role of GPR41 receptor as necessary for effi cient energy harvest from the diet 
(Samuel et al.  2008 ). Dietary supplementation of butyrate in diet-induced obese 
mice prevents the development of insulin resistance and obesity (Cefalu et al.  2009 ). 
At the molecular level, the HDACi properties of butyrate may be responsible for the 
increased mRNA expression of peroxisome proliferator-activated receptor-γ coacti-
vator (PGC-1α), which participates in the regulation of carbohydrate and lipid 
metabolism (Liang and Ward  2006 ).  
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5.9     Autism Spectrum Disorders 

 Autism spectrum disorders are a complex set of neurological conditions affecting 
children across three systems which include behavior, imagination, and communi-
cation (Wing  1997 ). Autistic children contain greater amounts of  Clostridium  spe-
cies in their microbiota and subsequently suffer from gastrointestinal infl ammation 
which includes common dilemmas such as constipation, abdominal discomfort, and 
diarrhea (Parracho et al.  2005 ). Hence the shift to correct this    dysbiotic gut to allevi-
ate some of these symptoms through probiotic supplements. Numerous studies have 
found positive infl uences on gut health and overall behavior of autistic children with 
use of probiotic treatments (Kidd  2003 ; Blades  2000 ). In a DBPC trial treatment 
using  Lactobacillus plantarum , treatment signifi cantly increased numbers of the 
benefi cial lactobacilli/enterococci in the faecal microbiota of autistic children 
(Parracho et al.  2010 ). Interestingly autistic children actually have higher levels of 
SCFA present with their faecal microbiota than that of healthy controls. One paper 
suggests that in particular the SCFA propionate is responsible for the gut disturb-
ances seen in autism (MacFabe  2012 ), hence making it essential to narrow down 
strain-specifi c probiotics, while another study proposes the need for further investi-
gation to decipher the underlying mechanism for increased SCFA in autistic children 
(Wang et al.  2012 ). 

 Human neurodevelopment can be adversely impacted by exposure to toxic 
substances from the environment such as the heavy metals, mercury and copper. 
The physiologic roles of eliminating these toxins are reliant upon the expression of the 
Zn-dependant metal binding protein metallothionein. Western diets are stripped of 
essential minerals such as zinc and selenium, and this interferes with the production 
of metallothionein and hinders the metabolic process required to eliminate heavy met-
als from the body. The buildup of heavy metals in the body causes oxidative stress 
which inhibits methionine synthase; this enzyme subsequently induces epigenetic 
alterations which involve a decrease in DNA and histone methylation. In the case of 
autism, diet also have impacts on neurodevelopment. Pregnant mothers, who took 
vitamin supplements including vitamin B6, B12, and magnesium, reduced the risk of 
autism in children. Folate and other dietary methyl donors alter epigenetic regulation 
of gene expression in their children, thereby reducing the risk of autism (Schmidt 
et al.  2011 ). Since dietary factors induce aberrant epigenetic changes leading to gut 
infl ammation in autistic children, and the potential of probiotics in alleviating symp-
toms, it can be inferred that perhaps this is taking place through epigenetic changes.  

5.10     Conclusion 

 Given the importance of our diet in the contribution of structural variation in gut 
microbiota, an important factor to consider in the development of novel therapies 
which restore gut microbiota now includes the administration of preventative medicine 
through dietary interventions. A diet which heavily includes complex carbohydrates 
promotes healthy gut microbiota and boosts the production of immunomodulatory 

5 Anti-infl ammatory Effects of Probiotics and Their Metabolites: Possible Role…



144

SCFA which have HDAC inhibitory properties. HDACi derived naturally from the 
diet include sulforaphane from broccoli, diallyldisulfi de from garlic, and curcumin 
from turmeric. 

 Nevertheless, further research into the epigenetic effects of probiotics and other 
dietary substances is required. Different microbial communities in individuals may 
be one factor that causes variation in the outcome of probiotic or probiotic metabolite 
treatment. The challenge for future research is to use this information to optimize 
probiotic/dietary therapy to improve human health and prevent microbiota- associated 
diseases, such as allergies, IBD, metabolic syndrome, and autism. Although our 
current knowledge of restoring gut microbiota through administration of probiotics 
and their metabolites is not complete, the idea is tantalizing and opens forth a new era 
of therapeutic modalities for the treatment of chronic infl ammatory diseases.        
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    Abstract     This chapter provides several examples of epigenetic deregulation in 
autoimmune diseases, a heterogeneous group of human conditions characterized 
by a deregulated immune response against the body own organs and tissues. 
Early studies based on the candidate gene approach have been fl anked by genome-
wide screenings in the last few years, revealing global changes in DNA methylation 
or histone tail modifi cations, as well as deregulated methylation and/or expression 
of hundreds of genes and microRNAs in cells from patients affected by those disor-
ders. This chapter will focus on epigenetic deregulations observed in systemic lupus 
erythematosus, rheumatoid arthritis, Sjögren’s syndrome, psoriasis, multiple sclero-
sis, systemic sclerosis, and autoimmune thyroid diseases, even though epigenetic 
modifi cations are increasingly being observed in many other autoimmune diseases. 
By contrast, only a few environmental factors have been shown or suspected to 
induce the observed epigenetic changes. Epigenetic drugs and RNA silencing 
experiments have often reversed autoimmune disease-like phenotypes in rodents or 
cell cultures, leading researchers to debate on their potential use in the treatment of 
these human conditions.  
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6.1         Introduction 

 Autoimmune diseases include over 100 conditions characterized by an inappropriate 
immune response against the body own tissues and falling into two general types: 
systemic autoimmune diseases that damage many organs and systems such as sys-
temic lupus erythematosus (SLE), rheumatoid arthritis (RA), Sjögren’s syndrome 
(SjS), and systemic sclerosis or scleroderma (SSc) among others, and diseases char-
acterized by an autoimmune response against a specifi c organ or tissue such as pso-
riasis, Hashimoto’s thyroiditis (HT), Graves’ disease (GD), and many others (Selmi 
2012). It is now clear that while many of these pathologies can be infl uenced by heri-
table factors, also environmental factors such as drugs, ultraviolet light, infectious 
agents, and diet play a role, and recent genome-wide association studies revealed that 
genomics alone cannot fully explain the individual susceptibility to those disorders 
(Selmi  2012 ). Increasing evidence points to additional mechanisms linking the indi-
vidual susceptibility with environmental factors, and epigenetics is increasingly 
recognized as one of the most promising missing links (De Santis and Selmi  2012 ). 
Indeed, since epigenetic mechanisms are sensitive to external stimuli, several envi-
ronmental effects on immune responses could be mediated by epigenetic changes 
(Costenbader et al.  2012 ). 

 The term epigenetics comprises heritable and reversible modifi cations that alter 
gene expression without resulting from direct changes in the primary DNA sequence. 
Several epigenetic mechanisms are known, including DNA methylation, covalent 
modifi cations of histone tails, and nucleosome positioning, all interacting to deter-
mine chromatin folding and the relative accessibility of a given genetic locus to 
activating and suppressing transcription factors (Martín-Subero  2011 ). Noncoding 
RNAs affecting gene expression are also largely recognized as epigenetic mechan-
isms (Esteller  2011 ). All those mechanisms are exhaustively described in Chap.   1     of 
this book. 

 Most of the studies performed so far have focused on epigenetic modifi cations 
in SLE and rheumatoid arthritis (Quintero-Ronderos and Montoya-Ortiz  2012 ), 
but there is increasing evidence of epigenetic changes in other autoimmune disorders 
such as SjS, multiple sclerosis, systemic sclerosis, psoriasis, autoimmune thyroid 
diseases (AITDs), and others (Meda et al.  2011 ; Zhang et al.  2011 ; Quintero- 
Ronderos and Montoya-Ortiz  2012 ). This chapter will provide a summary of the 
most relevant evidence of epigenetic deregulation in autoimmune disorders.  

6.2     Systemic Lupus Erythematosus 

 SLE is a systemic autoimmune disorder characterized by the production of auto- 
antibodies directed against nuclear self-antigens. The disease can target many 
organs, including the skin and joints, but also the heart, the kidneys, the nervous 
system, and others. It affl icts both sexes but occurs more frequently in women. Genetic 
association studies   , genome-wide association studies, and discordance in disease 
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inheritance in twins, have revealed that genetics alone does not completely account 
for disease heritability (Deapen et al.  1992 ; Cunninghame Graham  2009 ). Early 
studies of SLE epigenetics showed that CD4+ T cells treated with the DNA 
methylation inhibitor 5-azacytidine respond to the presentation of self antigens 
(Richardson  1986 ), and their injection in mice caused a lupus-like syndrome 
(Quddus et al.  1993 ). Those studies suggested that impairments of DNA methylation 
might be involved in autoimmunity. 

6.2.1     DNA Methylation in SLE 

 DNA methylation represents one of the most studied epigenetic mechanisms for 
gene regulation and consists of the addition of a methyl group to the 5′ position of 
the cytosine pyrimidine ring (5-methylcytosine) mediated by DNA methyltransfer-
ase enzymes (DNMTs) using  S -adenosylmethione (SAM) as the methyl donor com-
pound (Jones  2012 ). There are multiple families of DNMTs in mammals. Among 
them DNMT1 is primarily involved in the maintenance of DNA methylation pat-
terns during development and cell division, whereas DNMT3a and DNMT3b are 
the de novo methyltransferases and establish DNA methylation patterns during 
early development (Jones and Liang  2009 ). Methylated DNA can be specifi cally 
recognized by a set of proteins called methyl-CpG binding proteins (MBPs), includ-
ing MECP2 (methyl-CpG binding protein 2) and MBD proteins (methyl-CpG bind-
ing domain proteins), that contain a transcription repression domain to interact with 
other proteins and enhance DNA methylation-mediated transcriptional repression 
(Fournier et al.  2012 ). 

 Following the observation that inhibitors of DNA methylation were able to 
induce autoimmune reactions and lupus-like symptoms in animals (Richardson 
 1986 , Quddus et al.  1993 ), several investigators analyzed DNA methylation levels 
in SLE patients (Table  6.1 ). One of the most replicated fi ndings is a global DNA 
hypomethylation observed in the CD4+ T cells of these patients (Balada et al. 
 2007a ). DNA hypomethylation has been often linked to a reduction of DNMT1 
mRNA levels in those cells (Zhu et al.  2011 ; Qin et al.  2013 ), but data on DNMT1, 
DNMT3a, and DNMT3b expression levels are still confl icting (Balada et al.  2008 ; 
Liu et al.  2011 ; Zhu et al.  2011 ). Also an increased expression of MBD2 and an inverse 
correlation between MBD2 expression and DNA methylation levels was often observed 
in CD4+ T cells of SLE patients (Balada et al.  2007b ; Qin et al.  2013 ).

   Apart from studies on global DNA methylation levels, the analysis of gene- 
specifi c promoter methylation by means of candidate gene approaches led research-
ers to identify several genes that are hypomethylated and therefore over-expressed 
in CD4+ T cells of SLE patients, some examples are  ITGAL ,  CD40LG ,  PRF1 , 
 TNFSF7 ( CD70 ), and  KIR  family genes (reviewed in Hughes and Sawalha  2011 ). 
Many of those genes encode proteins involved in immune function and infl amma-
tion, and it is believed that their overexpression leads to lupus T cell autoreactivity 
and subsequent induction of autoreactive B cell immunoglobulin production 
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(Hughes and Sawalha  2011 ). Recently, Balada and coworkers determined the 
expression levels of  ITGAL ,  PRF1 ,  KIR2DL4 ,  TNFSF7 ( CD70 ), and  CD40LG  genes 
in CD4+ T cells of patients with SLE and performed correlations with the global 
DNA methylation status and the levels of DNMT and MBD proteins. SLE patients 
had signifi cantly elevated transcript levels of  ITGAL ,  PRF1 , and  TNFSF7 ( CD70 ), 
and those levels correlated with global DNA hypomethylation as well as with the 
expression of most of the DNA methylation-related genes, reinforcing the hypoth-
esis of an epigenetic deregulated network in SLE (Balada et al.  2012 ). 

 The analysis of methylation of repetitive elements in SLE patients revealed 
hypomethylation of LINE-1 but not Alu in CD4+ T lymphocytes, CD8+ T lympho-
cytes, and B lymphocytes (Nakkuntod et al.  2011 ). 

 The candidate gene approach analysis has been paralleled in recent years by whole-
genome methylation studies that are revealing hundreds of genes differentially meth-
ylated and expressed in SLE patients with respect to controls. One of such approaches 
performed on monozygotic twins discordant for SLE featured widespread changes in 
the DNA methylation status of a signifi cant number of genes associated with immune 
function that occurred in parallel with a global decrease in the 5-methylcytosine 
content in the affected twins (Javierre et al.  2010 ). A subsequent genome-wide DNA 

    Table 6.1    Some examples of epigenetic deregulation in systemic lupus erythematosus   

 DNA methylation 
 Human CD4+ 

T cells 
 Global hypomethylation  Balada et al. ( 2007a ) 

 Reduced DNMT1 and increased MBD2 levels  Zhu et al. ( 2011 ), Qin et al. 
( 2013 ) 

 Demethylated genes:  ITGAL, CD40LG, 
PRF1, TNFSF7 ( CD70 ) , KIR2DL4  

 Hughes and Sawalha ( 2011 ) 

 LINE-1 hypomethylation  Nakkuntod et al. ( 2011 ) 
 Whole-genome approaches: 232 

hypomethylated genes and 104 
hypermethylated genes 

 Jeffries et al. ( 2011 ) 

  Histone tail modifi cations  
 Animal models: 

MRL/lpr mice 
 Global hypoacetylation of histone H3 and H4  Garcia et al. ( 2005 ) 

 Overexpression of histone deacetylase SIRT1  Hu et al. ( 2009 ) 
 Treatment with HDACi reversed the 

lupus-like phenotype 
 Reilly et al. ( 2011 ) 

 Human CD4+ 
T cells 

 Global hypoacetylation of histone H3 and H4  Hu et al. ( 2008 ) 

 Overexpression of histone deacetylase SIRT1 
 Global H3K9 hypomethylation 

  MicroRNA expression  
 Human CD4+ 

T cells 
 Upregulation of miR-21, miR-148a, miR-126, 

miR-224 
 Amarilyo and La Cava 

( 2012 ), Lu et al. ( 2013 ) 
 Downregulation of miR-142-3p, miR142-5p, 

miR-145, miR-146a 
 Chan et al. ( 2012 ), Ding et al. 

( 2012 ), Lu et al. ( 2013 ) 
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methylation analysis in CD4+ T cells from SLE patients revealed 236 hypomethylated 
and 105 hypermethylated CpG sites (representing 232 and 104 genes, respectively). 
Hypomethylated genes in lupus T cells included   , among others, many involved in 
autoimmunity, while genes involved in folate biosynthesis, required for SAM pro-
duction and DNA methylation, resulted hypermethylated (Jeffries et al.  2011 ). 
Another whole-genome methylation analysis of SLE revealed that hypomethylation 
of interleukin  IL10  and interleukin receptor  IL1R2  promoters is associated with 
disease activity (Lin et al.  2012 ).  

6.2.2     Histone Tail Modifi cations in SLE 

 The chromatin state represents another important modulator of gene expression pro-
fi les. Histone tail acetylation on lysine residues is mediated by histone acetyltrans-
ferases (HATs) and represents one of the most studied modifi cations associated with 
chromatin relaxation and transcriptional activation (Berger  2007 ). Another fre-
quently studied modifi cation of histone tails is methylation on either lysine or argin-
ine residues, mediated by protein methyltransferases. Methylation of histone tails 
can be associated with either condensation or relaxation of the chromatin structure, 
since several sites for methylation are present on each tail thus allowing many com-
binations (Martin and Zhang  2005 ). Most of our current knowledge on histone tail 
modifi cations in SLE derives from studies based upon in vitro cell cultures and in 
vivo studies in murine models of lupus demonstrating that histone deacetylase 
inhibitors (HDACi) reversed the expression of multiple genes involved in auto-
immunity and SLE pathogenesis (reviewed in Reilly et al.  2011 ). For example a 
global hypoacetylation of histone H3 and H4 was observed in a mouse model of 
lupus (MRL/lpr mice) compared to control mice, and the administration of the 
HDACi trichostatin A reversed histone hypoacetylation with improvement of dis-
ease phenotype (Garcia et al.  2005 ). Others observed an aberrant expression pattern 
of HATs and histone deacetylases (the enzymes responsible for histone deacety-
lation) in CD4+ T cells of MRL/lpr mice, among which the overexpression of his-
tone deacetylase SIRT1 was implicated in lupus pathogenesis (Hu et al.  2009 ). 
Suppression of SIRT1 expression by means of RNA silencing in the animals resulted 
in an increase of global histone H3 and H4 acetylation levels and mitigated the 
disease-related phenotype (Hu et al.  2009 ). 

 Studies in humans revealed global histone H3 and H4 hypoacetylation and 
increased SIRT1 mRNA levels in active lupus CD4+ T cells of SLE patients com-
pared with controls, as well as global histone H3K9 hypomethylation in both active 
and inactive lupus CD4+ T cells (Hu et al.  2008 ). There is also evidence that aber-
rant histone modifi cations within the  TNFSF7 ( CD70 ) promoter may contribute to 
the development of lupus by increasing CD70 expression in CD4+ T cells 
(Zhou et al.  2011 ). More than 100 different auto-antibodies to nuclear antigens 
were found in patients with SLE, some of which recognize insoluble nuclear 
antigens (chromatin, DNA, histones, and RNA), leading researchers to formulate 
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the hypothesis of a potential relationship between auto-antibodies production in 
SLE with changes in epigenetic patterns, such as DNA methylation and histone tail 
modifi cations (Thabet et al.  2012 ).  

6.2.3     RNA-Mediated Epigenetic Mechanisms in SLE 

 Among noncoding RNAs, microRNA (miRNAs) are a group of small noncoding 
RNAs of about 22 nucleotides in length that bind to the 3′ untranslated region 
(3′-UTR) of target mRNAs and mediate their posttranscriptional regulation leading 
to either degradation or translational inhibition, depending on the degree of sequence 
complementarities. MiRNAs target about 60 % of all genes (Sato et al.  2011 ), and a 
complex network of interactions exists among miRNAs and other epigenetic mech-
anisms, such as DNA methylation and histone modifi cation processes, to organize 
the whole gene expression profi le. 

 In 2007 Dai and coworkers published the fi rst report of a difference in miRNA 
expression between SLE patients and healthy controls (Dai et al.  2007 ). Since then 
studies profi ling miRNA expression in blood cells, body fl uids, and target tissues 
from SLE patients revealed unique miRNA signatures when compared with healthy 
individuals or those with other autoimmune diseases (Amarilyo and La Cava  2012 ; 
Shen et al.  2012 ). Among over-expressed miRNAs in lupus CD4+ T cells, miR-21, 
miR-148a, and miR-126 lead to DNMT1 downregulation by directly targeting its 
transcript (miR-148a and miR-126) or transcripts of genes that operate in the 
Ras–MAPK pathway upstream of DNMT1 (miR-21), and resulting in DNMT1 
inhibition, DNA hypomethylation, and altered expression of genes involved in both 
pro-infl ammatory and anti-infl ammatory processes (Amarilyo and La Cava  2012 ). 
Other miRNAs were found to be up-regulated or down-regulated in cells of SLE 
patients; some examples include miR-142-3p and miR-142-5p that are down- 
regulated in SLE CD4+ T cells, causing T cell over-activation and B cell hyperstimu-
lation (Ding et al.  2012 ). By contrast miR-146a, a negative regulator in immune and 
infl ammatory responses, is down-regulated in SLE patients (Chan et al.  2012 ). 
A recent study profi led the expression of 270 human miRNAs in T cells from fi ve 
SLE patients and fi ve healthy controls, and identifi ed under-expressed miR-145 and 
over-expressed miR-224 as well as down-regulated expression of their target genes 
linked to accelerated T cell activation-induced cell death (Lu et al.  2013 ).  

6.2.4     Environmental Factors and Their Potential Epigenetic 
Properties in SLE 

 The demethylating agent 5-azacytidine was the fi rst drug to be identifi ed to cause 
lupus-like symptoms in rodents by altering DNA methylation levels (Richardson 
 1986 ; Quddus et al.  1993 ). Since then procainamide and hydralazine also have been 
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suspected of causing SLE by inhibiting DNA methylation and inducing T cells 
autoreactivity. Procainamide is a competitive inhibitor of DNMT1 enzymatic activ-
ity and hydralazine inhibits T and B cell ERK pathway (Cornacchia et al.  1988 ). 
Other chemicals, such as air pollutants, have been suspected to act on DNA meth-
ylation and other epigenetic mechanisms in SLE (De Santis and Selmi  2012 ). 
Among physical agents, it has been suggested that UV light might induce the 
overexpression of autoimmunity-related genes through aberrant T cell DNA 
demethylation (Li et al.  2010 ). Additional factors suspected to epigenetically con-
tribute to the incidence of autoimmune diseases are increasing age and infectious 
agents (De Santis and Selmi  2012 ).   

6.3     Rheumatoid Arthritis 

 RA is a systemic autoimmune disease primarily characterized by chronic infl ammation 
of the joints and ultimately leading to joint destruction. Both genetic and environ-
mental factors are involved in disease pathogenesis, but increasing evidence (Klein 
et al.  2012 ) supports a role for epigenetic modifi cations (Table  6.2 ). RA synovial 
fi broblasts (RASFs) play a major role in the initiation and perpetuation of the 
disease; they are the most common cell type at the site of invasion and active con-
tributors in joint damage due to their ability to secrete cytokines, chemokines, and 
joint-damaging enzymes. Moreover, RASFs show tumoral behavior including 
invasiveness and resistance to apoptosis. Epigenetic mechanisms have been 
largely investigated as contributors of RASFs aggressiveness and those cells are 
the best- characterized ones for epigenetic alterations in RA (Klein et al.  2012 ; 
Nakano et al.  2013 ).

6.3.1       DNA Methylation in RA 

 In 1991, Corvetta and coworkers observed reduced global DNA methylation in 
peripheral blood, synovial mononuclear cells, and synovial tissues from RA patients 
(Corvetta et al.  1991 ). Others observed hypomethylation and overexpression of 
LINE 1 retrotransposable elements in RASFs, affecting the expression of other 
genes likely contributing to cell activation (Neidhart et al.  2000 ; Kuchen et al. 
 2004 ). A subsequent study confi rmed those previous fi ndings and revealed that 
proliferating RASFs were defi cient in DNMT1, and that the demethylating agent 
5-azacytidine reproduced the activated phenotype of RASFs in normal synovial 
fi broblasts, with upregulation of over 100 genes including growth factors and recep-
tors, extracellular matrix proteins, adhesion molecules, and matrix-degrading 
enzymes (Karouzakis et al.  2009 ). The search for specifi c genes regulated by 
DNA methylation in RASFs revealed other demethylated and over-expressed ones, 
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such as for example  CXCL12  that contributes to the expression of matrix metallo-
proteinases (Karouzakis et al.  2011 ). Other genes were found to be hypermethylated 
in those cells, including the promoter of the death receptor 3 ( DR3 ) gene, whose 
downregulation in RASFs was linked to resistance to apoptosis (Takami et al.  2006 ). 
Impairments of DNA methylation were also observed in peripheral blood mononu-
clear cells of RA patients, some examples are demethylation of CpG sites in inter-
leukin-6 ( IL-6 ) and interleukin-10 ( IL-10 ) gene promoters (Nile et al.  2008 ; Fu et al. 
 2011 ). The incidence of both RA and SLE is higher in females than in males, and 
the  CD40LG  gene on the X chromosome was found to be demethylated and over-
expressed in CD4+ T cells from female RA and SLE patients (Lian et al.  2012 ; Liao 
et al.  2012 ). 

 A recent genome-wide approach in RASFs revealed 207 hypermethylated or 
hypomethylated genes, with hypomethylation increased in multiple pathways 
related to cell migration (Nakano et al.  2013 ), and recent studies in RA animal mod-
els showed an increased expression of MeCP2 in synovium and fi broblast-like syn-
oviocytes, suggesting that MeCP2 could participate in RA pathogenesis through 
silencing of certain genes (Miao et al.  2013 ).  

   Table 6.2    Some examples of epigenetic deregulation in rheumatoid arthritis   

  DNA methylation  
 Human synovial 

fi broblasts (RASFs) 
 Global hypomethylation  Corvetta et al. ( 1991 ), 

Karouzakis et al.  2009  
 LINE-1 hypomethylation  Neidhart et al.  2000 , Kuchen 

et al.  2004  
 Reduced DNMT1 levels  Karouzakis et al. ( 2009 ) 
 Demethylated genes:  CXCL12   Karouzakis et al. ( 2011 ) 
 Hypermethylated genes:  DR3   Takami et al. ( 2006 ) 
 Whole-genome approaches: 207 

hypomethylated or 
hypermethylated genes 

 Nakano et al. ( 2013 ) 

 Human CD4+ T cells  Demethylated genes:  CD40LG   Liao et al. ( 2012 ) 
 Human peripheral blood 

mononuclear cells 
 Demethylated genes:  IL-6, IL-10   Nile et al. ( 2008 ), Fu et al. ( 2011 ) 

  Histone tail modifi cations  
 Human synovial 

fi broblasts (RASFs) 
 Overexpression of histone 

deacetylase HDAC1 
 Horiuchi et al. ( 2009 ) 

 Human peripheral blood 
mononuclear cells 

 Overexpression of histone 
deacetylase HDAC1 

 Gillespie et al. ( 2012 ) 

 Animal models  Treatment with HDACi reversed 
the RA-like phenotype 

 Cantley et al. ( 2012 ) 
 De Santis and Selmi ( 2012 ) 

  MicroRNA expression  
 RA synovial cells  Upregulation of miR-146a, miR-155, 

miR-223 
 Amarilyo and La Cava ( 2012 ), 

Lu et al. ( 2013 ) 
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6.3.2    Histone Tail Modifi cations in RA 

 Several investigators observed increased over expression and activity of histone 
deacetylases, and particularly of HDAC1, in RASFs and peripheral blood mono-
nuclear cells of RA patients, suggesting a role for histone tail modifi cations in dis-
ease pathogenesis (Horiuchi et al.  2009 ; Gillespie et al.  2012 ). Moreover, HDACi, 
such as for example trichostatin A, were potent inhibitors of tumor necrosis factor 
and IL-6 production in those cells (Gillespie et al.  2012 ; Grabiec et al.  2012 ). There 
is also evidence from studies in vitro and in animal models that HDACi have the 
potential to suppress bone destruction in chronic infl ammatory diseases such as RA 
(Cantley et al.  2012 ). These are only some of many examples showing anti-infl am-
matory properties of HDACi in RA models, whose benefi cial effects are exerted 
through reduced production of cytokines, chemokines, and related receptors (De 
Santis and Selmi  2012 ).  

6.3.3     RNA-Mediated Epigenetic Mechanisms in RA 

 MiRNAs have been largely investigated in the pathogenesis of RA, and some of 
them, such as for example miR-146a, miR-155, and miR-223, are of particular inter-
est in disease pathogenesis (Ammari et al.  2013 ). Mir-146a is a negative regulator in 
immune and infl ammatory responses up-regulated in several tissues of RA patients, 
including RASFs and peripheral blood mononuclear cells, and associated with tumor 
necrosis factor alpha production and disease activity (Xu et al.  2012 ). MiR-155 is 
up-regulated in synovial membrane and synovial fl uid macrophages from RA 
patients (Kurowska-Stolarska et al.  2011 ), and has a powerful regulatory potential in 
a wide variety of immune cells through targeting specifi c mRNAs (Leng et al.  2011 ). 
MiR-223 is intensely expressed in RA synovium, and its overexpression suppresses 
osteoclastogenesis in vitro (Shibuya et al.  2013 ). Those miRNAs are currently inves-
tigated as potential therapeutic targets in RA, and recent integrated analyses of DNA 
methylation and miRNA expression profi ling in RASFs are revealing novel markers 
of DNA methylation and sets of miRNAs that are controlled by DNA methylation, 
as well as genes that are regulated by DNA methylation and are targeted by miRNAs 
with a potential use as clinical markers (de la Rica et al.  2013 ).  

6.3.4     Environmental Factors and Their Potential Epigenetic 
Properties in RA 

 Among environmental factors, cigarette smoke condensate was shown to up-
regulate gene and protein expression of pro-infl ammatory cytokines in human 
fi broblast-like synoviocytes (Shizu et al.  2008 ), and tobacco smoke is recognized 
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    Table 6.3    Some examples of epigenetic deregulation in Sjögren’s syndrome   

  DNA methylation  
 Human CD4+ T cells  Demethylated genes:  TNFSF7 ( CD70 )  Yin et al. ( 2010 ) 

 Hypermethylated genes:  BP230   González et al. ( 2011 ) 

  Histone tail modifi cations  
 Human salivary 

gland cells 
 Deacetylation of histone H4 in the promoter of 

 AQP5  gene and inhibition of aquaporin 5 
expression 

 Yamamura et al. 
( 2012 ) 

  MicroRNA expression  
 Human salivary 

gland cells 
 Deregulation of miR-547 and miR-768-3p 

expression: the expression of miR-768-3p 
increases, whereas the expression of miR-574 
decreases with increasing focus scores 

 Alevizos et al. ( 2011 ) 

 Human peripheral 
blood mono-
nuclear cells 

 Upregulation of miR-146a and miR-146b  Pauley et al. ( 2011 ), 
Zilahi et al. ( 2012 ) 

among environmental RA risk factors (   Karlson and Deane  2012 ). However, an 
epigenetic effect of tobacco smoke in RA is at present only speculative (De Santis 
and Selmi  2012 ).   

6.4     Other Autoimmune Diseases 

 Epigenetic studies in autoimmune diseases other than SLE and RA are increasing in 
recent years (Tables  6.3 ,  6.4 ,  6.5 ,  6.6 , and  6.7 ). Within this paragraph we describe 
some of the most recent examples.

6.4.1           Epigenetics of SjS 

 SjS is a systemic autoimmune disease characterized by chronic infl ammation lead-
ing to reduced secretion of the exocrine salivary and lacrimal glands. Epigenetic 
studies in SjS are still in their infancy (Table  6.3 ); however, hypomethylation and 
overexpression of  TNFSF7 ( CD70 ) were observed in CD4+ T cells of SjS patients 
(Yin et al.  2010 ), and hypermethylation of  BP230 , coding for a protein involved in 
the anchorage of salivary gland cells, was observed in labial salivary glands in SjS 
(González et al.  2011 ). The methylation profi le of the gene coding for the interferon 
regulatory factor 5 ( IRF5 ) was investigated in CD4+ T cells, B lymphocytes, and 
monocytes from patients with SjS, but the observed methylation levels were similar 
to those observed in cells from controls (Gestermann et al.  2012 ). 

 Abnormal distribution of aquaporin 5 (AQP5) in salivary gland acini is likely to 
contribute to the defi ciency of fl uid secretion in SjS, and the tumor necrosis factor 
alpha plays an important role in the destruction of acinar structures in exocrine glands, 
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    Table 6.4    Some examples of epigenetic deregulation in psoriasis   

  DNA methylation  
 Human skin samples  Demethylated genes:  SHP-1   Ruchusatsawat et al. ( 2006 ) 

 Whole-genome approaches: differential 
methylation of 1,108 sites between 
normal and psoriatic tissues 

 Roberson et al. ( 2012 ) 

 Human CD4+ T cells  Whole-genome approaches: 
hypomethylation of 26 regions of the 
genome, most of them pericentromeric 

 Han et al. ( 2012 ) 

 Hypermethylation of 121 genes on the X 
chromosome 

 Han et al. ( 2012 ) 

 Human ematopoietic 
cells 

 Hypomethylation of genes coding for p16, 
p21, and p53 

 Zhang et al. ( 2007 ,  2009 ) 

  Histone tail modifi cations  
 Human skin samples  Overexpression of histone deacetylase HDAC1  Tovar-Castillo et al. ( 2007 ) 
 Human peripheral 

blood 
mononuclear cells 

 Global histone H4 hypoacetylation  Zhang et al. ( 2011 ) 

  MicroRNA expression  
 Human skin samples  Deregulation of 98 canonical and 15 

noncanonical miRNAs, including 
upregulation of miR-203, miR-21, and 
miR-31 

 Joyce et al. ( 2011 ), Xia 
et al. ( 2013 ) 

    Table 6.5    Some examples of epigenetic deregulation in multiple sclerosis   

  DNA methylation  
 Human white matter samples  Demethylated genes:  PAD2   Mastronardi et al. ( 2007 ) 
 Human peripheral blood 

mononuclear cells 
 Demethylated genes:  PAD2   Calabrese et al. ( 2012 ) 

  Histone tail modifi cations  
 Human white matter samples  Increased histone H3 acetylation  Pedre et al. ( 2011 ) 

  MicroRNA expression  
 Human blood cells  Upregulation of miR-21, miR-146a, 

miR-146b, and miR-326 
 Fenoglio et al. ( 2012 ) 

 Human brain regions  Upregulation of miR-155, miR-326, 
and miR-34a 

 Fenoglio et al. ( 2012 ) 

 Human B lymphocytes  Dowregulation of 49 miRNAs  Sievers et al. ( 2012 ) 

and inhibits  AQP5  gene expression in human salivary gland acinar cells by suppression 
of acetylation of histone H4 in the promoter region (Yamamura et al.  2012 ). 

 Also some miRNAs were found to be deregulated in SjS salivary glands 
(miR-547 and miR-768-3p) and/or in peripheral mononuclear cells (miR-146a and 
miR-146b) (Alevizos et al.  2011 ; Pauley et al.  2011 ; Zilahi et al.  2012 ). Moreover, 
a recent study has shown that the SjS antigen B is a pre-miRNA-binding protein that 
regulates miRNA processing in vitro (Liang et al.  2013 ).  
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      Table 6.7    Some examples of epigenetic deregulation in autoimmune thyroid diseases   

  DNA methylation  
 Blood DNA   MTHFR  C677T polymorphism associated with 

reduced risk of Graves’ disease in women 
 Mao et al. ( 2010 ) 

  DNMT1  32204GG genotype associated with DNA 
hypomethylation and response to treatment in 
Graves’ disease 

 Arakawa et al. 
( 2012 ) 

  MTRR  A66G polymorphism associated with the 
severity of Hashimoto’s thyroiditis 

 Arakawa et al. 
( 2012 ) 

  MicroRNA expression  
 Human peripheral blood 

mononuclear cells 
 Downregulation of miR-154*, miR-376b, and 

miR-431* in early stages Graves’ disease 
 Liu et al. ( 2012 ) 

 Human thyroid tissues  Downregulation of miR-146a1 in Graves’ disease  Bernecker et al. 
( 2012 ) 

 Downregulation of miR-155_2 and upregulation of 
miR-200a1 in Hashimoto’s thyroiditis 

 Bernecker et al. 
( 2012 ) 

      Table 6.6    Some examples of epigenetic deregulation in systemic sclerosis   

  DNA methylation  
 Human scleroderma 

fi broblasts 
 Hypermethylation of  FLI1  gene  Wang et al. ( 2006 ) 

 Human CD4+ T cells  Global hypomethylation  Lei et al. ( 2009 ) 
 Reduced DNMT1, MBD3, and MBD4 mRNA 

levels 
 Lei et al. ( 2009 ) 

 Demethylated genes:  CD40LG, TNFSF7 ( CD70 )  Jiang et al. ( 2012 ) 
 Lian et al. ( 2012 ) 

 Human peripheral blood 
mononuclear cells 

 Different methylation profi les of genes on the X 
chromosome in monozygotic twins discordant 
for the disease 

 Selmi et al. ( 2012 ) 

  Histone tail modifi cations  
 Human skin tissues  Overexpression of histone acetyltransferase 

p300, and histone H4 acetylation of the 
 COL1A2  locus 

 Ghosh et al. ( 2013 ) 

 Cultured fi broblasts  Involvement of histone H3 methylation on lysine 
27 in regulation of fi broblast activation 

 Krämer et al. 
( 2012 ) 

  MicroRNA expression  
 Human skin tissues  Upregulation of miR-23b, and let-7  Li et al. ( 2012 ) 

 Dowregulation of miR-125b, miR-133a, miR-206, 
and miR-140-5p 

 Human skin tissues and 
fi broblasts 

 Upregulation of miR-21  Maurer et al. 
( 2010 ), Zhu 
et al.  2012  

 Dowregulation of miR-145 and miR-29 
 Human dermal 

fi broblasts 
 Dowregulation of miR-150  Honda et al. ( 2013 ) 
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6.4.2     Epigenetics of Psoriasis 

 Psoriasis is an organ-specifi c autoimmune disease triggered by an active immune 
system causing cells to build up rapidly on the surface of the skin, resulting in thick, 
white, silvery, or red patches that are sometimes painful. The pathology of psoriasis 
is complex, involving both genetic and environmental components (Zhang et al. 
 2012 ), and increasing evidence supports a role for epigenetic modifi cations 
(Table  6.4 ). Early studies on DNA methylation revealed  SHP-1  promoter methyla-
tion in normal epithelial tissues and demethylation in psoriasis. SHP-1 is a tyrosine 
phosphatase and has been proposed as a candidate tumor suppressor gene in lym-
phoma, leukemia, and other cancers, as it functions as an antagonist to the growth- 
promoting and oncogenic potentials of tyrosine kinases (Ruchusatsawat et al.  2006 ). 
A reduced proliferative activity has been detected in the hematopoietic cells from 
patients with psoriasis and linked to hypomethylation of the genes coding for p16, 
p21, and p53 (Zhang et al.  2007 ,  2009 ). More recent genome-wide approaches are 
revealing hundreds of novel methylation markers of the disease, thereby strengthen-
ing the contribution of epigenetics in psoriasis. The methylation levels at 27,578 
CpG sites in skin samples from individuals with psoriasis and unaffected individu-
als revealed different methylation of 1,108 sites (Roberson et al.  2012 ). Similarly, 
differences in DNA methylation were found in CD4+ T cells of monozygotic twins 
discordant for psoriasis (Gervin et al.  2012 ). A genome-wide DNA methylation 
profi ling of naïve CD4+ T cells showed distinct hypomethylation in 26 regions of 
the genome ranging in size from 10 to 70 kb (most of them pericentromeric) in 
patients with psoriasis with respect to healthy controls. Conversely, the promoter 
regions of 121 genes, and particularly of immune-related genes, on the X chromo-
some were hypermethylated in psoriasis patient T cells compared to those from 
healthy controls (Han et al.  2012 ). 

 Concerning histone tail modifi cations, the HDAC-1 mRNA resulted over- 
expressed in psoriatic skin samples compared with skin specimens from healthy 
subjects (Tovar-Castillo et al.  2007 ). Moreover, global histone H4 hypoacetylation 
was observed in peripheral blood mononuclear cells from psoriasis patients, and 
there was a negative correlation between the degree of histone H4 acetylation and 
disease activity (Zhang et al.  2011 ). 

 A comprehensive analysis of the normal and psoriatic skin miRNAome with next-
generation sequencing revealed 80 known and 18 novel miRNAs that were differen-
tially expressed in psoriatic skin. Of particular signifi cance was the 2.7-fold upregulation 
of a novel miRNA derived from the antisense strand of the miR-203 locus, which plays 
a role in epithelial differentiation. Other differentially expressed miRNAs included 
hematopoietic-specifi c miRNAs such as miR-142-3p and miR- 223/223*, and angio-
genic miRNAs such as miR-21, miR-378, miR-100, and miR- 31, which was the most 
highly up-regulated miRNA in psoriatic skin (Joyce et al.  2011 ). Subsequent functional 
studies of those miRNAs revealed that miR-21 suppresses apoptosis in activated 
T cells, and thus, overexpression of miR-21 may contribute to T cell-derived psoriatic 
skin infl ammation (Meisgen et al.  2012 ), while miR-31 modulates infl ammatory 
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cytokine and chemokine production in keratinocytes via targeting serine/threonine 
kinase 40 (Xu et al.  2013 ). Moreover, the analysis of more than 670 million qualifi ed 
reads from 67 small RNA libraries, revealed 21 novel, noncanonical miRNAs (3 small 
nuclear RNA-derived, 2 tRNA-derived miRNAs, and 16 miRtrons) and 39 novel endo-
siRNAs that were expressed in skin, and 15 of them were signifi cantly differentially 
expressed in psoriatic versus normal skin (Xia et al.  2013 ).  

6.4.3     Epigenetics of Multiple Sclerosis 

 Multiple sclerosis is an autoimmune demyelinating disease and a common cause 
of neurodegeneration and disability in young adults. Disease discordance in mono-
zygotic twins indicates environmental importance in its pathogenesis, but a genome- 
wide DNA methylation study in CD4+ lymphocytes of monozygotic twins 
discordant for MS failed to fi nd signifi cant differences, thereby dampening research 
expectations (Baranzini et al.  2010 ). However, the promoter of the peptidyl arginine-
deiminase 2 ( PAD2 ) gene was hypomethylated in the white matter from MS patients, 
resulting in increased synthesis of PAD2 protein that is responsible for the increased 
amount of citrullinated myelin basic protein, which in turn results in loss of myelin 
stability in MS brain (Mastronardi et al.  2007 ). Similar results were observed in 
peripheral blood mononuclear cells of MS patients, where  PAD2  overexpression 
was associated with promoter demethylation (Calabrese et al.  2012 ). 

 If data on DNA methylation alterations are scarce in MS, an increased histone 
H3 acetylation associated with increased levels of transcriptional inhibitors of 
oligodendrocyte differentiation was observed in the white matter of patients with 
chronic MS (Pedre et al.  2011 ), and a number of miRNAs have been found to be 
dysregulated in blood cells from MS patients, in brain lesions, as well as in biologi-
cal fl uids such as serum and plasma (Table  6.5 ). Some examples are miR-326 that 
was found    to be up-regulated in MS blood and promoted T-helper CD4+ cells dif-
ferentiation, miR-21, miR-146a and miR-146b up-regulated in peripheral blood 
mononuclear cells of MS patients as compared with controls, and miR-155, 
miR- 326, and miR-34a that were found to be up-regulated in active MS brain lesions 
and targeted CD47, a regulatory membrane protein (reviewed in Fenoglio et al.  2012 ). 
These are only some of several examples of miRNAs deregulation in MS tissues, and 
recent large-scale studies are revealing dozens of novel markers, such as for example 
an expression profi ling of 1,059 miRNAs in B lymphocytes that revealed 49 miRNAs 
down-regulated in untreated MS patients compared with healthy controls (Sievers 
et al.  2012 ). A recent integration of miRNAs databases revealed that the miRNAs 
associated with MS according to different studies are able or predicted to target 
about 1,500 different genes many of which play a role in T cell activation and signal-
ing, or have transcription factor activity (Angerstein et al.  2012 ). 

 Among environmental factors considerable evidence has linked past Epstein–
Barr virus (EBV) infection to an increased risk of MS, and, since a complete silenc-
ing of the EBV genome in memory B cells is under epigenetic control via DNA 
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methylation and histone tail modifi cations, some authors have suggested that an 
epigenetic dysregulation of the EBV latency might contribute to the development of 
MS and other autoimmune diseases (Niller et al.  2011 ).  

6.4.4     Epigenetics of Systemic Sclerosis 

 SSc is a systemic autoimmune disease characterized by deposition of collagen in 
the skin and, less commonly, in other tissues with progressive vasculopathy. Early 
studies on DNA methylation (Table  6.6 ) revealed association between enhanced 
type I collagen expression and epigenetic repression (hypermethylation) of the  FLI1  
gene in scleroderma fi broblasts (Wang et al.  2006 ). Subsequent studies revealed that 
CD4+ T cell DNA from patients with SSc was signifi cantly hypomethylated relative 
to controls, and DNMT1, MBD3, and MBD4 mRNAs were signifi cantly decreased 
in the SSc group (Lei et al.  2009 ). Demethylation of  TNFSF7 ( CD70 ) was observed 
to contribute to CD70 overexpression in CD4+ T cells from patients with SSc 
(Jiang et al.  2012 ). Moreover, SSc occurs more frequently in females than males, 
suggesting that epigenetic modifi cations of genes on the X chromosome might be 
involved. Particularly, demethylation of  CD40LG  regulatory elements on the inac-
tive X chromosome contributed to CD40L overexpression in CD4+ T cells from 
female patients with SSc, but no signifi cant difference was observed in the expres-
sion of CD40L between male patients with SSc and male control subjects (Lian 
et al.  2012 ). A recent methylation profi le of all X chromosome genes in peripheral 
blood mononuclear cells from monozygotic twins discordant for SSc revealed sites 
with an elevated probability to be consistently hypermethylated ( n  = 18) or hypo-
methylated ( n  = 25) in affected twins. Identifi ed genes include transcription factors 
and surface antigens, and pathway analysis suggests their involvement in cell pro-
liferation, apoptosis, infl ammation, and oxidative stress (Selmi et al.  2012 ). 

 Increasing evidence suggests the involvement of histone tail modifi cations in 
fi brosis (Table  6.6 ), the hallmark of SSc, characterized by a persistent fi broblast acti-
vation triggered by transforming growth factor-β (TGF-β). Indeed, it was observed 
that the expression of the HAT p300 is markedly elevated in SSc skin biopsies and is 
induced by TGF-β in explanted normal skin fi broblasts. Moreover, TGF-β enhanced 
both p300 recruitment and histone H4 acetylation at the  COL1A2  (collagen, type I, 
α2) locus, suggesting that p300-mediated histone acetylation could represent a 
fundamental epigenetic mechanism in fi brogenesis (Ghosh et al.  2013 ). Similarly, 
inhibition of trimethylation of histone H3 on lysine 27 (H3K27me3), induced by 
treatment with 3-deazaneplanocin A, stimulated the release of collagen in cultured 
fi broblasts in a time and dose-dependent manner and was suffi cient to induce fi bro-
sis, suggesting that trimethylation of histone H3 on lysine 27 acts as a negative regu-
lator of fi broblast activation (Krämer et al.  2012 ). 

 An increasing number of miRNAs was found to be deregulated in SSc samples 
(Table  6.6 ). For example, a miRNA array analysis in skin tissues from SSc patients 
and healthy controls revealed 24 miRNAs that were differentially expressed in 
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patients with SSc and six miRNAs that may be correlated with the pathogenesis of 
SSc. Particularly, miR-23b and let-7 were up-regulated, while miR-125b, miR-133a, 
miR-206, and miR-140-5p were down-regulated (Li et al.  2012 ). Others observed 
that in comparison with the normal skin tissues, miRNAs were aberrantly expressed 
in limited cutaneous scleroderma and diffuse cutaneous scleroderma skin tissues, 
and identifi ed six miRNAs whose expressions were correlated with SSc fi brosis: 
miR-21, miR-31, miR-146, miR-503, miR-145, and miR-29b. Particularly, the 
study confi rmed that miR-21 was increased whereas miR-145 and miR-29b were 
decreased both in the skin tissues and in fi broblasts. As predicted target genes, 
 SMAD7 ,  SAMD3 , and  COL1A1  were regulated by these tree miRNAs (Zhu et al. 
 2012 ). Previous results had shown that miR-29a was strongly down-regulated in 
SSc fi broblasts and skin sections as compared with the healthy controls, and that 
this miRNA acts as a key regulator of collagen expression in SSc (Maurer et al. 
 2010 ). Overall, miRNA-29 is a recently discovered class of miRNAs which is 
related to fi brotic disease and a potential therapeutic target for systemic sclerosis 
(Peng et al.  2012 ). More recently, it was found that miR-150 downregulation con-
tributes to the constitutive type I collagen overexpression in SSc dermal fi broblasts 
via the induction of integrin β3    (Honda et al.  2013 ).  

6.4.5     Epigenetics of AITDs 

 AITDs comprise Graves’ disease and Hashimoto’s thyroiditis, both organ-specifi c 
autoimmune diseases characterized by female preponderance, and in which the 
autoimmune attack of the thyroid takes place by infi ltration of lymphocytes of the 
glandule. A possible role of skewed X chromosome inactivation, mediated by epi-
genetic mechanisms, has been suggested in the etiology of AITD to partially explain 
the female preponderance (Brix et al.  2005 ; Chabchoub et al.  2009 ). 

 A few studies have been performed to clarify the association between factors 
regulating DNA methylation and the prognosis of AITDs (Table  6.7 ). Particularly, 
those studies focused on polymorphisms in genes encoding DNMTs, methylenetet-
rahydrofolate reductase (MTHFR), and methionine synthase reductase (MTRR), 
which are all enzymes essential for DNA methylation reactions. The  MTHFR  
C677T polymorphism was associated with reduced GD risk in women (Mao et al. 
 2010 ), while the  DNMT1  32204GG genotype was correlated with DNA hypometh-
ylation and with the intractability of GD, and the  MTRR  66AA genotype with the 
severity of HD (Arakawa et al.  2012 ). Albeit in their infancy, those studies suggest 
that those genes might account for AITD susceptibility, severity, and response to 
treatment, partially mediated by changes in DNA methylation (Mao et al.  2010 ; 
Arakawa et al.  2012 ). 

 Also the few available studies on miRNA profi ling in AITD tissues (Table  6.7 ) 
suggest deregulated networks in those disorders. Liu and coworkers showed that the 
expression of miR-154*, miR-376b, and miR-431* was suppressed in peripheral 
blood mononuclear cells from initial GD patients, and that their expression levels 
were recovered in GD patients in remission (Liu et al.  2012 ). Another group showed 
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that miR-146a1 was signifi cantly decreased in the thyroid tissue of GD patients, in 
comparison with the control group (Bernecker et al.  2012 ). Similarly, miR-155_2 
was signifi cantly decreased and miR-200a1 was signifi cantly increased in the thy-
roid of HT patients, with respect to the control tissues (Bernecker et al.  2012 ). 
Albeit preliminary, those studies suggest a potential role of miRNA deregulations in 
AITDs that warrants further research.   

6.5     Concluding Remarks 

 In the present chapter we described some examples of epigenetic deregulation in 
human autoimmune diseases. This fi eld of research has gained tremendous attention 
in the last 2–3 years and it is now emerging that epigenetic modifi cations play a role, 
or are supposed to do it, in several autoimmune disorders, including but not limited 
to those detailed in this chapter. Indeed, evidence of an epigenetic contribution is 
increasing also in infl ammatory bowel diseases (Jenke and Zilbauer  2012 ), type 1 
diabetes (Dang et al.  2013 ), immune thrombocytopenic purpura (Khorshied and 
El-Ghamrawy  2012 ), and many other infl ammatory and/or autoimmune diseases. 
Despite this, only few environmental factors have been suggested to epigenetically 
contribute to those disorders, some examples are drugs, air pollutants, ultraviolet 
light, cigarette smoke, and microbial infections, but for most of them the epigenetic 
link is still only speculative (De Santis and Selmi  2012 ). Several authors have sug-
gested that epigenetic deregulations of genes on the X chromosome might account 
for gender differences, i.e., female predominance, in the incidence of many auto-
immune diseases (Lian et al.  2012 ; Liao et al.  2012 ), and age-related epigenetic 
changes might also be of interest (De Santis and Selmi  2012 ). 

 Early epigenetic studies in autoimmune diseases, based on the candidate gene 
approach, have been paralleled and/or replaced in recent years by whole-genome 
approaches, that are revealing dozens, or even hundreds of genes or miRNAs that are 
deregulated in the affected tissues as well as in peripheral tissues of the patients 
(Tables  6.1 – 6.7 ). This is leading to a better understanding of the networks involved in 
disease pathogenesis, thereby opening the way for potential diagnostic and prognostic 
tools, as well as for epigenetic interventions based on miRNA silencing or chromatin 
remodeling agents, such as HDAi (Garchow et al.  2011 ; Reilly et al.  2011 ).     
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    Abstract     Epigenetics is defi ned as the study of heritable alterations in gene expression 
or cellular phenotype. The term defi nes the difference from just a genetic approach. 
A more precise defi nition is that epigenetics is all the meiotically and mitotically 
inherited changes in gene expression that are not encoded in the deoxyribonucleic 
acid (DNA) sequence itself. Major epigenetic mechanisms are modifi cations of his-
tone proteins in chromatin and DNA methylation (which does not alter the DNA 
sequence). There is increasing evidence for the involvement of epigenetics in human 
disease such as infl ammatory disease and cancer. Other chronic diseases are also 
susceptible to epigenetic modifi cation such as metabolic diseases including obesity, 
metabolic syndrome, and diabetes mellitus. There is much evidence for the modifi -
cation of epigenetics by nutrition and exercise. Through these modifi cations, 
there is infi nite potential for benefi t for the fetus, the newborn, and the individual as 
well as population effects. Association with cardiovascular (CV) disease including 
coronary heart disease (CHD) and peripheral arterial disease is evident through epi-
genetic relationships and modifi cation by major CV risk factors such as tobacco 
abuse. Aging itself may be altered by epigenetic modifi cation. Knowledge of the 
subject and its relevance is in a very preliminary stage.  

  Keywords     Epigenetics   •   Epigenome   •   Chromatin   •   Flavonoids   •   Histone   •   Methylation  
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  CV    Cardiovascular   
  DM    Diabetes mellitus   
  DNA    Deoxyribonucleic acid   
  HDAC    Histone deacetylase   
  PAR    Poly(ADP-ribosylation)   
  RNA    Ribonucleic acid   
  ROS    Reactive oxygen species   
  SAM    S-adenosylmethionine   

7.1           Introduction 

 Epigenetics is not a subject of great familiarity to the practicing clinician and yet it has 
tremendous relevance to human health. This chapter defi nes the subject in practical 
terms. The possible relevance of epigenetics for the development of cardiovascular 
(CV) disease is discussed. As part of this, the resultant effects of nutrition and exer-
cise on CV disease is considered through their potential favorable modifi cation of 
epigenetics. The implications for improved health separate from specifi c genetic 
inheritance are potentially incredible, including benefi ts for the fetus, newborn, and 
the same individual.  

7.2     Defi nition of Epigenetics 

 Epigenetics is defi ned as the study of heritable alterations in gene expression or 
cellular phenotype. The term epigenetics was originally coined by Conrad 
Waddington in the 1940s to defi ne the difference from just a genetic approach. 
Originally, epigenetics referred to how genes and their products brought the pheno-
type into being (Jablonka and Lamb  2002 ). A precise defi nition of the principles of 
epigenetics is all the meiotically and mitotically inherited changes in gene expres-
sion that are not encoded in the deoxyribonucleic acid (DNA) sequence itself 
(Wilson  2008 ) (Fig.  7.1 ). Epigenetic modifi cations of chromatin and DNA are 
important negative and positive factors for controlling the expressed genome via 
gene transcription. Two major epigenetic mechanisms are the posttranslational 
modifi cation of histone proteins in chromatin and DNA methylation. These are 
regulated by different, but nevertheless coupled, pathways. These phenomena are 
reversible. The epigenetic state is a central regulator of cellular development and 
cellular activation. Related to this and supported by increasing levels of evidence, 
there appears to be a key role played by epigenetics in human disease such as in 
infl ammatory disease and in cancers. Various cancers have an association with 
altered epigenetic profi les. This can lead to an altered expression of different genes 
involved in cell growth and/or differentiation (Wilson  2008 ). The increase in auto-
immune and neoplastic diseases observed in advanced age can be associated with an 
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altered epigenetic state as a possible explanation. Now, the primary concern is with 
the mechanisms by which cells are committed to a particular form or function and 
how that function, or structural state, is transmitted in cell lineages. It is important 
for its practical signifi cance for medicine, agriculture, and conservation of the 
species and also for its implications for heredity and evolution. Specifi cally, 
these changes are specifi ed as caused by mechanisms not involving modifi cation of 
the underlying DNA sequence (Scheen and Junien  2012 ). In contrast to the genetic 
background inherited from parents, epigenetics considers changes that constitute 
the memory of previous events, even in utero. Later exposure to a hostile environ-
ment could therefore result in various pathologies, such as different complex chronic 
diseases. An example of this occurrence can involve metabolic diseases such as 
obesity, metabolic syndrome, and type 2 diabetes mellitus (DM). The original 
defi nition of epigenetics involves inheritable but reversible phenomena that affect 
gene expression without altering base pairs. The eukaryotic (eukaryote refers to an 

  Fig. 7.1    Principles of epigenetics       
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organism whose cells have complex structures enclosed within membranes) genome 
is the same throughout all somatic cells in an organism but specifi c structures and 
functions discern one type of cell from another. The explanation of these differences 
is due to unique gene expression patterns in cells as determined during cell differ-
entiation (Tammen et al.  2013 ). These cell-specifi c gene expression patterns can be 
altered by the environment that an organism is exposed to, resulting in environmentally 
mediated changes in expression patterns, explained by complex modifi cations to 
DNA, histone proteins, and degree of DNA packaging. These are known as epigen-
etic marks. The specifi c molecular mechanisms that effect epigenetic regulation 
include DNA methylation, chromatin modifi cations, and histone modifi cations 
(Cheung and Lau  2005 ).

   Specifi c defi nitions relevant to epigenetics and the epigenome are essential. 
The genome can be defi ned as one haploid set of chromosomes with the genes con-
tained therein, i.e., the genetic material of an organism. Chromatin is a complex of 
nucleic acid and basic proteins, such as histones, in eukaryotic cells, dispersed in 
the nucleus and condensed into chromosomes in mitosis and meiosis. Chromatin is 
the physiologically relevant substrate for all genetic processes inside the nuclei of 
eukaryotic cells. Dynamic alterations in local and global organization of this chro-
matin appear to be key regulators of the function of the genome (Fischle et al.  2003 ). 
Multiple signals from inside and outside cells appear to converge on this major 
signaling platform. Numerous posttranslational modifi cations of histones, the main 
protein components of chromatin, have been analyzed and defi ned. These so-called 
marks appear to be key mediators of the functional activity of the genome and act in 
response to signaling pathways that come from “upstream.” In contrast to the genome, 
the term epigenome refers to all of the epigenetic marks infl uencing the DNA in a 
single cell. There are multiple situations of cross talk between various components of 
this complicated regulatory system that are being more and more defi ned regarding 
these epigenetic circuits. DNA that is packaged in chromatin is the physiologically 
relevant base for all DNA-dependent functions inside the nuclei of eukaryotic cells 
(Nemeth and Langst  2004 ). Highly compacted structures of DNA and histones tend 
to repress DNA-dependent processes. Therefore, the concept of dynamic chromatin 
with two apparently contradictory functions: that of tight compaction and that of 
free accessibility to DNA. Chromatin is a highly regulated nucleoprotein com-
plex with genetic material structured throughout (Campos and Reinberg  2009 ). 
The chromatin can be mobilized to effect cellular processes which include transcrip-
tion, cell division, differentiation, and DNA repair. In eukaryotes, the chromatin 
core is composed of nucleosomes, known as repetitive histone octamer units usually 
enfolded by 147 base pairs of DNA. The DNA is arranged and indexed through 
these nucleosomal structures to adjust local chromatin compaction and accessibil-
ity. Histones are nucleosomal proteins consisting of a histone-fold domain with 
DNA-wrapping properties. Histones can also be viewed as DNA- binding proteins. 
An epigenetic trait is a stably inherited phenotype resulting from changes in a chro-
mosome without alterations in the DNA sequence. Histone variants contribute to 
intrinsic and extrinsic properties of the nucleosome particle by establishing specialized 
chromatin structures. The existence of well-positioned nucleosomes in certain regions 

T.F. Whayne Jr.



179

of the genome raises the possibility that histones may be epigenetic components. 
With epigenetics considered the study of heritable changes in gene expression not 
mediated at the level of the DNA sequence, molecular mechanisms that mediate 
epigenetic regulation include DNA methylation and modifi cations of the chromatin 
and its contained histones (Cheung and Lau  2005 ). Key histone-modifying enzymes 
and the biological functions of many histone posttranslational modifi cations have 
begun to be elucidated.  

7.3     Altered Function and Inheritance via the Epigenome 

 The year 2009 marked the 150th anniversary of the publication of Charles Darwin’s 
“On the Origin of Species” (Koonin and Wolf  2009 ). Darwin attributed importance to 
random, undirected change that provided material for natural selection. On the other 
hand, 2009 marked the 200th anniversary of “Philosophie Zoologique,” published by 
Jean-Bapteste Lamarck. Lamarck believed that evolution is modifi ed by nonrandom 
benefi cial changes in phenotype, especially those associated with the use of organs. 
Lamarck believed these changes were inheritable. Much of his theory was considered 
controversial and untenable but more simplistic considerations of altered evolution 
may actually have had their basic beginning with Lamarckian inheritance which theo-
rized that an organism can pass on to its offspring, characteristics that it acquired dur-
ing its lifetime (Handel and Ramagopalan  2010 ; Jablonka and Lamb  1989 ). The 
work of Lamarck actually has been labeled by some as soft inheritance with no 
relevance to modern evolutionary theory (Handel and Ramagopalan  2010 ). However 
now, some of his early concepts are having a quiet resurgence as the increasing 
complexity of epigenetic theories of inheritance are considered with their provision 
for potential mechanisms for environmental infl uences to be passed from parents to 
offspring. As compared to Darwin, the basic ideas of Lamarck appear to have more 
of a potential basic relationship to modern epigenetics. 

 Epigenetics involves changes to marks on the genome that are copied from one 
generation of cells to the next (Mathers  2008 ). The functional history of a gene in 
one generation may alter its expression in a subsequent generation (Jablonka and 
Lamb  1989 ). The epigenome consists of the sum total of the epigenetic marks infl u-
encing the DNA in a single cell (Greaves et al.  2012 ). Gene expression can be 
altered without involving changes in the primary DNA sequence (Mathers  2008 ). 
Such marks involve DNA methylation and posttranslational modifi cations of his-
tone tails that protrude from nucleosome cores, and these modifi cations include 
acetylation, methylation, phosphorylation, and ubiquitination. A hypothesis is that 
altered epigenetic marking is how environmental effects, including nutrition, 
diet, and exercise, are received and recorded by the genome. Some of these epigen-
etic marks can be remembered through multiple cell generations, resulting in 
altered gene expression and cell function without alteration of the primary DNA. 
This allows variation of the phenotype in the presence of a fi xed genotype. A perfect 
example of this involves monozygotic twins who may show increasing epigenetic 
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differences with age and differing lifestyles (Mathers  2008 ). There is increasing 
evidence of the sensitivity of the epigenome to environmental infl uence in the 
individual and then transmission across future generations of the species (Franklin 
and Mansuy  2010 ; Suter et al.  2011 ). 

 Variations in epigenetic markings may also explain individual variation in risk of 
disease in response to intervention such as with nutrition. Alterations in the epig-
enome may be as signifi cant to the development of human disease as are traditional 
mutations (Wilson  2008 ). Alleles with different epigenetic marks in the same 
nucleus can even interact to modify the epigenetics of one or both alleles (Greaves 
et al.  2012 ). This is especially evident when two divergent epigenomes are associ-
ated in a hybrid in which the methylation patterns of one allele may be changed to 
resemble those of the other allele using processes such as trans-chromosomal 
methylation and trans-chromosomal demethylation. Such interaction may be com-
mon in many biological systems. Multiple lifestyle factors such as diet, obesity, 
physical activity, tobacco abuse, excess alcohol consumption, environmental pollu-
tants, psychological stress, and night shift work have been considered with possible 
relevance to modifi cation of epigenetic patterns with studies especially centering on 
DNA methylation (Alegria-Torres et al.  2011 ). There is also increasing evidence in 
animal studies that adds support to environmental modifi cation of epigenetics as a 
cause of increased susceptibility to disease (Jirtle and Skinner  2007 ). A key feature 
that highlights epigenetic modifi cation from genetic change as related to disease is 
the potential reversibility of epigenetic modifi cation, reinforcing the idea that our 
genes are not our absolute destiny (Stein  2012 ) and that our favorable epigenetic 
change can benefi t our disease risk. 

 An interesting issue about epigenetics has been raised regarding human in vitro 
reproduction. The possible relationship of epigenetic reprogramming to in vitro 
embryo culture, immature sperm cells, and nuclear transfer has been considered as 
a concern (De Rycke et al.  2002 ). Various investigators have suggested an increased 
incidence of epigenetic abnormalities in children conceived by in vitro method-
ology but others have refuted such allegations. Thus far, irrefutable epigenetic alter-
ations as a result of in vitro fertilization have not yet been demonstrated (Dupont 
et al.  2009 ) but certainly, the issue must be kept open considering potential effects 
on the epigenome.  

7.4     Nutritional Modifi cation of Epigenetics 

 There is growing evidence that epigenetic mechanisms can mediate nutrition effects 
and be responsible for development of common complex or chronic diseases 
(McKay and Mathers  2011 ). This occurs through the changes caused by epigenetics 
to marks on the genome that are then copied from one cell generation to the next, 
altering gene expression while not changing DNA sequence. Nutritional factors can 
have a profound effect on gene expression via epigenetic mechanisms (Fig.  7.2 ). 
Wheatley et al., tested the hypothesis of modulation of adipose gene expression by 
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obesity reversal through calorie restriction in 48 female mice (Wheatley et al.  2011 ). 
Initially, a diet-induced obesity regimen was administered for 8 weeks. Calorie 
restriction was then compared to a treadmill exercise regimen over 8 weeks. Both 
methods reduced adiposity by 35–40 % and serum leptin levels by 80 %. However, 
only calorie restriction increased adiponectin and insulin sensitivity. Gene expres-
sion microarray analysis of visceral white adipose tissue revealed 209 genes respon-
sive to both calorie restriction and exercise. On the other hand, calorie restriction 
alone altered the expression of an additional 496 genes whereas only 20 genes were 
uniquely affected by exercise. Of genes responsive to calorie restriction, 17 are 
related to carbohydrate metabolism and glucose transport. This included glucose 
transporter 4, of which, calorie restriction signifi cantly increased histone 4 acetyl-
ation, which was consistent with differential alteration of adipose transcription with 
calorie restriction.

   Extensive epidemiologic and experimental data show that early less-than- optimal 
nutrition can have health consequences several decades later. On the other hand, 
good nutrition with, for example, adequate fl avonoids and folates in the human diet 
with alteration of DNA methylation may modify future risk of human colon cancer 
and CV disease (Duthie  2011 ). The hypothesis that epigenetic mechanisms may 
link nutritional imbalances with increased disease risk has been gaining progressive 
acceptance through the years (Jimenez-Chillaron et al.  2012 ). A good example is 
type 2 DM, previously thought to occur mainly in older adults, but both its occur-
rence plus obesity has increased recently in children. It has been shown in small 

  Fig. 7.2    Nutritional modifi cation of epigenetics       
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animal studies that signifi cant dietary changes at different life cycle stages can 
result in major effects on fat mass or pancreatic function, over a relatively short term 
(Symonds  2009 ). However, changes in the human population are much more gradual. 
Nevertheless, epigenetic mechanisms that regulate pancreatic insulin secretion can 
be altered by extreme dietary changes in humans in early life, although it is diffi cult 
to establish the relative contribution of diet and changes in body mass to DM. 
It appears to be the complex interactions among food components with various fac-
tors including histone modifi cations, DNA methylation, noncoding ribonucleic acid 
(RNA) expression, and chromatin remodeling that lead to a dynamic regulation of 
gene expression resulting in control of the cellular phenotype (Milagro et al.  2013 ). 
As would be expected, the perinatal period is when the greatest modifi cations of 
phenotype can occur through contributions to developmental programming. 
Nevertheless, there is evidence that there is also a nutritional infl uence on epigenetic 
regulation during adulthood. Just as in type 2 DM, epigenetic pattern changes are 
associated with hypertension, atherosclerosis, various metabolic disorders, obesity, 
and weight-loss outcomes. Non-nutritional risk factors usually associated with 
obesity are also involved in these epigenetic modifi cations, especially hypergly-
cemia, infl ammation, hypoxia, and oxidative stress. A major focus now is the study 
of possible innovative therapies based on nutritional or pharmacological agents that 
can modify epigenetic marks. In the undeveloped world, the most advanced medical 
therapies may not be available for intrauterine growth problems but much less 
expensive optimal nutrition during pregnancy may enhance fetal growth and 
development as well as alleviate the burden of maternal morbidity and mortality in 
low- and middle-income countries (Wu et al.  2012 ). 

 Epigenetics is central to genome structure and function. There is variation in epi-
genetic status involving individuals with increasing awareness in the importance of 
this in health and disease (Haggarty  2012 ). These mechanisms include DNA methy-
lation, histone modifi cation, and regulation by noncoding RNAs. There is much 
evidence for nutritional alteration of the epigenome and substrate for epigenetic 
reaction, which include acetyl and methyl groups, both central to nutritional metab-
olism. Nutritional epigenetics can aid in the clarifi cation of how nutrition can infl u-
ence health by means of direct effects on the genome. DNA methylation is the most 
extensively studied means of epigenetic gene modifi cation (Anderson et al.  2012 ). 
Apparently, DNA methylation is labile in response to nutrition as well as various 
environmental effects. As gene expression is altered with resultant diverse pheno-
types, there is a potential for a change or increase in disease risk. The major methyl 
donor for DNA methylation is S-adenosylmethionine (SAM), which results from 
the so-called one-carbon metabolism. This metabolism can be catalyzed by several 
enzymes in the presence of certain dietary micronutrients such as folate, choline, 
betaine (trimethylglycine), and various B vitamins. Therefore, the interest in nutrition 
and DNA methylation, especially backed by animal evidence; human epidemiologi-
cal evidence is much less comprehensive. How nutrients can play essential roles in 
epigenetic events can be described as follows (Oommen et al.  2005 ). Folate inter-
venes in the formation of SAM, which then serves as a methyl donor for methyla-
tion of cytosines in DNA; such methylation is associated with gene silencing. 

T.F. Whayne Jr.



183

Covalent attachment of biotin to histones also plays a role in gene silencing and in 
any cellular response to DNA damage. Tryptophan and niacin are converted to 
nicotinamide adenine dinucleotide, which is a substrate for poly(ADP-ribosylation) 
(PAR) of histones and other DNA-binding proteins. This PAR plays a role in DNA 
repair and apoptosis. Epigenetic alteration appears to be a mechanism to mediate 
the effect of early-life environmental exposures and gene–environment interactions 
on the development of disease later as an adult (Hong and Wang  2012 ). Maternal 
dietary intake of fat, folate, protein, and total energy intake can alter epigenetic 
regulation of specifi c genes in offspring, resulting in altered tissue function (Burdge 
et al.  2012 ). 

 Personalized nutrition involves the adjustment of food and diet tailored to indi-
vidual needs and preferences (Rubio-Aliaga et al.  2012 ). Nutritional guidance that 
is evidence based and that promotes health requires assessment of bioavailability, 
bioactivity, and bioeffi cacy of nutrients. Essential to this are nutritional biomarkers 
such as serum retinol, zinc, ferritin, and folate. Nutrigenomics may be a promising 
approach to identify new nutritional biomarkers. This can be viewed as a part of 
“foodomics” or nutriceuticals, which can be thought of as a comprehensive approach 
to use food science directed at the improvement of human nutrition and human 
health (Capozzi and Bordoni  2013 ). An example of a widespread but still personal-
ized nutritional health problem is vitamin D defi ciency, one that varies by regions of 
the world and by the individual (Whayne  2011 ). There appears little downside to 
increasing vitamin D intake and recent observations suggest that the infl uences of 
vitamin D on epigenetics may be important in utero for reducing chronic disease later 
in life, in addition to the multiple possible health benefi ts (Hossein-Nezhad and Holick 
 2012 ), including cardiovascular (Whayne  2011 ), associated with vitamin D.  

7.5     Exercise Modifi cation of Epigenetics 

 Physical exercise can be viewed as a modulator of epigenetics. Although there is 
evidence of a positive infl uence of physical exercise on epigenetic mechanisms and 
an improvement in health, much clarifi cation of the links between exercise and epi-
genetics remains to be made (Sanchis-Gomar et al.  2012 ). There is even concern 
about a negative infl uence of excessive and persistent physical exercise on health. 
Individual physical adaptation to environmental conditions could alter epigenetics 
and affect gene expression. However, the majority opinion is that long-term repeti-
tive strenuous exercise has a positive effect on health, reduction in aging, and a 
decreased incidence of cancer, all via epigenetic mechanisms (Fig.  7.3 ).

   Various possible mechanisms are associated with a benefi t of exercise on epigen-
etics. The apoptosis-associated speck-like protein containing a caspase recruitment 
domain (CARD) is abbreviated as ASC (Hasegawa et al.  2009 ). ASC was originally 
identifi ed as a protein that forms large aggregates or the so-called specks in some 
human leukemia cells treated with chemotherapy and as the protein product of a 
gene that is silenced in cancer cells by DNA methylation. As a result, ASC has been 
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implicated in apoptosis and tumor suppression, potentially benefi cial in cancer 
chemotherapy since epigenetic silencing of tumor suppressor and pro-apoptotic 
genes is one of the mechanisms by which resistance to cancer chemotherapy devel-
ops (Gordian et al.  2009 ). However, this is not the case when normal metabolism is 
present. Chronic moderate exercise has been reported to decrease potentially harm-
ful pro-infl ammatory cytokines (Nakajima et al.  2010 ). There is data that such 
moderate regular exercise attenuates an age-dependent reduction in ASC methyla-
tion, with implied suppression of excess pro-infl ammatory cytokines through 
decreased ASC expression mediated by methylation. Therefore, by maintenance of 
a higher level of ASC methylation in older age groups, exercise can benefi cially 
suppress excess harmful, pro-infl ammatory cytokines by means of decreased 
ASC expression. 

 Skeletal muscle adaptations to exercise play an essential role in mediating the 
potential health benefi ts of exercise. This occurs in part through changes in skeletal 
muscle gene expression. The precise mechanisms by which skeletal muscle gene 
expression occurs in response to exercise are not known. Nevertheless, chromatin 
remodeling through epigenetic histone modifi cation has appeared as a critical regula-
tory mechanism that controls gene expression in general. Class IIa histone deacety-
lases (HDACs) are enzymes that suppress histone acetylation, and these enzymes 
have been associated with exercise adaptation. In a study involving 60 min of cycling, 
McGee et al., found that global histone 3 acetylation was increased at lysine 36, a site 
associated with transcriptional elongation (McGee et al.  2009 ). The authors also 
found that HDAC 4  and HDAC 5  were exported from the nucleus during exercise, 
such that their transcriptional repressive function was removed. In addition, there 
was activation of two different protein kinases in response to exercise and these 
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two kinases induce phosphorylation-dependent class IIa HDAC nuclear export. 
Thus, they considered that their data delineated a signaling pathway that might be 
associated with skeletal muscle adaptation to exercise. Other accumulating data 
suggest that exercise of moderate intensity has health promoting effects that are 
systemic and complex, undoubtedly involving regulation of redox homeostasis and 
signaling (Radak et al.  2013 ). Physical exercise causes an elevated generation of 
reactive oxygen species (ROS). ROS are important modulators of muscle contrac-
tion, antioxidant protection, and repair of damage from oxidation, all of which at 
moderate levels generate physiological responses. Several factors involved in mito-
chondrial biogenesis are modulated by exercise-associated redox changes. Certain 
endogenous thiol antioxidants, such as glutathione and thioredoxin, are modulated 
with exercise-related high oxygen consumption and ROS generation and control 
cellular function through redox-sensitive signaling and protein interactions. ROS 
may also play a role in exercise-induced angiogenesis. Also, exercise-related ROS 
production may be related to DNA methylation and histone modifi cation, thereby 
creating heritable conditions controlled by epigenetics.  

7.6     Epigenetics and Cardiovascular Disease 

7.6.1     Coronary Heart Disease/Peripheral Arterial Disease 

 Individuals who were small at birth with associated poor growth rates in infancy 
have an increased risk of adult CV disease, osteoporosis, and type 2 DM (Godfrey 
et al.  2011 ). This increased risk especially applies if restricted early growth was 
followed by increased childhood weight gain. These associations involve epigenetic 
processes that modify the phenotype of an offspring and refl ect developmental 
responses of the fetus and/or infant based on environment (Fig.  7.4 ). There are also 
infl uences from maternal characteristics that include diet, body composition, stress 
levels, and exercise levels. Study of exercise-induced heart and vascular bed adap-
tations highlights the different mechanical and metabolic stimuli that may cause 
short- and long-term adaptations of these CV tissues. Exercise results in increased 
free radicals while at the same time it improves antioxidative capacity. There is an 
associated shift in the cellular oxidative stress balance and, in addition, various 
signal cascades that mediate physiological and pathophysiological cardiac and 
peripheral vascular adaptations (Bloch et al.  2012 ). In doing this, exercise alters 
the molecular composition of the extracellular matrix. This, in turn, plays a role in 
various signaling cascades. Subsequently, epigenetic modulation may occur in CV 
tissues, even if just indirectly linked to exercise. Accumulating evidence supports 
epigenetic modulation being affected by exercise; physical activity may modify the 
functional genome in cardiac and peripheral vascular beds, comparable to other 
well-described phenomena such as diet and infl ammation. It has been possible 
to identify multiple epigenetic signatures of CV disease-related environmental 
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exposure. Some of these signatures of epigenetic dysregulation can be detected in 
peripheral blood samples, some within even a few hours of exposure (Baccarelli and 
Ghosh  2012 ). Such a situation bodes well for future preventive and therapeutic 
strategies regarding CV disease.

7.6.2        Diabetes Mellitus 

 It is very likely that type 2 DM involves epigenetic mechanisms and not just simple 
genetic markers. Various energy-sensing signaling pathways in type 2 DM have 
been shown to play signifi cant roles in infl ammation, glucolipotoxicity, dysfunction 
of mitochondria, and oxidative stress, all of which have an association with insulin 
resistance and type 2 DM (Goh and Sum  2010 ). These signaling pathways may also 
regulate gene expression, playing a role in the epigenetic machinery while provid-
ing an explanation for how metabolism switches on or off, depending on the 
availability of food. In addition, there is evidence regarding adaptation to exercise 

  Fig. 7.4    Relationship of infant epigenetics to cardiovascular disease       
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that also links type 2 DM to decreased physical activity (Goh and Sum  2010 ). 
Although insulin resistance is common during obesity and aging in both animals 
and humans, it is actually the inability to compensate for insulin resistance that 
causes the progression to type 2 DM (Gilbert and Liu  2012 ). This failure to compen-
sate is due to insulin secretory dysfunction as well as a signifi cant apoptosis of 
normally functioning β-cells. Our knowledge of the molecular mechanisms that cause 
this β-cell dysfunction is limited but recent fi ndings suggest that epigenetic changes in 
response to environmental stimuli may play an important role. Nutrition, oxidative 
stress, and infl ammation may all have their infl uence and DNA methylation and 
histone modifi cations may play a role (Gilbert and Liu  2012 ). Specifi c knowledge 
could lead to possible therapeutic targets for prevention and treatment of DM. 

 Epidemiological studies suggest that the perinatal environment can cause a 
predisposition to the development of obesity and type 2 DM in infants. During ges-
tation, malnutrition, obesity, type 1 or type 2 DM, psychological stress, and pharma-
cological stress in the mother can all promote obesity and DM in the infant (Levin 
 2008 ). On the other hand, maternal exercise can ameliorate the occurrence of obe-
sity and DM in offspring. Appropriate perinatal health measures may serve to favor-
ably alter the worldwide epidemic of obesity and DM. Skeletal muscle is a major 
metabolic organ. As such, it has an important role to play in glucose metabolism 
including insulin sensitivity and the function of insulin. Telomeres are the ends of 
eukaryote chromosomes thought to play an important role in cell deterioration 
including deterioration with age (Heidinger et al.  2012 ). In individuals of the same 
age, telomere length is thought to be directly related to potential longevity. A refl ec-
tion of exposure of muscle myocytes to harmful environmental factors may be 
refl ected by muscle telomere length in association with which chromosomal end 
telomere shortening appears to make chromosomes more susceptible to damage. 
In terms of assessing this, there is supportive evidence that leucocyte telomere 
length may refl ect muscle myocyte telomere length when assessing the epidemiology 
of type 2 DM (Ahmad et al.  2012 ).  

7.6.3     Aging 

 How aging occurs is not well understood but mechanisms under consideration 
include infl ammation, oxidative damage, dysfunction of mitochondria, change in 
various neuronal circuits, and altered apoptosis (Kaliman et al.  2011 ). Epigenetics 
appears to play an important role in the possible mechanisms of aging. Nutrition has 
a long-term importance that can affect a subsequent generation. Chronic disease 
development can be accelerated and, of course, affect life span. Benefi cial calorie 
restriction plays a major nutritional role in contributing to longevity by favorably 
modulating epigenetic mechanisms such as DNA methylation and histone modifi ca-
tion (Ribaric  2012 ). The overall effect of various adaptive changes may be to delay 
age-related change and result in prolonged survival. Another mechanism in addition 
to appropriate nutrition and calorie intake appears to be a combination with 
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exercise; there is also much interest in the polyphenol resveratrol as a supplement. 
Lifestyle interventions including exercise could open new directions in a benefi cial 
change in aging and the diseases frequently linked to that process (Kaliman et al. 
 2011 ). There is a free-radical theory that increased oxidation caused by exercise can 
be harmful yet in general, exercise appears benefi cial to the aging process. As part 
of this, an epigenetic oxidative redox shift aging theory has been proposed in which 
a sedentary lifestyle causes a redox shift with oxidation and impaired function of 
mitochondria. Breaking such a possible vicious cycle with an appropriate benefi cial 
reductive redox shift may favorably modify and delay aging (Brewer  2010 ).  

7.6.4     Tobacco Abuse 

 The problem of a diagnosis of tobacco use disorder and a possible effect on epigen-
etics as well as direct cell damage should be considered. Maternal tobacco abuse has 
been associated with altered methylation of placental cytochrome P450, family 1, 
subfamily A, polypeptide A (CYP1A1) gene restriction, and therefore fetal growth 
restriction. Alteration in placental gene expression and DNA methylation over the 
epigenome has also been associated with tobacco abuse in the mother. Thus, such 
perinatal exposure can cause signifi cant changes in gene expression involving vari-
ous pathways (Suter et al.  2011 ). Additional epigenetic modifi cations from a subse-
quent or new lifetime exposure to tobacco smoke are easily envisioned including 
secondhand smoke.  

7.6.5     Metabolic Syndrome and Obesity 

 Obesity as part of the metabolic syndrome is associated with skeletal muscle defects 
contributing to insulin resistance and decreased fatty acid oxidation in muscle. 
There is associated dysfunctional metabolism with an epigenetic origin and pos-
sibly a genetic one, especially with severe obesity (Houmard et al.  2011 ). It has 
been shown that gastric bypass surgery with associated weight loss can favorably 
modify metabolism with a resultant increase in insulin sensitivity. Obesogens are 
substances that alter the regulation of energy balance to favor weight gain and obes-
ity (Grun and Blumberg  2009 ). Such obesogen exposure can alter the epigenome of 
multipotent stromal stem cells in the fetus, causing a bias toward adipocyte produc-
tion (Janesick and Blumberg  2011 ). Normal homeostatic mechanisms that play a 
role in weight control are altered by these obesogens such that even with a normal 
diet and exercise, there is a predisposition to weight gain. Despite this, fat cannot be 
accumulated unless there is a greater caloric intake than caloric expenditure 
(Grun and Blumberg  2009 ). Prenatal or perinatal exposure to obesogenic endocrine 
disrupting chemicals has been shown to cause a predisposition to store more fat 
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starting at the onset of life. In mice, a high-fat diet exposure during pregnancy has 
been associated with epigenetic alteration of the expression of adipocytokine genes 
(Masuyama and Hiramatsu  2012 ). The offspring of such mice were shown to have 
higher blood pressure, worse glucose tolerance, higher triglycerides, higher leptin levels, 
and signifi cantly lower adiponectin expression in white adipose tissue. This was an 
association with lower acetylation and higher methylation levels of histone H3 at 
lysine 9 of the adipose-tissue promoter of adiponectin. Excess exposure to estrogen 
in the uterus or in early life can increase the likelihood of subsequent obesity and 
metabolic syndrome. Such exposure can result in epigenetic changes with a resul-
tant predisposition to excess weight (Janesick and Blumberg  2012 ). On the other 
hand, in the adult, estrogen treatment tends to decrease obesity (Grun and Blumberg 
 2009 ). Therefore, estrogen exposure during sensitive windows of development may 
cause a lifetime problem in maintaining an optimal weight, exacerbated by contin-
ued poor nutrition and suboptimal exercise. Common obesogen exposures involve 
antidiabetic thiazolidinediones, such as rosiglitazone and pioglitazone, despite their 
insulin-sensitizing effect (Grun and Blumberg  2009 ). Organotins are a class of 
organic pollutants widely used in industry and an example is tributyltin, which can 
cause potential harm as a man-made obesogen contributing to obesity and unfavor-
ably altering human health (Grun  2010 ).  

7.6.6     Statin Myopathy 

 Some patients with a statin myopathy appear to have their susceptibility due to a 
preexisting subclinical inherited muscular disorder or a genetic alteration in statin 
uptake proteins involving encoding by solute carrier, organic anion transporter 
family, member 1B1 (SLCO1B1), or the enzyme system involving cytochrome 
P450. It has also been considered that genes affecting the perception of pain and 
vascular receptor polymorphism might also be able to contribute to statin myopathy 
(Ghatak et al.  2010 ). It is easy to then also postulate a relationship of statin myopathy 
to epigenetics.  

7.6.7     Flavonoids 

 Flavonoids are polyphenolic phytochemicals that have been shown to provide many 
benefi cial effects for human health (Gilbert and Liu  2010 ). Specifi c fl avonoids, 
which are the largest class of polyphenols, include three of the four main subgroups 
consisting of isofl avones, fl avonols, and catechins (Valls et al.  2009 ), and have been 
given much attention because of their ability to modify the activity of chromatin- 
modifying enzymes that thereby result in epigenetic modifi cations (Gilbert and 
Liu  2010 ). An example is epigallocatechin-3-gallate, which has been shown to 
inhibit the activity of histone acetyltransferase and DNA methyltransferase.   
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7.7     Pharmacoepigenomics 

 Pharmacological therapy targeted at the epigenome is a major new therapeutic 
concept. Epigenomics is the fi eld that focuses on nongenomic modifi cations that 
can infl uence gene expression. Pharmacoepigenomics involves epigenetic modifi ca-
tion by medications and has the signifi cant promise of being able to offer more and 
more personalized medicines (Manolopoulos et al.  2011 ). Up to this point in time, 
pharmacoepigenomics has mainly been concerned with cancer pharmacotherapy 
but there is accumulating data on individual responses to oral antidiabetic treatment 
that may lead to benefi cial therapies. In cancer, epigenetic deregulation has been 
shown to occur early in carcinogenesis and this deregulation is potentially reversible 
(Ong et al.  2011 ). This reversibility may result in intervention strategies that target the 
epigenome for both cancer treatment and cancer prevention. Epigenetic therapy in 
cancer is directed at reversing the abnormalities that follow disruption of the balanced 
epigenetic signaling, using both natural compounds and synthetic molecules that are 
active on specifi c epigenetic targets (Mai and Altucci  2009 ). Such so-called epi-drugs 
consist of inhibitors of DNA methyltransferases, HDACs, histone acetyltransferases, 
histone methyltransferases, and histone demethylases. The silencing of tumor sup-
pressors during malignant transformation offers the rationale for the utilization of 
chromatin-remodeling agents in cancer chemotherapy (Dario et al.  2008 ). Both the 
DNA methyltransferase inhibitors and the HDAC inhibitors have shown promise in 
cancer chemotherapy (Peedicayil  2006 ). There will undoubtedly be an expansion of 
such therapy. Some emerging biomarkers may have value in monitoring drug effects 
and in defi ning molecular signatures of response, toxicity, and effective dose (Kalebic 
 2003 ). Hopefully this promise of pharmacoepigenomics in cancer and early-on in 
diabetes mellitus will ultimately extend to CV disease.  

7.8     Conclusions 

 Environmental modifi cation of the epigenome including the effects of nutrition and 
exercise plays a major role in the maintenance of health and the development of 
disease, including CV disease. The major risk factors associated and the results 
of their presence can be favorably altered by factors such as good nutrition and 
exercise. Understanding this and how it affects the fetus, the newborn, and even the 
individual subject and patient later in life, may lead to major health benefi ts.     
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    Abstract     Obesity is becoming a major public health concern. During the last years, 
genetic and epigenetic factors have been supposed to contribute to increase (or 
decrease) the susceptibility to gain weight and to develop obesity-related comorbidi-
ties. Metabolic syndrome, defi ned by a combination of disturbed glucose and insulin 
metabolism, central obesity, dyslipidemia, and hypertension, is considered to be a risk 
factor for type 2 diabetes and cardiovascular disease. The role of genetic factors 
involved in the etiology of human obesity is beyond question. Moreover there is evi-
dence that the current epidemic of obesity and diabetes is environmentally driven. 
Studies during the past decade have indicated that normal metabolic regulation during 
adulthood not only requires a good matching of energy intake with energy expendi-
ture, but also is infl uenced by fetal and postnatal environments. Epidemiological 
studies and experimental models show that maternal nutritional constraint during 
pregnancy alters the metabolic phenotype of the offspring and that this can be 
passed to subsequent generations. Recent researches in a number of laboratories all 
over the world suggest the continuous increase in the environment and food chains 
of “obesogens,” above all of endocrine disruptors, i.e., chemicals that interfere with 
many homeostatic mechanisms, altering the regulation of energy balance, promot-
ing fat accumulation, adipogenesis, and weight gain. Finally epigenetic marks could 
be useful to personalize nutrition, to early detect those individuals with more risk to 
develop metabolic disorders or to better respond to a treatment.  
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8.1         Introduction 

 It would not make sense to introduce the major theme of the genetic and epigenetic 
origins of obesity without trying to make a point about an issue which is nowadays 
considered the most serious and common consequence of improper nutrition 
and, more generally, of unhealthy lifestyles that characterize our time: the “obesity 
pandemic,” that could become the most severe public health emergency of the 
twenty- fi rst century. 

 Thousands of articles in the scientifi c press, popular magazines, and newspapers 
have been written about the increased prevalence of obesity in the past few years. 
Over the past decade, approximately 22,300 articles that have the word obesity in the 
title have been reviewed by PubMed; by inserting in the search the articles with the 
word obesity in the abstract, the total number is nearly tripled (Freudenberg  2011 ). 

 Current epidemiological data show a dramatic increase in obesity in industrialized 
countries over the past 20 years: its prevalence has trebled in both men and women 
(currently 25–30 %), with the largest increases seen in adolescents and young adults. 
Alarmingly, similar trends are also apparent in children, and the problem has also 
begun to affect the developing countries (Bartolomucci et al.  2012 ). 

 In fact, the increase was really dramatic, which justifi es the use of the term 
“pandemic”: recent data from the 1999–2000 National Health and Nutrition 
Examination Survey (NHANES) show that almost 65 % of the adult population in 
the United States is overweight, having a body mass index (BMI) greater than 
25 kg/m 2 , compared to 56 % seen in NHANES III, conducted between 1988 and 
1994. Above all, rates of overweight have almost tripled since the fi rst NHANES 
(1971–1974). The prevalence of obesity, defi ned as BMI greater than 30 kg/m 2 , has 
increased dramatically from 23 to 31 % over the same time period. 

 Children are not immune to the epidemic: as the full extent of the increase in 
weight in the population has been recognized, the signifi cant involvement of children 
and adolescents has become evident (Rubenstein  2005 ), with the prevalence of over-
weight in pediatric age up by 36 % during the same period (St-Onge et al.  2003 ). 

 What is especially important to note is that up to 30 years ago obesity was rarely 
considered by pediatricians, and only in the context of rare genetic disorders, such as 
Prader–Willi syndrome. Worryingly, obese children are at increased risk for becoming 
obese adults (Whitaker et al.  1997 ), and more frequently subject to many obesity-
related health conditions once restricted to adults (Dietz  1998 ). More than 60 % of 
children who are overweight before puberty will be overweight in early adulthood, 
and the rising rates of childhood obesity have rendered type 2 diabetes, once an 
“adult-onset” disease, almost unheard of in kids, relatively common between adoles-
cents and even in children, especially in certain ethnic groups (Hu  2011 ). This is of 
particular concern, because a reduction in the average age at which noncommunicable 
diseases become apparent could greatly increase the burden on health services that will 
have to provide treatment during much of the adult life of these patients. 
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 In fact obesity and overweight are known to have adverse health effects, and to 
impact the risk and prognosis for a number of serious medical conditions such as 
type 2 diabetes, hyperinsulinemia, insulin resistance, coronary heart disease, high 
blood pressure, stroke, gout, liver disease, asthma and pulmonary problems, gall 
bladder disease, kidney disease, reproductive problems, osteoarthritis, and some 
forms of cancer (Mokdad et al.  2003 ; Irigaray et al.  2007 ). 

 Most countries are experiencing dramatic increases both in obesity and in diabetes. 
As an example, the prevalence of overweight individuals in China doubled in 
women and almost tripled in men from 1989 to 1997 (Bell et al.  2001 ), with an 
explosive increase in diabetes prevalence within a relatively short time: in 1980, 
less than 1 % of Chinese adults had the disease; by 2008, the prevalence reached 
nearly 10 % (Yang et al.  2010 ). 

 The real question we should be asking ourselves is: what are the causes of 
such a huge epidemiological change that has been rightly defi ned in terms of “quasi- 
infectious” pandemic? Some authors acknowledged that the current epidemic of 
obesity should be considered in the context of globalization as a communicable 
rather than noncommunicable process, a “socially contagious feature of globaliza-
tion” (Bornstein et al.  2008 ), while others spoke in terms of evolutionary change: in 
fact this is the fi rst time that an entire species faces a dramatic change of its pheno-
type (Bartolomucci et al.  2012 ). 

 The conventional wisdom holds that obesity is the result of a positive energy bal-
ance, i.e., of an imbalance between energy intake and expenditure (too many calor-
ies in and too few calories burned) (Stubbs and Lee  2004 ): in this perspective, the 
current pandemic should be basically ascribed to the recent (from an evolutionary 
perspective) adoption of a sedentary lifestyle, coupled with the high availability of 
foods with high caloric content (Lopez and Knudson  2012 ). These features accom-
panied the past decades with unprecedented transitions in our lifestyle: in less than 
50 years, we have become an “obese species.” For the fi rst time in human history, 
the number of people who are obese and overweight surpassed the number of them 
who are underweight (Speakman and O’Rahilly  2012 ). 

 Even if this basic concept retains its validity, it is increasingly evident that 
obesity is not simply a product of overeating and lack of exercise, but the result of 
a prolonged disturbance in the homeostatic regulation of energy metabolism that 
favors triglyceride storage and adipocyte hypertrophy. Moreover, this accumulation 
of fat and/or mobilization of lipids from adipose depots are controlled by hormonal 
regulation of appetite and satiety, glucose levels, basal metabolic rate, metabolic set 
points, number, size, and metabolic activity of adipocytes (Grün and Blumberg 
 2009a ). 

 It is in this context that research has offered, in recent years, the most signifi cant 
results, demonstrating that this altered metabolic regulation is due, at least in part, 
to a deregulation of the hormonal circuits, which ultimately leads to an increase in 
food intake, triglyceride storage, adipocyte hyperplasia, and hypertrophy; and that a 
whole series of “obesogens”—i.e., of molecules (especially endocrine disruptors) 
scattered in food chains—could interfere with this very complex and fi ne tuned 
circuits, altering regulation of energy balance and favoring weight gain and obesity 
(Grün and Blumberg  2009b ).  
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8.2     Obesity and its Related Pathology: The Metabolic 
Disorder 

 As a matter of fact, many known comorbidities observed in obese adults are now 
observed more frequently in youth: insulin resistance (IR, Sinha et al.  2002 ) and type 
2 diabetes (T2D, Libman et al.  2003 ) representing a dramatic example. Overweight 
and obesity in youth are also associated with various risk factors for cardiovascular 
disease and have been shown to be associated with the early development of athero-
sclerotic lesions (Goran et al.  2003 ). 

 There is strong evidence to suggest an association between obesity and poor 
mental health in teenagers, the overweight children having a fi vefold increased risk 
for low health-related quality of life, a risk similar to that observed in children 
affected by cancer (Schwimmer et al.  2003 ). The economic burden of childhood 
obesity has also increased threefold in the past 20 years, reaching $127 million per 
year (Wang and Dietz  2002 ). 

 Impaired glucose tolerance and type 2 diabetes are now largely recognized as 
the metabolic key features of the clinical disorders clustered in the metabolic syn-
drome (MS), including central obesity, arterial hypertension, prothrombotic and 
proinfl ammatory states, ovarian polycystosis, hyperuricemia, and nonalcoholic 
fatty liver disease.  

8.3     Pathophysiology of Adipose Tissue and Obesity 

 New observations, theories, and empirical data have forced endocrinologists, scien-
tists, immunologists, and the general public to change their long-held beliefs about 
physiology and pathophysiology of the adipose tissue. Nevertheless there is no 
doubt that we are only at the beginning of a long scientifi c path towards a better 
understanding of the links among obesity and diabetes, cardiovascular dysfunction, 
cancer, and a myriad of other diseases. 

 Some key points to consider are as follows:

    1.    Adipose tissue plays a critical role in energy homeostasis, not only in storing 
triglycerides, but also secreting adipokines that control immunity and neuro-
endocrine function (Ahima  2006 )   

   2.    Adipokines released by fat cells are benefi cial in health unless the body accumu-
lates too much fat (especially visceral fat), resulting in abnormal signaling that 
could actually increase the progression of the disease (Fain  2010 )   

   3.    Obese adipose tissue shows features characteristic of active local infl ammation 
(Das  2001 ) which is involved in the progression to insulin resistance (Hirosumi 
et al.  2002 ) and diabetes (Antuna-Puente et al.  2008 )   

   4.    Fat distribution plays an important role in health (Lafontan and Berlan  2003 )     

 High caloric intake and/or decreased energy expenditure results in a state of positive 
energy balance. This normally drives an increase in adipose tissue mass by two 
distinct mechanisms. First, excess energy is stored as additional triglycerides in 
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existing adipocytes resulting in enlargement of these cells, which is called hypertrophy. 
A low generation rate of new adipocytes associates with adipose hypertrophy, which 
is linked to low insulin sensitivity and high circulating insulin levels. Secondly, if 
the number of fat cells is not suffi cient to store increasing amounts of triglycerides, 
new adipocytes are generated by adipogenesis of mesenchymal precursor cells in 
a process described as hyperplasia (Arner et al.  2010 ). As long as adipose tissue is 
able to increase the capacity to store excessive energy by hypertrophy and/or 
 hyperplasia, metabolic abnormalities are rare. However, if adipose tissue is 
unable to recruit new fat cells, the size of the existing adipocytes may abnormally 
increase, which is known to be associated with whole-body insulin resistance 
(Klöting et al.  2010 ). 

8.3.1     The Differentiation of Adipose Tissue 

 The development of obesity is characterized not only by increased storage of 
lipids in existing fat cells but also by the generation of new adipocytes from 
 progenitor cells, a process called adipogenesis. Firstly during determination, 
multipotent mesenchymal stem cells commit to preadipocytes. These cells exhibit 
similar morphology compared with stem cells; however, they are committed to 
the adipogenic lineage and are not longer able to transform into osteoblasts, myo-
cytes, or chondrocytes. Secondly, during differentiation, preadipocytes become 
mature fat cells. 

 Adipocyte differentiation from mesenchymal stem cells is tightly regulated at a 
molecular level by several transcription factors. WNT signaling molecules are 
important key regulatory factors that play a unique role in the determination of 
multipotent mesenchymal stem cells into preadipocytes. Furthermore, increasing 
evidence suggests that in later stages of adipogenesis, WNT inhibitors are neces-
sary to maintain WNT signaling in an inactive state. These effects at the cellular 
and molecular level are crucial in the pathogenesis of obesity and type 2 diabetes, 
as illustrated both by animal models and by several genetic studies in humans 
(Laudes  2011 ). 

 Adipose tissue is not just a passive lipid repository. Adipose depots also function 
as active endocrine organs that participate in the body’s feedback system that fi ne- 
tunes the regulation of appetite and the metabolic integration between organs and 
infl ammatory responses. 

 The etiology of obesity varies, refl ecting many possible points of perturbation 
in the regulatory pathways that maintain fat homeostasis. A multitude of factors 
infl uence whether an individual will develop obesity. Genetic, nutritional, and 
environmental factors are known to impact hunger and satiety, basal metabolic 
rate, carbohydrate and lipid fl ux, and the regulation of adipocyte proliferation and 
differentiation and developmental programming of metabolic set points (Grün and 
Blumberg  2009b ).   
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8.4     Genetic Factors in Obesity 

 Although monogenic obesity syndromes are rare, genetic variation is assumed to play 
an important role in determining the interindividual differences in susceptibility or 
resistance to the current “obesogenic” environment, which is characterized by easy 
access to high-calorie, high-fat food, and reduced energy expenditure (Swinburn 
et al.  1999 ). The genetic contribution to obesity and diabetes (Vimaleswaran and 
Loos  2010 ) has been established through family (Permutt et al.  2005 ), twin (Stunkard 
et al.  1986a ), and adoption studies. Twin studies have shown that genetic factors 
explain 40–80 % of the variance in BMI and in risk of obesity (Herskind et al. 
 1996 ), while lower heritabilities have been reported for family (20–50 %) (Rice et al. 
 1999 ) and adoption (20–60 %) (Stunkard et al.  1986b ) studies. The higher concor-
dance of type 2 diabetes in monozygotic twins (50–70 %) compared with dizygotic 
twins (20–37 %) provides evidence of a genetic contribution to this condition 
(Poulsen et al.  1999 ). Further evidence of a genetic component comes from studies 
on family history of type 2 diabetes. While the lifetime risk of developing type 2 
diabetes is 7 % in the general population, this risk is four to sixfolds higher 
(30–40 %) in individuals who had one parent with type 2 diabetes and tenfold 
(70 %) if both parents had diabetes (Köbberling and Tillil  1982 ). 

 Anyway obesity is most defi nitely a multifactorial or complex disease as it is 
caused by a complex interaction between genetic, behavioral, and environmental 
factors. As mentioned earlier, the conventional theory holds that obesity is the result 
of a positive energy balance, due to overeating and high caloric fatty diets combined 
with a sedentary lifestyle on a background of genetic predisposition for the disease. 
However, although much attention has been paid on these factors, including the need 
to incorporate healthy foods in our diets and more exercise into our lifestyle, these 
factors cannot alone explain the alarming rise in obesity (Newbold et al.  2009 ). 

 Until the 1990s, fat cells or “adipocytes” were considered to be just storage 
depots for excess metabolic fuel. However, following the discovery of an adipocyte- 
derived hormone termed “leptin” (Zhang et al.  1994 ) that communicates energy 
reserve information from adipocytes to other organs of the body including the 
central nervous system, a new appreciation emerged that these “fat storage cells” 
actually function as an endocrine organ (Collins  2005 ). 

 The identifi cation of the hypothalamic leptin–melanocortin signaling pathway as a 
critical regulator in energy homeostasis and food intake has been essential for genetic 
research. Novel loci or DNA sequences from this pathway potentially involved in the 
pathogenesis of obesity have been recently discovered, by mutation analysis, candidate 
gene and genome-wide association studies (GWASs), as well as copy number analysis. 
Their role in monogenic and complex forms of obesity is gradually clarifying. 

 Anyway, despite the heritability estimates ranging between 40 and 70 % and 
despite intense efforts to identify genetic variants that predispose to obesity and 
type 2 diabetes, using a candidate gene approach and genome-wide linkage studies, 
progress has been, until recently, slow and success limited (Vimaleswaran and Loos 
 2010 ) and the list of common obesity susceptibility variants by the currently pub-
lished GWASs only explains a small proportion of the individual variation in risk. 
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 Monogenic forms of obesity refer to a highly penetrant form of the disease 
resulting from mutations in, or deletions of single genes (Mendelian conditions). 
To date, there are eight well-established monogenic obesity genes: leptin ( LEP ), 
leptin receptor ( LEPR ), proopiomelanocortin ( POMC ), prohormone convertase 1 
( PCSK1 ), melanocortin 4 receptor ( MC4R ), single-minded homologue 1 ( SIM1 ), 
brain-derived neurotrophic factor ( BDNF ), and neurotrophic tyrosine kinase recep-
tor type 2 ( NTRK2 ). Mutations in these eight genes are known to cause early onset 
obesity and hyperphagia and may account for up to 10 % of severely obese children 
(D’Angelo and Koiffmann  2012 ). 

 Several of the likely causal genes in predisposition to obesity are highly expressed or 
known to act in the central nervous system (CNS) and thus are thought to be involved in 
obesity susceptibility via CNS-mediated effects (Choquet and Meyre  2011 ). 

 A recent work has shown expression of fourteen likely causal obesity risk genes 
( FTO ,  MC4R ,  BDNF ,  TMEM18 ,  KCTD15 ,  NEGR1 ,  NRXN3 ,  ETV5 ,  MTCH2 , 
 SEC16B ,  TFAP2B ,  GNPDA2 ,  FAIM2 , and  LYPLAL1 ) in the hypothalamus of both 
obese and lean rats, which either support or bring new evidence for a potential cen-
tral effect of these genes on energy homeostasis (Schmid et al.  2012 ). 

 Another observation reinforcing the role of genes involved in the central regula-
tion of food intake in obesity predisposition is that so far, three obesity susceptibility 
loci are located near genes ( MC4R ,  SH2B1 , and  BDNF ) that have already been 
shown to carry deleterious mutations disrupting hypothalamic functions and leading 
to monogenic forms of early-onset obesity with hyperphagia as a common feature. 

 It was recently reported that in a GWASs study on copy number variants (CNVs), 
individuals with extreme phenotypes were found to carry a number of large and rare 
CNVs (specifi cally deletions on chromosome 16p11.2); besides developmental 
delay, this was also associated to obesity (Bachmann-Gagescu et al.  2010 ). 

 Mounting evidence supports a role for haplo insuffi ciency of SH2B1 in the obes-
ity phenotype of patients with the 220 kb deletion: it encodes an adaptor protein 
involved in the LEP and insulin signaling (D’Angelo and Koiffmann  2012 ). 

 Several studies have been performed to link polymorphisms of susceptibility 
genes to obesity-related traits that could take into account interindividual differ-
ences. To date, more than 150 genetic loci are associated with the development of 
monogenic, syndromic, or multifactorial forms of type 2 diabetes or obesity (Drong 
et al.  2012 ). Even if we may induce from these outcomes that the genetic variability 
concerning the leptin–melanocortin pathway to be of paramount importance, there 
is still a lot of heritability that currently cannot be explained.  

8.5     Environmental Factors in Obesity 
and Obesity- Associated Disorders 

 There is growing agreement among experts that the environment, rather than 
biology, is driving the epidemic of obesity and diabetes (Hill and Peters  1998 ). 
There is no sign that the rapid increase in obesity seen over the past two decades is 
abating: that is why there is an urgent need to push back against the environmental 
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forces that are producing gradual weight gain in the population (Hill et al.  2003 ). 
Some of the putative contributors to the obesity epidemic that have been recently 
reviewed (McAllister et al.  2009 ) include infections, sleep debt, reduction in vari-
ability of ambient temperatures, obesogen chemicals (chiefl y endocrine disruptors), 
increasing maternal age, greater fecundity among people with higher adiposity, 
assortative mating, pharmaceutical iatrogenesis, intrauterine and intergenerational 
effects, and epigenetic mechanisms. 

 Along with the increasing worldwide incidence of obesity-associated disorders, 
research has recently unraveled important pathways reciprocally connecting metab-
olism with the immune system. We already discussed that the development of obes-
ity is a complex process involving genetic susceptibility and environmental factors, 
which both remain only partially understood. In such a context, gut microbiota is 
being increasingly recognized as an important factor connecting genes, environ-
ment, and immune system. Genomic and environmental factors at the basis of 
mutual host–microbiota interactions have been intensely investigated with metage-
nomic and metabolomic approaches in the last 5 years (Musso et al.  2010 ). 

 We live in a microbial world (Whitman et al.  1998 ). Coevolution, coadaptation, 
and codependency are all features of our relationships with our indigenous microbiota 
(Dethlefsen et al.  2007 ). The human gut is a lush microbial ecosystem containing 
about 100 trillion microorganisms and up to 500–1,000 different species, whose col-
lective genome, the “metagenome,” contains 100-fold more genes than the entire 
human genome (Xu and Gordon  2003 ). The symbiosis of our extended genome plays 
a role in host homeostasis and energy extraction from diet: Gordon and colleagues 
proposed that the microbiota from obese subjects specifi cally increases the energy 
harvested from the diet, providing an extra energy to the host (Ley et al.  2006 ). 

 While the human genome is inherited, the human microbiome is acquired from 
the environment anew every generation. Infants obtain initial microbes from the 
mother during vaginal birth (Dominguez-Bello et al.  2010 ) and the microbiome 
establishes during fi rst year of life, bacterial abundances increasing ~ 6 orders of 
magnitude within the fi rst weeks of life, becoming more adult-like within the fi rst 
year (Palmer et al.  2007 ). Microbiota composition is unique to each body site (each 
body site (e.g., gut, skin, oral, nasal, urogenital) is home to a unique community), 
with few differences (over time and by gender), but continues to change over a life-
time, especially from mid-age to elderly (Claesson et al.  2011 ). 

 Metagenomic studies demonstrated that certain mixes of gut microbiota might 
protect or predispose the host to obesity (Tsai and Coyle  2009 ). 

 The gut microbiota contributes to host metabolism by several mechanisms 
including increased energy harvest from the diet, modulation of lipid metabolism, 
altered endocrine function, and increased infl ammatory tone. There is evidence that 
gut microbiota has a role in the regulation of energy homeostasis and fat storage. 
Interactions among microorganisms in the gut appear to have an important role in 
host energy homeostasis, with hydrogen-oxidizing methanogens enhancing the 
metabolism of fermentative bacteria (DiBaise et al.  2008 ). Differences in caloric 
extraction of ingested food substances may be due to the composition of the gut 
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microbiota, suggesting that the metabolic activities of the gut microbiota facilitate 
the extraction of calories from ingested dietary substances and help to store these 
calories in host adipose tissue for later use. There are many studies describing an 
altered microbiological colonization in the gut of obese subjects: data indicate that 
obese subjects have more bacteria belonging to Firmicutes and relatively less 
bacteria belonging to Bacteroidetes phyla (Bäckhed et al.  2004 ; Ley et al.  2006 ). 
Additionally, germ-free mice are resistant to diet-induced obesity caused by con-
sumption of a high-fat/high-sugar “Western” diet (Bäckhed et al.  2007 ). The gut 
microbiota could thus be considered to be an environmental factor that modulates 
obesity and other metabolic diseases (Greiner and Bäckhed  2011 ). 

 On the other hand, variations in gut microbiota are likely to affect human toxico-
dynamics and increase individual exposure to obesogenic and diabetogenic chem-
icals (Ghanim et al.  2009 ): in fact the toxicology and pharmacology literature 
suggests that interindividual variations in gut microbiota may affect chemical 
metabolism via direct activation of chemicals, depletion of metabolites needed for 
biotransformation, alteration of host biotransformation enzyme activities, changes 
in enterohepatic circulation, altered bioavailability of environmental chemicals and/
or antioxidants from food, and alterations in gut motility and barrier function. On 
this basis we can state that gut microbiota composition likely affects obesity and 
diabetes, as does exposure to environmental chemicals. 

 Indeed, accumulating data suggest an important role for toxicology in the etiol-
ogy of obesity (Newbold et al.  2008 ). Despite the potential importance of endocrine 
disruptors in the pathogenesis of metabolic diseases, the contribution of synthetic 
chemical exposure to the obesity and diabetes epidemics remains largely unrecog-
nized and underappreciated, even though emerging data support a biologically 
plausible causative link between continuously increasing production of synthetic 
organic chemicals and the two “pandemics” rates (Neel and Sargis  2011 ). 

 Above all, the Obesogen Theory (Grün and Blumberg  2006 ) has proposed that in 
our time a caloric surplus is not the only way to gain weight: in fact some chemicals, 
termed obesogens, could shift lipid homeostasis, acting epigenetically on endocrine 
pathways, increasing size and number of adipocytes, decreasing the tendency to 
oxidize fatty acids, etc. (Grün and Blumberg  2009a ) and contributing to the  epidemic 
of obesity and related metabolic disorder (Decherf and Demeneix  2011 ). 

 During the last years, the concept of obesogens was extended to include 
substances that may modify metabolic balance at the central, hypothalamic level. 
Two prime candidates are tributyltin (TBT) and tetrabromobisphenol A (TBBPA), 
widespread pollutants able to interfere with hypothalamic gene regulations (Janesick 
and Blumberg  2011 ) (see also paragraph 9). 

 In fact the most important and worrying issue concerning not only the obesogens 
theory, but more in general the main problem of the origins of the current pandemic 
of obesity and type 2 diabetes, is the continuously growing prenatal and neonatal 
exposure to a lot of molecules that can interfere with the epigenetic programming of 
tissues and organs, increasing the propensity towards obesity in adult life (and even, 
as we will see in the next paragraph) in the next generations (Kirchner et al.  2010 ).  
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8.6     The Developmental Origin of Health and Diseases: 
Fetal Programming and Adult Obesity 

 The rapid increase in the incidence of chronic noncommunicable diseases over the 
past two decades cannot be explained solely by genetic and adult lifestyle factors. 
There is now considerable evidence that the fetal and early postnatal environment 
strongly infl uences the risk of developing such diseases in later life. Human studies 
have shown that low birth weight is associated with an increased risk of CVD, type 
2 diabetes, obesity, and hypertension, although recent studies have shown that over-
nutrition in early life can also increase susceptibility to future metabolic disease. 
The mechanism by which the maternal nutritional environment induces such 
changes is beginning to be understood and involves the altered epigenetic regulation 
of specifi c genes. The association between poor intrauterine growth and increased 
risk of disease in later life may refl ect a mismatch between the future environment 
“predicted” by the embryo/fetus, based on signals from the mother during gestation, 
and the actual environment experienced in later life (Lillycrop  2011 ). 

 Early nutrition affects adult metabolism in humans and other mammals, poten-
tially via persistent alterations in DNA methylation. A dozen years ago Waterland 
and Jirtle showed that dietary methyl supplementation of a female of yellow agouti 
(A(vy)) mice (which harbors a transposable element in the agouti gene), with extra 
folic acid, vitamin B (12), choline, and betaine alters the phenotype of the offspring 
via increased CpG methylation at the A(vy) locus and that the epigenetic metasta-
bility which confers this liability is due to the A(vy) transposable element (Waterland 
and Jirtle  2003 ). These fi ndings had a major impact, suggesting on the one hand that 
dietary supplementation, long presumed to be purely benefi cial, could have unin-
tended deleterious infl uences on the establishment of gene regulation in humans, 
secondly, that even small changes in nutrition during pregnancy may have dramatic, 
lifelong consequences for the fetus, interfering with the epigenetic programming of 
organs and tissues. Some years later, it was established that in rats, the altered meth-
ylation of specifi c gene promoters and the consequently altered metabolic pheno-
type in the liver induced in the F1 generation by maternal protein restriction during 
pregnancy is transmitted to the F2 generation, showing a mechanism for the trans-
mission of induced phenotypes between generations (Burdge et al.  2007 ). In human 
subjects, Heijmans and coworkers reported hypomethylation of the imprinted insu-
lin-like growth factor-2 gene in genomic DNA isolated from whole blood of indi-
viduals who were exposed to famine in utero during the Dutch Hunger Winter, 
compared to unexposed same-sex siblings (Heijmans et al.  2008 ). 

 The same group also found that the insulin-like growth factor promoter was 
hypomethylated in individuals whose mothers were periconceptually exposed to 
famine, while IL-10, LEP, ATP-binding cassette A1, and the guanine nucleotide- 
binding protein were hypermethylated (Tobi et al.  2009 ). 

 These well-known studies established that a nutritional challenge in early life 
can result in a change in DNA methylation which is detectable even 60 years later, 
suggesting that also in humans, as in the animal studies, early-life environmental 
changes can induce long-term alterations in the epigenetic regulation of genes. 
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 On the other hand, alterations in pre-/perinatal nutrition could predispose towards 
obesity and other associated diseases such as T2D, particularly in an environment 
with high availability of energy-dense food. Data from a variety of animal models 
have supported a link between the perinatal nutritional environment and the pro-
gramming of energy balance “set points.” Epidemiological studies in humans sug-
gest that during pregnancy and lactation maternal malnutrition, obesity, type 1 and 
type 2 diabetes, and psychological, immunological, and pharmacological stressors 
may increase the incidence of obesity and type 2 diabetes in the offspring (Levin 
 2009 ). Normal birth diet can decrease the negative effects of some of these prenatal 
factors, but maternal diet high in fat, diabetes, and newborn augmented access 
to food all promote the development of obesity and metabolic syndrome in the 
offspring (Levin  2006 ). 

 Although the mechanisms underlying this metabolic imprinting require further 
elucidation, the evidence accumulated to date indicates that perinatal hormones 
represent key signals that program CNS (hypothalamic development and function) 
and exert lasting effects on body weight regulation and glucose homeostasis. 
Plagemann and coworkers hypothesized that early overfeeding may alter DNA 
methylation patterns of hypothalamic promoter regions of genes critically involved 
in the lifelong regulation of food intake and body weight (Plagemann et al.  2009 ). 

 Peripheral hormones represent important signals that regulate adiposity as well 
as CNS circuits that control food intake. The best characterized hormonal adiposity 
signals are insulin and LEP. Besides playing an important role in the regulation of 
energy balance and neuroendocrine functions in mature animals, LEP acts early in 
life as a developmental signal that promotes the formation of metabolic pathways. 
Insulin also appears to exert important infl uences on the development of hypotha-
lamic circuits that regulate energy homeostasis (Bouret  2009 ). Epidemiological, 
clinical, as well as experimental data indicate that insulin, when occurring in ele-
vated concentrations during perinatal life, may program by itself the development of 
obesity and diabetes (Plagemann  2008 ). 

 Little is known about the mechanisms underlying inheritance of disease risk relating 
to these high nutrition pathways. There might be effects on adipocyte differentiation 
(Spalding et al.  2008 ) or a prenatal infl uence on hepatic fat deposition in later adult-
hood via effects on mitochondrial function (Bruce et al.  2009 ). A high- fat diet might 
adversely affect the redox state (Anderson et al.  2009 ), thereby causing coronary 
endothelial dysfunction (Galili et al.  2007 ). 

 However although such effects could be produced in a mother consuming a 
high- fat diet, it is not known whether oxidative stress affects offspring and placental 
function. Epigenetic mechanisms might be involved, as the offspring of dams receiv-
ing a high-fat diet show changes in the microRNA expression patterns, in particular 
those associated with insulin-like growth factors and methyl transferases (Godfrey 
et al.  2011 , Zhang et al.  2009 ). An association between the methylation status of 
specifi c genes (in particular hypermethylation of  RXRα , an essential gene for adipo-
genesis) in human umbilical cord tissue and the subsequent development of childhood 
adiposity was recently found in two longitudinal cohorts (Godfrey et al.  2011 ). 

 As already mentioned, the environmental obesogen hypothesis holds that prena-
tal or early life exposure to endocrine disrupting chemicals could predispose to 
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increased fat mass and obesity. Obesogens could alter the epigenome of mesenchymal 
stem cells, biasing them towards the adipocyte lineage at the expense of osteoblasts. 
Hence, humans exposed to obesogens during early life might have an altered stem 
cell compartment, which is preprogrammed towards an adipogenic fate. This results 
in a higher steady state number of adipocytes and a lifelong endeavor to maintain a 
healthy weight, which can be exacerbated by social infl uences that promote poor 
diet and inadequate exercise (Janesick and Blumberg  2011 ). 

 Finally, it is useful to remind that the “Developmental Origins of Health and 
Disease hypothesis” and inheritance-oriented investigations concerning gene–
nutrient interactions on energy homoeostasis and metabolic functions have sug-
gested that infl ammation could be not only a comorbidity of obesity but also a cause 
(Martínez et al.  2012 ).  

8.7     Epigenetic Modifi cations in Obesity 

 The most extensively studied epigenetic modifi cations in humans are DNA methyla-
tion, covalent histone tail modifi cations, nucleosome remodeling, and RNA- mediated 
targeting. 

 Feinberg et al. have identifi ed four variably methylated regions (VMRs) that 
show covariation with BMI and are located in or near genes implicated in regulating 
body weight or diabetes (Feinberg et al.  2010 ). 

 Obesity was found associated to changes in promoter DNA methylation patterns 
of some genes, such as serotonin transporter gene, that has a critical role in regulat-
ing food intake, body weight, and energy balance (Zhao et al.  2013 ). In a recent 
review, Milagro and coworkers reviewed studies showing altered methylation  and/
or histone acetylation levels in genes involved in appetite regulation (such as  LEP , 
neuropeptide Y,  POMC ,  MC4R ), glucose homeostasis (insulin, insulin receptor), 
adipogenesis (adiponectin), feeding and fasting regulation ( FTO : fat mass and 
obesity associated), glucose homeostasis ( IGF2  Insulin-like growth factor 2), body 
weight homeostasis ( CEBPA : CCAAT/enhancer-binding protein C/EBP, alpha), 
lipid storage ( FASN : fatty acid synthase) but also in more general metabolic pro-
cesses (vitamin metabolic process, infl ammatory responses, oxidative stress) (Milagro 
et al.  2013 ). 

 Also type 2 diabetes, hypertension, atherosclerosis, and other metabolic disorders 
have been repeatedly associated to changes in epigenetic patterns. Many studies 
dealing with comparisons between individuals with obesity-associated disorders 
and control subjects have been performed. An excess of differentially methylated 
sites in genomic regions of subjects with or without type 2 diabetes mellitus, including 
a CpG site in the fi rst intron of the  FTO  gene, has been described (   Toperoff et al. 
 2009 ). A similar approach has revealed that 187 genes were differentially methyl-
ated between diabetes patients with end stage renal disease and diabetic patients 
without nephropathy (Sapienza et al.  2011 ). 
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 Much progress in identifying epigenetic changes induced by (or inducing) 
obesity has already been made, with candidate and genome-wide approaches. 
Studies dealing with whole-genome methylation appears irrelevant and usually 
lacks of prognostic value in metabolic diseases because a low sensibility. On the 
contrary studies using more focused approaches (gene-specifi c methylation) have 
found that  LEP  and  TNF-alpha  methylation levels could be used as epigenetic 
biomarkers concerning the response to diet (Cordero et al.  2011 ). In this sense, 
although it would be of greater interest studying the baseline epigenetic differences 
in obesity-related tissues, such as adipose tissue or liver, peripheral blood mono-
nuclear cells (or otherwise white cells) are preferentially used because of simplicity, 
speed, accuracy, and ease of access (Widschwendter et al.  2008 ). 

 Another interesting point concerning the search for epigenetic biomarkers in 
obesity is the possibility of identifying those individuals that have more susceptibil-
ity to develop metabolic impairments with respect to those that are less prone 
(Milagro et al.  2013 ). 

8.7.1     Endocrine Disruptors and Obesity 

 We have already mentioned the Obesogen Theory: among the substances, which 
undoubtedly play a key role in this context, are the so-called endocrine disruptors. 
In fact a huge amount of data coming from hundreds of laboratories all around the 
world have shown that a great variety of environmental endocrine disrupting chemi-
cals can infl uence adipogenesis and obesity, interfering with the adipose tissue biol-
ogy; modifying hormone synthesis, transport, and metabolism; deregulating central 
hypothalamic–pituitary–adrenal axis and derailing many homeostatic mechanisms 
essential to weight control (Grün and Blumberg  2007 ). 

 Many endocrine disrupting compounds alter fat cell differentiation or function, 
initiating or exacerbating deregulation of homeostatic controls (Prior and Armitage 
 2009 ). Their impact on adipose tissue may occur through direct modulation of lipo-
genesis, lipolysis, and adipogenesis, or indirectly by affecting food consumption and 
LEP secretion, targeting the CNS or lipid homeostasis in liver (Diamanti- Kandarakis 
et al.  2009 ). 

 These “obesogens” may perturb various endocrine axes, generally targeting 
nuclear receptors (NR), including sex steroid receptors, the retinoic acid receptors 
(RXR), the gamma peroxisome proliferator receptor (PPARγ), or the glucocorticoid 
receptor (GR), all affecting directly or indirectly adipocyte physiology and more 
generally the regulation of energy homeostasis (Somm et al.  2009 ). 

 Examples of endocrine-disrupting chemicals comprise heavy metals, solvents, 
pesticides, PCB, organic phosphates, phthalates, organotins, diethylstilbestrol 
(DES), and bisphenol A (BPA). They include either mimetic substances of lipo-
philic hormones, such as bisphenol A, TBT, or inhibitors of endogenous hormone 
metabolism (e.g., TBT action on aromatase activity). Consequently, the sites of 
action are varied and the interactions very complex, especially for compounds like 
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organotins (chemical compounds based on tin with hydrocarbon substituents) that 
have multiple molecular targets. In many cases, dose–response curves are not 
monotonic, but exhibit changing phenotypes across different dose ranges (as seen 
with phytoestrogens and DES). This is of great concern, since it is becoming 
increasingly clear that when no monotonic dose–response curves occur, the effects 
of low doses cannot be predicted by the effects observed at high doses: in fact many 
EDCs act as metabolic toxicants at high doses, while at lower levels, more similar 
to environmental exposures, the effects may be quite different and even paradoxical 
(Vandenberg et al.  2012 ). 

 Additional complexity is also introduced by timing of exposure, gender, and 
genetic predisposition. Developmental exposure represents a limited window of 
heightened sensitivity where long-term effects distant from the initial insult can be 
established, and possibly only in a limited subset of the population. This delay in 
response and the experimental diffi culty in establishing cause and effect for envir-
onmental factors may provide a partial answer to the underappreciated role that 
chemical obesogens might play. 

 The increased obesity risk due to prenatal maternal smoking certainly provides a 
proof-of-concept that long-term deregulation of metabolic homeostasis is relevant 
at a population level (Power and Jefferis  2002 ). 

 Epigenetic changes from obesogenic exposures are currently poorly understood. 
This will become an area for future intensive research efforts given their potential 
for long lasting, transgenerational effects (Grün and Blumberg  2009b ). As for the 
possible epigenetic and transgenerational effects of EDCs, the most studied mole-
cule is bisphenol A, a synthetic chemical and weak estrogen agonist found in food 
and beverage containers, baby bottles, and dental materials. For what concerns 
bisphenol A, the most famous experiment was made, a decade ago, on the Agouti 
mouse: BPA-induced hypomethylation and increased expression of the Agouti gene 
in prenatally exposed mice (early developmental stages generally represent the 
period of greatest sensitivity to these chemicals) led to the birth of mice character-
ized by yellow rather than brown fur, as well as by tendency to develop obesity, 
diabetes, and tumors (Dolinoy  2008 ). Furthermore, rodent mothers with the agouti 
phenotype were more likely to have offspring with that phenotype in the second 
generation. This important study constitutes a proof of the fact that prenatal expo-
sure to synthetic estrogen agonists such as BPA can affect the epigenome and 
thereby lead to endocrinological consequences (Fleisch et al.  2012 ). 

 Recent observations demonstrated that widely diffuse environmental compounds 
such a mixture of plastic-derived compounds, BPA and phthalates, and a hydrocar-
bon mixture involving jet fuel (JP-8) can promote epigenetic transgenerational 
inheritance of adult onset disease, including obesity. Gestating F0 generation female 
rats were transiently exposed during the fetal gonadal development period a hydro-
carbon mixture involving jet fuel (JP-8). The direct exposure F1 generation had an 
increased incidence of kidney abnormalities in both females and males, prostate and 
pubertal abnormalities in males, and primordial follicle loss and polycystic ovarian 
disease in females. The fi rst transgenerational generation is the F3 generation, and 
the jet fuel lineage had an increased incidence of primordial follicle loss and 
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polycystic ovarian disease in females, and obesity in both females and males. 
Moreover analysis of the jet fuel lineage F3 generation sperm epigenome identifi ed 
33 differential DNA methylation regions, termed epimutations (   Tracey et al.  2013 ). 

 Similarly gestating F0 generation female rats were exposed to the plastic mix-
ture during embryonic days 8–14 of gonadal sex determination, and the incidence 
of adult onset disease was evaluated in F1 and F3 generation rats. Signifi cant 
increases in the incidence of total disease/abnormalities in F1 and F3 generation 
male and female animals from plastics lineages were found. In particular, in the 
F3 generation animals, pubertal abnormalities, testis disease, obesity, and ovarian 
disease (primary ovarian insuffi ciency and polycystic ovaries) were increased 
(Manikkam et al.  2013 ). 

 Much remains to be discovered about the possible molecular mechanisms char-
acterizing environmental obesogens and their overall signifi cance for the epidemic 
of obesity and T2D. However, given the data already available on obesogens, the 
chemical effects we experience daily and the multiple targets with which they might 
interfere, it seems quite likely that obesogen exposure can play an important role in 
obesity epidemic.  

8.7.2     Dietary Factors and Obesity 

 As we have repeatedly stressed throughout this chapter, many epidemiological stud-
ies in humans and experimental studies in animals suggest that maternal under 
nutrition, obesity and diabetes during gestation and lactation, maternal and fetal 
stress, embryo–fetal exposure to endocrine disruptors, and other obesogens can all 
induce early-life nutritional programming and produce obesity in offspring. 

 There are several nutritional events in pregnancy and lactation, such as energetic 
deprivation, protein restriction and excess fat, which may determine a cluster of dis-
orders affecting energy effi ciency in the offspring as well as different metabolic 
pathways, which are mediated by epigenetics encompassing the chromatin informa-
tion encrypted by DNA methylation patterns, histone covalent modifi cations, and 
noncoding RNA or microRNAs. Epigenetic mechanisms may be boosted or 
impaired by dietary and environmental factors in the mother, intergenerationally or 
transiently transmitted, and could be involved in the obesity and infl ammation sus-
ceptibility in the offspring (Martínez et al.  2012 ). 

 Although prenatal period is the time of highest phenotypic plasticity, contribut-
ing largely to developmental programming, also during infancy and adulthood there 
is evidence of nutritional infl uence on epigenetic regulation. In the last years, a 
number of studies have connected different dietary patterns, nutrients, and food 
components with epigenetic processes that regulate gene expression and may con-
tribute to an increased susceptibility to obesity and other metabolic diseases. 
The large differences in DNA methylation observed between human preadipocytes 
and mature adipocytes suggest that epigenetics plays an important role in the pro-
cess of adipocyte differentiation. Obesity and its related complications have been 
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repeatedly associated with epigenetic alterations: methylation changes in blood 
leukocyte DNA have been observed in obese adolescents, whereas in type 2 diabetes, 
a great number of genes present pathologic methylation patterns in muscles, which 
was suggested to contribute to the onset of insulin resistance (Milagro et al.  2013 ). 

 Accumulating literature shows that diet in particular can infl uence the biochemical 
pathways of methylation processes by modulating the availability of methyl donors, 
including folate, choline, and methionine, as well as through their effects on 
methyltransferase activity. However the epigenetic mechanisms that modulate 
adipocyte differentiation, hepatic steatosis, insulin signaling, appetite regulation 
and insulin secretion, as well as important bioenergetic pathways, such as lipolysis, 
fat oxidation, and glucose uptake, and oxidation are still only partially known. 

 Finally, it is important to remind that obesity shares with most chronic diseases 
the presence of an infl ammatory component, which is refl ected in increased circulat-
ing levels of pro-infl ammatory proteins and occurs not only in adults but also in 
adolescents and children, which accounts for the development of metabolic disease 
and other associated health alterations. The possible role of nutrition in this condition 
of systemic subacute chronic infl ammation has still to be elucidated, even if many 
studies have already shown that a nutrient excess and adipocyte expansion trigger 
endoplasmic reticulum stress; that abnormally elevated blood lipid levels, including 
NEFA, can induce infl ammation through various mechanisms (such as modulation of 
adipokine production or activation of Toll-like receptors); and that hypoxia occurring 
in hypertrophied adipose tissue stimulates the expression of infl ammatory genes and 
activates immune cells (de Heredia et al.  2012 ).   

8.8     Epigenetic Therapy in Obesity 

 There is compelling and growing evidence about the applications of epigenetic 
drugs as a novel therapy of diabetes, as several epigenetic mechanisms have been 
reported to control adipogenic differentiation and infl uence energy metabolism. 
Moreover there are evidences that many nutritional factors could act by modulating 
DNA methylation or histone modifi cations and some of them might be used in obe-
sity therapy due, at least in part, to their epigenetic mechanisms. This outcome is 
more evident in relation to the methyl donors (folate, methionine, choline, and 
vitamin B12), especially when maternal diet is supplemented. Methyl donors are of 
critical importance during fetal development, when they can interfere with DNA 
methylation and infl uence neural precursor cell proliferation and brain develop-
ment. Even in the adult population, there are differences in the health outcomes due 
to methyl donor defi ciency (fatty liver, insulin resistance) in function of common 
genetic variants (Milagro et al.  2013 ). 

 Inhibitors of two classes of epigenetic enzymes, the DNA methylation inhibitors 
(DNMTs) and histone deacetylase inhibitors (HDACs), have already demonstrated 
utility as molecularly targeted chemotherapeutic agents for specifi c cancers, and are 
approved drugs for these indications (Copeland et al.  2010 ). Thus an important 
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research fi eld concerns the applications of drugs targeting epigenetic enzymes, such as 
HDACs, or DNMTs as a novel therapy for obesity and related pathologies. Although 
in vitro and animal studies show encouraging results in different aspects (i.e., HDAC 
inhibitors enhance β-cell differentiation and survival and insulin signaling), there is 
a lack of clinical studies aimed at determining diabetes-specifi c epigenetic profi les 
and a precise assessment of the epigenome of endocrine pancreatic cells, for exam-
ple of insulin-secreting β cells, in the nondiabetic state and at early and late diabetic 
states (Bramswig and Kaestner  2012 ). Furthermore we should not forget that most 
histone-modifying enzymes and DNA methyltransferases lack of specifi city; they 
have a broad target range, being expressed in many different tissues. This increases 
the likelihood of “off-target” effects, and will present a signifi cant challenge for 
drug development. Moreover, a careful evaluation of the potential secondary effects 
is mandatory. The use of these drugs in obesity must reinforce even more the study 
of the potential side effects that epigenetic drugs could induce in the different organs 
and tissues. 

 Other food components such as polyphenols and organosulfur compounds, 
several fatty acids (particularly PUFA), minerals, and vitamins that have been posi-
tively experimented in cancer prevention and treatment (owing to their antioxidative 
and anti-infl ammatory properties) could act as epigenetic therapeutic agents in 
obesity and related disorders, acting at single or multiple sites in the adipocyte life 
cycle associated with apoptosis, adipogenesis, and lipolysis (Milagro et al.  2013 ).  

8.9     Concluding Remarks 

 A better understanding of how perinatal hormones (particularly insulin and LEP) 
exert their neurotrophic effects may open new avenues for understanding pre- and 
perinatally acquired predisposition to obesity and diabetes. Furthermore, a more 
detailed determination of whether hypothalamic misprogramming can be reversed, 
and the defi nition of the precise limits of the critical period for plasticity may pro-
vide new preventive and/or therapeutic opportunities. 

 Consequently, there are no convincing estimates of the extent to which individ-
ual differences in the risk of and obesity refl ect epigenetic variation. To address this, 
the fi eld is now preparing to carry out the kinds of large-scale, global studies of 
epigenetic marks that will provide a more comprehensive and systematic view of 
the contribution of epigenetics to disease pathogenesis. By analogy with the genetic 
equivalent, these have been termed epigenome-wide association studies. Some of 
these studies are targeting disease relevant tissues (such as subcutaneous fat or 
specifi c blood-cell constituents), whereas others are, for pragmatic reasons, focused 
on whole blood (Drong et al.  2012 ). 

 To conclude, according to the scenario depicted in Fig.  8.1 , we can affi rm 
that prevention is likely to be the only strategy for stemming the tide of the obesity 
epidemic (Levin  2006 ). Many researchers have stressed that prevention is not only 
possible but is the most realistic and cost-effective approach for dealing born with 

8 Epigenetics, Obesity and Diabetes



212

childhood obesity and with adult obesity (Lobstein et al.  2004 ). At primary care 
level, practitioners can have a role providing information on healthy eating and 
physical activity to all members of the family as well as supporting effective parent-
ing skills generally tabulated into three categories (behavioral counseling, screen-
ing, and prophylaxis) (   Dietz and Gortmaker  2001 ). It appears to be very signifi cant 
   that some papers suggest that overweight prevention should begin before and during 
pregnancy (maternal diet, maternal pre-pregnancy obesity, maternal smoking before 
and during pregnancy), and in the perinatal period, with the identifi cation and avoid-
ance of factors that can produce permanent, adverse alterations in neural pathways 
controlling energy homeostasis (Salsberry and Reagan  2005 ). As a recent review 
convincingly states: “If the disease component of obesity lies not in adipose tissue 
itself, but in the interaction between adipose tissue biology and our modern indus-
trialized environment, efforts to combat obesity would be much more effective if 
they prioritized ‘external’ environmental change rather than attempting to manipu-
late ‘internal’ biology through pharmaceutical or behavioral means” (Wells  2012 ).
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    Abstract     Asthma is increasingly recognised as a heterogeneous disease, with 
 multiple phenotypes that differ in severity, pathology, therapeutic response and 
long- term outcome. A combination of genetic, epigenetic and environmental factors 
are thought to contribute to the molecular diversity of the disease, with sensitisation 
(T-cell differentiation) dependent on the local microenvironment and the nature of 
the invading pathogen. A strong body of evidence exists associating numerous envi-
ronmental and genetic components in asthma development, with multiple asthma 
genes involved independently (through the inheritance of polymorphisms) or 
through the interaction with the environment to increase risk. However, the inability 
to reproduce inheritance patterns and the dramatic increase in incidence over the last 
decade provides strong evidence that changes in the environment have activated a 
pre-existing susceptibility, including the alteration in epigenetic regulation, to play 
an important role in disease. The role of epigenetic regulation and modulation in the 
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development of asthma and allergy has been widely speculated. Interestingly,  factors 
known to be involved in disease susceptibility including genetic predisposition and 
exposure to environmental stimuli (in utero and post-natal) have been explored as 
factors involved in the mechanisms associated with the epigenome. Thus, it is pro-
posed that modifi cation of the epigenome in the regulation of important pathways, 
including those involved in asthma-associated gene expression and T-cell differen-
tiation play a direct role in disease. In addition, current research focuses on the 
central role of the airway epithelium in asthma development and progression. 
Inherently defective in disease, the mechanisms associated with epithelial dysfunc-
tion, including the increased susceptibility to injury and the inability to activate 
normal repair processes are yet to be completely elucidated. Trefoil factor 2 (TFF2), 
previously shown to be upregulated in asthma and involved in airway epithelial 
restitution fails to protect the epithelium from pathogen-induced injury. By focusing 
on the role of epigenetic mechanisms, the epithelium and TFF2 in asthma pathogen-
esis, this chapter highlights their potential as targets in future therapeutic research.  

  Keywords     Asthma   •   Chromatin modifi cations   •   Trefoil factor   •   Airway hyperre-
sponsiveness   •   Epigenetics  

9.1         Introduction 

    The prevalence, complexity and severity of allergic disorders, including asthma contin-
ues to increase on a global scale (Pawankar et al.  2012 ). According to the World Health 
Organisation, 300 million people worldwide are affl icted with asthma, a disease that 
remains a heavy burden on health-care systems as these numbers steadily rise (Weinberg 
 2011 ). The dramatic increase in incidence over the last 20 years provides strong evi-
dence that changes in the environment (in utero and post-natal pathogen exposure) 
have activated a pre-existing susceptibility, including the alteration in epigenetic regu-
lation, to play an important role in disease development (Yang and Schwartz; Yuyama 
et al.  2002 ). In addition, the airway epithelium has proven to be central in its progres-
sion and pathogenesis, providing a link between the development of the disease and the 
clinically signifi cant events characteristic of human asthma (Hackett and Knight  2007 ). 
By focusing on trefoil factor 2 (TFF2), a protein shown to be upregulated in asthma 
and involved in airway epithelial restitution, from an endogenous mechanistic aspect 
highlights the requirement to elucidate the role of the epithelium in asthma, and pro-
vides information into targeting the epithelium in future therapeutic research.  

9.2     Asthma, Airway Remodelling and Disease Phenotypes 

 To date, asthma is defi ned as an infl ammatory respiratory disease, characterised 
by sudden, chronic symptoms of wheezing, sputum production, variable reversible 
airfl ow limitation and airway hyperresponsiveness (AHR) (Bousquet et al.  2000 ). 
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As a highly heterogeneous disease of the respiratory tract, current management 
strategies are inadequate in their ability to prevent the development of the disease. 
Anti- infl ammatory corticosteroids are the most effective and therefore, most widely 
prescribed therapeutic agent in response to active infl ammation during exacerba-
tions (Murata and Ling). However, a subset of patients with chronic, severe disease 
may be classifi ed as corticosteroid resistant, as clinical symptoms persist despite 
high dosage levels (Barnes and Adcock  2009 ). 

 Molecular heterogeneity between human asthma patients, including differences 
observed in the immune response following allergen exposure, is thought to contrib-
ute to corticosteroid-resistance and the inability to establish the exact mechanisms 
involved in disease development and progression (Woodruff et al.  2009 ). Allergic 
asthma is characterised by the production of Th 2  cells and its associated cytokines 
in response to allergen exposure in atopic individuals, contributing to 75–80 % of 
all asthmatic patients (Holgate  2008 ) (Fig.  9.1 ). Interestingly however, it has been 
shown that over 40 % of the Western population is classifi ed as atopic with only 
approximately 7 % of those expressing atopy in the form of asthma (Beasley et al.  
 1989 ). Recent developments also suggest that a signifi cant proportion of severe, 
allergic asthma cases are driven by alternative infl ammatory pathways (Prescott 
 2006 ), including that driven by Th 1  and Th 17  cells (Fig.  9.1 ). Although, atopic 
asthma is managed well with corticosteroids generally, it has been shown that cases 
mediated by Th 1 - and Th 17 -immune pathways are largely corticosteroid resistant, 
with persistence of clinically relevant symptoms including AHR (Robins et al.; 
Yang et al.  2009 ; McKinley et al.  2008 ; Cui et al.  2005 ). These pathways appear to 
derive from a common naive precursor cell, whose differentiation pathway is deter-
mined by cytokine, environmental, genetic and epigenetic signals during primary 
antigenic stimulation and sensitisation (Bluestone et al.  1995 ; Abbas et al.  1996 ; 
O’Garra et al.  1998 ). Collectively, the inherent immune and phenotypic heterogene-
ity observed in human asthma highlights the importance of understanding the mech-
anisms involved in the development of disease, with rationale centred on establishing 
a common factor in disease pathogenesis for future, target-based therapeutic 
research. In this chapter, two pathways will be explored in detail—the role of epi-
genetic mechanisms in the development of asthma, and the involvement of the air-
way epithelium in disease progression.

   A number of pathologically signifi cant events are also thought to contribute to 
the limitations in current asthma treatment, with the inability of corticosteroids to 
reverse and/or prevent airway remodelling observed in both childhood and adult 
cases of chronic, severe disease (Holgate et al.). The structural alterations associ-
ated include epithelial goblet cell metaplasia, collagen deposition and thickening of 
the subepithelial lamina reticularis with increased matrix deposition, smooth mus-
cle hyperplasia and hypertrophy, and angiogenesis (Vignola et al.  2000 ). The exact 
mechanisms that contribute to the process of airway remodelling in asthma are yet 
to be elucidated, with current knowledge indicating an interrelationship with infl am-
mation and AHR. Until recently, these structural alterations have been considered to 
be a secondary phenomenon, developing late in disease progression as a direct con-
sequence of persistent infl ammation (Fedorov et al.  2005 ). Although this is observed 

9 Molecular Mechanisms in the Development and Progression of Asthma…



222

S
ev

er
e 

as
th

m
a

P
re

se
nt

at
io

n 
of

 s
ym

pt
om

s
cl

in
ic

al
ly

 s
im

ila
r 

re
ga

rd
le

ss
 o

f
ph

en
ot

yp
e

C
or

tic
os

te
ro

id
-

se
ns

iti
ve

M
as

t c
el

ls

E
os

in
op

hi
ls

IL
-4

, G
M

-C
S

F
,

IL
-5

, I
L-

9,
IL

-1
3

T
N

F
-α

, I
L-

8,
G

M
-C

S
F

,
do

w
nr

eg
ul

at
io

ns
of

 T
h1

/1
7 

cy
to

ki
ne

s

C
or

tic
os

te
ro

id
-

re
si

st
an

t

T
N

F
-α

, I
L-

8,
G

M
-C

S
F

,
 d

ow
nr

eg
ul

at
io

n
of

 T
h2

 c
yt

ok
in

es

S
ta

b
le

 m
ild

-m
o

d
er

at
e 

as
th

m
a

(s
ev

er
e 

ca
se

s 
m

ay
 o

cc
u

r)

A
lle

rg
ic

 A
st

h
m

a

N
o

n
-A

lle
rg

ic
 A

st
h

m
a

T
h2

-c
el

ls

T
h1

7-
ce

lls

T
h1

-c
el

ls
N

eu
tr

op
hi

ls

E
os

in
op

hi
ls

IL
-1

7a
,

IL
-1

7f
,

T
N

F
-α

IL
-4

, I
L-

13
,

IL
-2

5,
 IL

-3
3

N
ai

ve
T

-C
el

l

IL
-1

, I
L-

6
T

G
F

-β

IL
-1

2
IF

N
-γ

IF
N

-γ
, I

L-
27

,
T

N
F

-α
, I

L-
8

  F
ig

. 9
.1

  
  T

he
 p

he
no

ty
pi

c 
su

bt
yp

es
 o

f 
as

th
m

a.
 D

ur
in

g 
ea

rl
y 

se
ns

iti
sa

tio
n,

 c
au

se
d 

by
 a

 c
om

bi
na

tio
n 

of
 e

pi
ge

ne
tic

, 
ge

ne
tic

 a
nd

 e
nv

ir
on

m
en

ta
l 

fa
ct

or
s,

 T
-c

el
ls

 
un

de
rg

o 
di

ff
er

en
tia

tio
n 

de
pe

nd
en

t o
n 

th
e 

lo
ca

l m
ic

ro
en

vi
ro

nm
en

t a
nd

 th
e 

na
tu

re
 o

f 
th

e 
in

va
di

ng
 p

at
ho

ge
n.

 E
xp

os
ur

e 
to

 a
lle

rg
en

s 
in

cl
ud

in
g 

ho
us

e 
du

st
 m

ite
 a

nd
 

po
lle

ns
 d

ir
ec

t n
ai

ve
 T

-c
el

ls
 to

 d
if

fe
re

nt
ia

te
 a

lo
ng

 a
 T

h 2
  p

at
hw

ay
, w

ith
 in

di
vi

du
al

s 
de

ve
lo

pi
ng

 a
to

py
. T

hi
s 

ty
pe

 o
f 

as
th

m
a 

w
hi

ch
 in

vo
lv

es
 th

e 
re

cr
ui

tm
en

t o
f 

m
as

t 
ce

lls
 a

nd
 e

os
in

op
hi

ls
 i

s 
m

os
t 

co
m

m
on

, 
an

d 
al

so
 t

he
 m

os
t 

lik
el

y 
to

 b
e 

co
nt

ro
lle

d 
w

ith
 c

ur
re

nt
 c

or
tic

os
te

ro
id

 t
re

at
m

en
t. 

C
on

ve
rs

el
y,

 i
nd

iv
id

ua
ls

’ 
ex

po
su

re
 t

o 
po

llu
ta

nt
s 

an
d 

ir
ri

ta
nt

s 
us

ua
lly

 in
 u

te
ro

 a
nd

 p
os

t-
 na

ta
l d

ev
el

op
m

en
t c

au
se

 n
ai

ve
 T

-c
el

ls
 to

 d
if

fe
re

nt
ia

te
 in

to
 T

h 1
  o

f 
T

h 1
7  c

el
ls

. R
ec

ru
itm

en
t o

f 
ne

ut
ro

ph
ils

 in
 th

is
 

im
m

un
e 

pa
th

w
ay

 c
au

se
s 

a 
no

n-
al

le
rg

ic
 a

st
hm

a 
ph

en
ot

yp
e,

 w
ith

 m
os

t c
as

es
 p

er
si

st
in

g 
in

to
 a

du
lth

oo
d,

 a
nd

 m
or

e 
se

ve
re

 w
ith

 c
or

tic
os

te
ro

id
-r

es
is

ta
nc

e       

 

S. Tortorella et al.



223

in a subset of patients with late-onset disease, airway remodelling has also been 
shown to be a consistent feature of childhood asthma independent of infl ammation, 
with no requirement for concurrent eosinophil infi ltration of the airway tissue 
(Payne et al.  2003 ; Prescott  2006 ). In order to explain this observation, it is pro-
posed that the alterations in airway structure are, at least in part, regulated through 
the ability of epithelial cells to communicate with the underlying mesenchyme to 
maintain and propagate remodelling and infl ammatory responses throughout the 
airway wall (Davies  2009 ; Hackett  2012 ).  

9.3     Epigenetic Mechanisms and the Development of Asthma 

 There is a strong body of evidence associating numerous environmental and genetic 
components in asthma development. Changes in the primary DNA sequence of 
genes involved in both immune and infl ammatory pathways are either indepen-
dently associated with asthma, or interact with the environment to affect disease 
risk. However, due to the irreproducibility of inheritance patterns and the dramatic 
increase in asthma incidence in a relatively short period of time, the ability of these 
factors to affect and be affected by epigenetic mechanisms have brought about an 
alternative explanation for disease development (Fig.  9.2 ).

Environmental factors
cigarette smoke; pollutants;
viral & bacterial infections;

diet

Epigenetic
modulation

genetic; in utero
transmission,

environment, diet

Genetic
susceptibility

>100 genes
ADAM33; GPRA; MUC8;

PCDH1; TFF2

  Fig. 9.2    Venn diagram illustrating the relationship between environmental exposures, epigenetic 
modulation and genetic susceptibility in the development of asthma. These factors are interrelated, 
with many of the environmental factors displayed also affecting the epigenome. In addition, gene 
expression including those genes known to be involved in asthma susceptibility, including 
ADAM33 is subject to epigenetic modulation. A combination of these factors is thought to cause 
disease development, with the exact contribution of each factor yet to be elucidated       
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9.3.1       Genetic Basis of Asthma: Heritability and Susceptibility 

 A complex heritable disease, asthma has a strong familial connection (36–79 % 
heritability) with a non-Mendelian pattern of inheritance and polymorphisms in 
more than 100 genes (Ober and Yao  2011 ; Vercelli  2008 ). The genes involved in 
asthma susceptibility may be categorised into four main groups: (1) genes associ-
ated with immunoregulation, (2) genes associated with Th-cell differentiation, (3) 
genes associated with epithelial structure and function and (4) genes associated 
with lung function, remodelling and disease severity (Vercelli  2008 ). In addition to 
these genes, positional cloning studies have found other gene polymorphisms 
involved in asthma development and susceptibility including ADAM33 and TFF2 
(Zhang et al.  2012 ; Allen et al.  2003 ). Interestingly, asthma shows a parent-of-ori-
gin transmission of inheritance, with an affected mother signifi cantly more likely to 
transmit the disease than an affected father (Demenais et al.  2001 ). Similar to the 
mode of inheritance observed for multiple epigenetic mechanisms, a number of 
known genes associated with asthma are transmitted in a parent-of-origin fashion, 
including the  FCERIB  locus (Sandford et al.  2000 ) and the  Spink5 gene (Liu et al. 
 2009 ). Yet the inability to replicate these associations between differing studies, the 
diverse nature of genes subject to asthma- and allergy-related polymorphisms and 
the fi nding that genetic susceptibility may explain the cause of disease in only a 
subset of patients, implicate other mechanisms, such as epigenetics, in the develop-
ment and progression of disease. 

 In order to appreciate the potential importance of epigenetic modulation in the 
development of asthma, numerous studies have established that DNA methylation 
is involved in the differential expression of disease-associated genes  ADAM33 , 
 ALOX12  and  PTGDR  (Yang et al.  2008 ; Morales et al.  2012 ; Isidoro-García et al. 
 2011 ). Polymorphisms of  ADAM33 , found by means of positional cloning, are 
strongly associated with asthma and AHR (Van Eerdewegh et al.  2002 ). Through 
the analysis of bronchial biopsy samples from human subjects, it was found that the 
 ADAM33  gene contains a regulatory CpG island within its promoter (Yang et al. 
 2008 ). Bisulfi te sequencing demonstrated that this region is subject to epigenetic 
(methylation) modulation, with the region hypomethylated in  ADAM33 -expressing 
fi broblasts and hypermethylated in epithelial cell which fail to express the gene. 
Recent advances in epigenetic research in asthma have also linked methylation 
modulation of  ALOX12  gene expression in children with or without persistent 
wheeze (Morales et al.  2012 ). Furthermore, interplay between genetic polymor-
phisms and methylation levels were observed, with genetic variation infl uencing 
 ALOX12  methylation. In another study, expression of the asthma susceptibility 
gene  PTGDR  is shown to be regulated by epigenetic mechanisms, with allergic 
asthma patients exhibiting a distinct methylation pattern (demethylation of pro-
moter) as compared to controls (Isidoro-García et al.  2011 ). Assessment of the 
important asthma susceptibility locus 17q21 also presents the interrelationship 
between genetic polymorphisms and epigenetic regulation (Berlivet et al.  2012 ). 
Using lymphoblastoid cell lines, this study showed that the locus harbours three 
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genes— ZPBP2 ,  GSDMB  and  ORMDL3  which exhibit allele-specifi c differences in 
gene expression levels determined by distinct polymorphism and DNA methyla-
tion profi les in vitro. Although the exact role of  ADAM33 ,  ALOX12 ,  PTGDR  and 
locus 17q21 in asthma development is yet to be completely elucidated, the link 
between their expression regulated by DNA methylation, and their involvement in 
disease susceptibility provides rationale to further research the epigenetic mecha-
nisms involved in asthma pathogenesis.  

9.3.2     Gene–Environment Interactions in Asthma Development 
and the Role of Epigenetic Regulation 

 Exposure to various environmental pollutants and pathogens in utero and in post- 
natal (early childhood) development is thought to be a central factor in asthma 
pathogenesis. Besides studies involving the complex interaction between genetic 
susceptibility and the environment, many of the factors associated with asthma 
development including exposure to cigarette smoke, air pollutants and microbial 
allergens have been shown to be involved in epigenetic modulation. 

 As the most important risk factor for asthma development in children, and its 
known ability to alter epigenetic mechanisms, extensive research can be found 
involving the exposure to cigarette smoke and its role in disease pathogenesis 
(Lodrup Carlsen and Carlsen  2001 ). Direct inhalation of cigarette smoke compo-
nents, including 7,12-dimethylbenz{a}anthracene (DMBA) was found to alter 
DNA methylation patterns in mouse lung (Phillips and Goodman  2009 ). Several 
studies have also shown that in utero cigarette smoke exposure affects DNA meth-
ylation in multiple tissues, including the placenta which resulted in CpG methyla-
tion and expression of numerous genes involved in the oxidative stress pathway in 
smokers, compared to levels measured in placenta from non-smokers (Suter et al. 
 2011 ). In addition to this, an association between in utero exposure to cigarette 
smoke and the development of asthma has been extensively researched (Xepapadaki 
et al.  2009 ; Lee et al.  2012 ). Genes involved in airway infl ammation, such as  AXL  
and  PTPRO  were found to be methylated in response to in utero cigarette smoke 
exposure in buccal DNA of the offspring (Breton et al.  2009 ). Furthermore, studies 
have demonstrated histone modifi cation associations between environmental expo-
sure and asthma risk. A signifi cant reduction of HDAC2 expression in the airways 
of rats and different strains of mice following cigarette smoke exposure produced 
similar results to HDAC2 expression levels observed relatively in asthmatic smok-
ers (Yang et al.  2006 ; Cosio et al.  2004 ). Adenuga et al., found that exposure to 
cigarette smoke to mice caused a decrease in HDAC1 and HDAC2 activity in the 
lung through the ability of cigarette components to induce phosphorylation and 
serine/threonine proteasomal degradation (Adenuga et al.  2009 ). Collectively, the 
link between epigenetic modulation with cigarette smoke exposure and asthma risk 
is displayed, with many of the epigenetic mechanisms observed in smokers, also 
observed in asthma patients. 
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 Air pollution may also impact asthma development via pollutant-induced and 
pollutant-regulated epigenetic modulation. Research demonstrates that in utero 
exposure to airborne polycyclic aromatic hydrocarbons (PAH) correlates to asthma 
in offspring, caused by DNA methylation of CpG regions in the  ACSL3  promoter 
(Perera et al.  2009 ). In addition, 3-year PAH exposure was associated with higher 
methylation of  FoxP3 , reduced Treg function and increased asthma severity in chil-
dren with asthma (Nadeau et al.  2010 ). The association between in utero exposure 
to dichlorodiphenyldichloroethylene (DDE) and asthma in children (Sunyer et al. 
 2005 ) has been established, with levels of DDE in cord blood within the Menorca 
cohort inversely correlated with DNA methylation in one of the  ALOX12  (previ-
ously described) CpG regions (Morales et al.  2012 ). Furthermore, diesel exhaust 
particulate (DEP) matter has been reported to induce airway infl ammation and 
exacerbate asthma in vivo (Cao et al.  2007 ). This same study also indicates that 
DEP exposure induces COX-2 gene expression through the acetylation of histone 
H4, the degradation of HDAC1 and the recruitment of histone acetyltransferase 
(HAT) p300 in association with the  COX2  promoter. Children exposed to particulate 
air pollution display reduced methylation in a CpG site of the  NOS2  gene promoter 
region (Salam et al.  2012 ). Involved in nitric oxide synthesis, promoter methylation 
in  NOS2  effects exhaled nitric oxide (FeNO) with higher methylation in  ARG1  and 
 ARG2  also associated with lower FeNO, and a strong correlation produced in chil-
dren with asthma (Breton et al.  2011 ). Recent studies have also demonstrated that 
lower methylation of the  NOS2  and  IL-6  gene promoter in nasal epithelium is asso-
ciated with higher FeNO in children with asthma (Baccarelli et al.  2012 ). 

 Early life bacterial and viral infections have thought to contribute to asthma 
development, with subsequent infections resulting in disease exacerbations follow-
ing initial sensitization and exposure. In a murine  Aspergillus fumigatus -sensitised 
murine model, exposure to  A. fumigatus  in conjunction with DEP resulted in meth-
ylation of several CpG sites at the  Ifng  promoter and demethylation at one IL-4 
promoter with methylation modulation correlating signifi cantly with changes in IgE 
expression and production (Liu et al.  2008 ). Stimulation of human CD4+ T-cells 
derived from asthma patients with the allergen components of house dust mite led 
to demethylation in several CpG sites in the IL-4 promoter and increased expression 
levels of IL-4 in supernatant when compared to those control non-atopic subjects 
(Kwon et al.  2008 ). Stimulation of multiple T-cell and monocytic cell lines with 
lipopolysaccharide enhanced IL-8 release through toll-like receptor-4, which 
induces histone H3 and H4 acetylation at the  IL-8  promoter (Tsaprouni et al.  2007 ). 

 In addition to the research involved in establishing the role of epigenetic modula-
tion in enhancing asthma susceptibility, environmental factors including the expo-
sure to specifi c bacterial and viral infections, may protect from disease development. 
Exposure to farm life in early development (in utero and post-natal) signifi cantly 
reduces the risk of asthma and allergy (Schaub et al.  2009 ; Ege et al.  2011 ). An 
abundance of bacteria and their components, including endotoxin is found in such 
an environment, with the risk of asthma development decreasing with exposure to 
high concentrations of endotoxin, and the microbial diversity of the environment 
(Ege et al.  2011 ). Furthermore, cord blood from neonates subjected to an in utero 
and post-natal rural environment possessed increased numbers and activity of Treg 
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cells,  FoxP3  demethylation and increased  FoxP3  gene expression when compared 
to levels observed in non-rural neonates (Schaub et al.  2009 ). Another study found 
that when pregnant mice were exposed to farm-derived gram-negative bacterium 
 Acinetobacter lwoffi i  F78, and subsequently challenged offspring with ovalbumin 
(OVA) to induce an allergic airways disease phenotype, supernatant from splenic 
mononuclear cells had signifi cantly increased levels of IFN-γ and reduction of IL-4, 
IL-5 and IL-13 expression (Brand et al.  2011 ). In utero exposure to protective bac-
teria was also demonstrated to be mediated through the modifi cations of histone H4 
at the  Ifng  promoter in mice, with reduced acetylation of H4 in those offspring 
unexposed and prevention of this reduced acetylation in those exposed. Inhibition of 
acetylation in H4 was found to increase airway infl ammation and AHR in OVA- 
challenged mice through its ability to regulate IFN-γ production.  

9.3.3     In Utero 

 Exposures including those previously mentioned have been known to modulate the 
epigenome and enhance susceptibility to asthma development in offspring. Further 
investigation of these exposures, including that of the maternal diet has been shown 
to be risk factors in disease pathogenesis. Hollingsworth et al. displayed in a murine 
model the importance of dietary methyl donors in disease, with exposure to these 
donors associated with increased allergic airway infl ammation (Hollingsworth et al. 
 2008 ). The same study aimed to explain such a phenomenon, with airway infl am-
mation thought to be mediated by the increased methylation of  RUNX3  gene. Given 
the fi nding that  RUNX3 -defi cient mice possess elevated levels of serum IgE and 
increased AHR (Fainaru et al.  2005 ), inhibition of  RUNX3  gene expression through 
DNA methylation may be associated with asthma development. Further research is 
required to fully elucidate the role of this gene in disease.  

9.3.4     Epigenetic Regulation and Modulation of the Immune 
System in Allergy and Asthma 

 As an immune-mediated disease, asthma is characterised by the ability of T-cells to 
differentiate mainly towards a Th 2 -phenotype (observed in allergic asthma), 
although other subtypes including Th 1  and Th 17  may be involved in non-allergic 
cases (Lloyd and Hessel  2010 ). As discussed previously, these cases are thought to 
be more severe, non-resoluting and resistant to corticosteroid treatment. Important 
pathways in the immune response, such as T-cell differentiation and Treg function 
have been shown to be regulated by epigenetic mechanisms (Jones and Chen  2006 ; 
White et al.  2006 ). Multiple studies have shown that differentiation of naive T-cells 
into mature T cells is accompanied by changes in both methylation status and 
 chromatin structure in cytokine genes dependent on the subtype (Table  9.1 ) 
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   Table 9.1    Epigenetic regulation of T-cell differentiation in allergy and asthma   

 Pathway  Epigenetic fi nding(s)  Reference 

 Th 1   Progressive demethylation of  Ifng  promoter  White et al. ( 2006 ) 
 Methylation of intergenic region between IL-4 and IL-13  Lee et al. ( 2002 ) 
 Acetylation of H3 and H4 in  Ifng  locus  Fields et al. ( 2002 ) 
 Binding of Tbet to  Ifng  promoter induces promoter activity 

(acetylation) and dislocates HDAC complexes (enables 
HATs to bind) 

 Chang et al. ( 2008 ) 

 Th 2   Appearance of DNase I hypersensitive sites and 
demethylation around sites within IL-4 and IL-13 
promoters 

 Santangelo et al. 
( 2002 ) 

 Increased methylation of  Ifng  promoter  Jones and Chen 
( 2006 ) 

 Demethylation of RAD50-hypersensitive site 7 within Th 2  
cytokine LCR 

 Kim et al. ( 2007 ) 

 Acetylation of H3 and H4 in IL-13/IL-4 region  Avni et al. ( 2002 ) 
 GATA3 enhances acetylation in IL-4 locus  Fields et al. ( 2002 ) 
 Chromatin remodelling of Th 2  cytokine LCR important in 

airway infl ammation and AHR 
 Koh et al. ( 2010 ) 

 Binding of HDAC1 to IL-4 gene locus; HDAC1 important 
in airway infl ammation 

 Grausenburger et al. 
( 2010 ) 

 STAT6 (important in IL-4 signalling transcription) 
susceptible to DNA methylation 

 Kim et al. ( 2010 ) 

 Histone methylase SUV39H1 participates in trimethylation 
of H3K9 modifi es binding sites for HP1α (promotes 
transcriptional silencing); controls Th 2  lineage stability 

 Allan et al. ( 2012 ) 

 Th 17   Acetylation of histone H3 at IL-17a/IL-17f gene promoters 
and multiple conserved non-coding sequences in locus 

 Akimzhanov et al. 
( 2007 ) 

 H3K4 methylation, but no repressive H3K27 modifi cations 
at IL-17a/IL-17f gene promoters 

 Wei et al. ( 2009 ) 

 Chromatin structure of IL17a-IL17f,  Ifng  and  Rorc  loci not 
stable in Th 17  cells; TGFβ-induced increase in IL17a/
IL17f expression refl ected in enhanced H3K4 
methylation across gene locus 

 Mukasa et al. ( 2010 ) 

 Treg  Demethylation of  FoxP3  gene promoter in Tregs  Janson et al. ( 2008 ) 
 First intronic CpG region in  FoxP3  gene has decreased 

methylation following TGF-β signalling; after TCR 
signalling increased binding to cyclic-AMP response 
element-binding protein/activating transcription factors 
leads to increased  FoxP3  expression 

 Kim et al. ( 2007 ) 

  FoxP3  methylation profi le distinguishes natural Tregs 
(found in thymus) from those induced by TGF-β (found 
in periphery); upstream enhancer in  FoxP3  gene 
demethylated in natural Tregs (with acetylation of H3) 
and methylated in TGF-β-induced Tregs 

 Lal et al. ( 2009 ) 

 IL-6-induced STAT3-dependent methylation of upstream 
 FoxP3  enhancer, suppressing development of Tregs 

 Doganci et al. ( 2005 ) 

 Antigen-specifi c memory Th 2  cells may redifferentiation 
into functional  FoxP3   +   Treg cells (regulated by TGF-β in 
the presence of retinoic acid and rapamycin) 

 Kim et al. ( 2010 ) 
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(Lovinsky- Desir et al.  2012 ). Maturation of naive T-cells into Th 2  cells involves the 
modifi cation of epigenomic structure of  IL-4  and  IL-13  genes, while differentiation 
into Th 1  cells is accompanied by epigenomic changes in the structure of the IFN-γ 
locus (Agarwal et al.  1998 ).

   Specifi cally, research suggests that Th 1 -cell differentiation is accompanied by 
the progressive demethylation of CpG sites in the  Ifng  promoter (White et al.  2006 ), 
in addition to methylation of a highly conserved DNase I-hypersensitive region at 
the 3′ end of the IL-4 locus (Lee et al.  2002 ). Reports also indicate that in Th 1  cells, 
hyperacetylation of histones H3 and H4 occur at the  Ifng  locus via a Stat4 and T-bet- 
dependent mechanism (Chang et al.  2008 ), with no such pattern observed at the 
IL-4 locus (Fields et al.  2002 ). Chang et al. also found that inhibition of histone 
deacetylase (HDAC) through the T-bet-dependent removal of Sin3A-HDAC com-
plexes, in naive T cells stimulates acquisition of H4 acetylation,  Ifng  transcription 
and ultimately, Th 1  differentiation (Chang et al.  2008 ). 

 Conversely, Th 2 -cell differentiation is accompanied by the appearance of DNase 
I hypersensitive sites with demethylation around these sites within the  IL-4  and 
 IL- 13   promoters (Santangelo et al.  2002 ), and the increased methylation of the  Ifng  
 promoter (Jones and Chen  2006 ). To detail the pathway involved in Th 2  differen-
tiation, Kim et al.  2010 ) reports that STAT6, an important gene in signalling  IL-4  
transcription, possesses enhanced susceptibility to DNA methylation (Kim and 
Lee  2011 ). Another study indicates that the RAD50-hypersensitive site 7 within 
the Th 2   cytokine locus control region (LCR) is subject to demethylation in a 
STAT6-dependent manner and only in cells stimulated under conditions similar to 
that during Th 2  differentiation (Kim et al.  2007 ). Chromatin modifi cations are also 
thought to contribute to the epigenetic mechanisms regulating differentiation of 
naive T-cells into Th 2 -cells. Acetylation of histones H3 and H4 in the  IL-4  and  IL-
13  region (Avni et al.  2002 ) through  GATA3  regulation is found to be important 
in transcription of Th 2 -associated genes (Fields et al.  2002 ). Furthermore, chromatin 
remodelling of the Th 2  LCR gene is important in the regulation and coordination 
of Th 2  cytokine production, airway infl ammation and AHR (Koh et al.). The 
importance of individual HDACs in T-cell differentiation has also been estab-
lished, with a loss of HDAC1 displaying an increase in airway infl ammation, 
mucus hypersecretion and AHR (Grausenburger et al.  2010 ). It was also demon-
strated in this study that HDAC1 is recruited to the  IL-4  gene locus, indicating a 
role of HDAC1 in regulating IL-4 production. Recent advances have indicated that 
there are functionally relevant epigenetic pathways involved in T-cell subset dif-
ferentiation. Allan et al. explored the role of the SUV39H1-H3K9me3-HP1α 
silencing pathway in the control of Th 2 -lineage stability (Allan et al.  2012 ). This 
pathway involves the histone methylase SUV29H1, which regulates the methyla-
tion of histone H3 on the HP1α locus, promotes transcriptional silencing of Th 1  
loci, and ensures naive T-cells follow a pathway towards Th 2  differentiation. 

 A role for Th 17  cells and their associated cytokines have been implicated in the 
immunopathology of asthma (Doe et al.  2010 ). Similar to that observed in Th 1 - and 
Th 2 -differentiation, Th 17 -cell differentiation is found to be regulated, at least in part, 
by epigenetic mechanisms. TGF-β and IL-6/IL-21 have been shown to induce Th 17  

9 Molecular Mechanisms in the Development and Progression of Asthma…



230

cell differentiation (Mangan et al.  2006 ), with gene transcription regulated by  RORγt  
and  Stat5  (Ivanov et al.  2006 ; Laurence et al.  2007 ). Modulations in chromatin 
structure of Th 17 -associated genes have been established in multiple studies. In one 
report, methylation of histone H3K4 independent of any repressive H3K27 modifi -
cations are found at the  IL17a/IL17f  gene promoters (Wei et al.  2009 ) in Th 17  dif-
ferentiation. Another study observed an increase in histone H3 acetylation at the 
 IL17a/IL17f  gene promoters as a result of the Th 17  lineage pathway (Akimzhanov 
et al.  2007 ). Both papers showed signifi cant H3K27 methylation within the  Ifng  
promoter, with an absence of H3 acetylation and H3K4 methylation also observed 
in Th 17 -cells (Wei et al.  2009 ; Akimzhanov et al.  2007 ). Mukasa et al., established 
that chromatin structure of the gene loci involved in Th 17  cell differentiation, includ-
ing  IL17a/IL17f ,  Ifng  and  Rorc , are not stable, but change in response to environ-
mental stimuli (Mukasa et al.). These authors also report that TGF-β (an important 
cytokine implicated in asthma pathogenesis) induces an increase in  IL17a/IL17f  
gene expression through the enhanced methylation of histone H3K4 across the 
locus. The ability of the local cellular environment, in conjugation with chromatin 
remodelling, to regulate Th 17  cell differentiation may indicate an important relation-
ship between disease states and physiological conditions, although this requires 
extensively more research. 

 Regulatory T-cells (Tregs) are central in the maintenance of self-tolerance, with 
the transcription factor FoxP3 crucial for the regulation and expression of active 
Tregs (Ansel et al.  2003 ). Through the regulation of FoxP3 by epigenetic mecha-
nisms, the investigation of Treg cell differentiation has been explored by multiple 
studies. In short, complete demethylation of the conserved  FoxP3  promoter region 
provides stability to FoxP3 expression and commitment to the Treg phenotype in 
humans (Janson et al.  2008 ). Regulation of the methylation profi le in  FoxP3  gene is 
dependent on STAT3, a downstream target for IL-6 during allergic airway infl am-
mation in a murine model following OVA sensitisation (Doganci et al.  2005 ). 
Interestingly, the FoxP3 methylation profi le characterises and distinguishes natural 
Tregs (found in the thymus) from those induced by TGF-β (found in the periphery) 
(Lal et al.  2009 ). Specifi cally, this paper reports that the upstream enhancer in the 
 FoxP3  gene is demethylated in natural Tregs (with acetylation of histone H3) and 
methylated in TGF-β-induced Tregs. TGF-β, a major cytokine implicated in the 
pathogenesis of asthma including the progression to airway remodelling, has been 
shown to have the ability to modulate the methylation profi le of  FoxP3  by decreas-
ing methylation in the fi rst intronic CpG region of the gene (Kim and Leonard 
 2007 ). In addition, following T-cell receptor signalling, an increased binding to 
cyclic-AMP response element-binding protein/activating transcription factor was 
observed, and in this study led to increased expression of  FoxP3  gene. In the context 
of allergic asthma, authors used purifi ed T-cells from the spleen and lymph nodes of 
mice induced to display an allergic airways disease phenotype (through the admin-
istration of OVA) (Kim et al.  2010 ). Results indicated that memory Th 2  cells had the 
ability to redifferentiate into functional FoxP3 +  Treg cells by TGF-β when stimu-
lated in the presence of retinoic acid and rapamycin. 
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 The role of epigenetics in the development of asthma and allergy has been widely 
speculated, with research aimed to establish its signifi cance. Interestingly, factors 
known to be involved in asthma aetiology including, genetic susceptibility and 
exposure to environmental stimuli (in utero and post-natal), have been explored as 
factors involved in modulating the epigenome. Due to this, it is proposed that epi-
genetic modulation and regulation of important pathways, including those involved 
in gene expression and T-cell differentiation play a direct role in disease develop-
ment. Figure  9.2  summarises the interrelationship between epigenetic mechanisms, 
environmental stimuli and genetic susceptibility, with all three factors understood to 
possess a role, at least in part, to asthma pathogenesis. However, the exact role of 
each factor and the precise relationship between such factors are yet to be com-
pletely established and require further investigation.   

9.4     Mechanisms Involved in the Development 
and Progression of Asthma: The Airway Epithelium 

 Under normal circumstances, the airway epithelium containing ciliated columnar, 
mucus-secreting goblet and surfactant-secreting, progenitor Clara cells forms a 
highly regulated and impermeable barrier to environmental insults during respira-
tion (Xiao et al.  2011 ). This barrier serves to maintain tissue homeostasis, and when 
compromised by environmental pathogens activate an immunological response that 
aims to protect the underlying lung tissue (Davies  2009 ). The involvement of the 
epithelium in asthma pathogenesis is thought to be of primary signifi cance, and may 
not simply be a consequence of chronic infl ammation (Hackett and Knight  2007 ). 
During disease exacerbations, an inherently impaired epithelial barrier renders the 
airway susceptible to infection, which in turn stimulates sensitisation and immune 
activation to physiologically innocuous pathogens (Xiao et al.  2011 ) (Fig.  9.3 ). The 
mechanisms, which cause the epithelium to be inherently defective both in its 
increased susceptibility to injury and inability to activate normal repair processes, 
are inadequately defi ned. It may be plausible however, that epigenetic modulation 
in association with exposure to environmental stimuli may render the epithelium 
inherently defective during in utero and post-natal development as previously 
described (Hammad and Lambrecht  2008 ). The direct and intimate involvement of 
the epithelium during asthma development and disease progression is thus, an 
attractive target for current and future research.

   Evidence to suggest that the airway epithelium is inherently defective in human 
asthma patients involves global gene expression profi ling of the epithelium from 
human disease biopsy samples in comparison to that of healthy control samples 
(Kicic et al.  2010 ). The primary disruption of epithelial tight junctions allows patho-
gens to infi ltrate the underlying airway wall, resulting in a complex interaction with 
immune and infl ammatory cells (Holgate  2007 ). Despite the passage of airway epi-
thelial cells of human asthma patients several times, and the separation of these 
cells from any infl ammatory cells or mediators for a prolonged period, it has been 
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demonstrated that these cells are unable to form effectively functioning tight 
 junctions (Wan et al.  2000 ). Furthermore results from the same study measured a 
marked reduction in transepithelial resistance, indicating an increased leakiness. 
Additional studies suggest that cells appear to be less differentiated (Kicic et al.  
 2010 ) and adhesion proteins including E-cadherin, essential for epithelial structure 

  Fig. 9.3    The central role of the epithelium in asthma development and progression. An inherently 
defective epithelium thought to be caused by a combination of genetic, epigenetic and environ-
mental factors in asthma is subject to allergen and/or pollutant sensitisation in utero and/or in 
post-natal development. Sensitisation and subsequent exposure to these allergens induces epithe-
lial cell activation, with these cells possessing increased susceptibility to injury. Through the acti-
vation of epithelial cells, and the direct role of injury to the immune response following pathogen 
invasion, these cells in addition to other infl ammatory cells including fi broblasts, macrophages, 
mast cells and eosinophils release multiple pro-infl ammatory and pro-remodelling growth factors 
and cytokines in order to eliminate the incriminating pathogen and initiate repair responses in an 
attempt to restore the epithelium to full functionality. An upregulation of repair molecules includ-
ing trefoil factor 2, a peptide involved in epithelial restitution leads to an aberrant repair process. 
Goblet cell metaplasia is one such consequence of this aberrant response. Collectively, these events 
characteristic of the inherently defective epithelium in asthma are important for the propagation 
and maintenance of infl ammation and remodelling throughout the airway wall, with a negative 
feedback loop perpetuating disease       
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and cell-to- cell communication, are downregulated within the diseased epithelium 
as compared to control samples (Trautmann et al.  2005 ). An increased susceptibility 
of epithelial cells to oxidant-induced damage and apoptosis (Bucchieri et al.  2002 ), 
and the abnormal expression of several pro-infl ammatory transcription factors 
(Sampath et al.  1999 ) have also been reported in asthma patients compared to 
healthy controls. These fi ndings support the hypothesis that fundamental alterations 
in the epithelial barrier function contribute to the onset and progression of asthma 
(Kicic et al.  2010 ). 

 Activation of epithelial cells following environmental stimuli exposure is a key 
event in the recognition of pathogens that coordinate the subsequent immune 
response. The involvement of dendritic cells in conjunction with the inherently dys-
functional epithelium is thought to be central in allergen sensitisation and presenta-
tion of allergen to circulating T-cells (Lambrecht and Hammad  2009 ). Isolation of 
dendritic cells from the airways of mice exposed to allergen and transferred to naive 
mice induced the production of Th 2  cells which were specifi c to house dust mite, 
which was involved in the initial sensitisation process (Hammad et al.). On the other 
hand, depletion of dendritic cells from the airway of both naive or allergen- sensitised 
mice resulted in the inability to initiate the production of Th 2  cells or the develop-
ment of airway infl ammation when these mice were exposed to the allergen in 
question (van Rijt et al.  2005 ). Upregulation of important cytokines, including thy-
mic stromal lymphopoietin (TSLP), granulocyte-macrophage colony-stimulating 
factor (GM-CSF), IL-25 and IL-33, are important in the initiation of the immune 
response and allergen sensitisation in asthma. Mice exposed to OVA with the over-
expression of GM-CSF induce spontaneous sensitisation and a Th 2 -related response 
(Stampfl i et al.  1998 ). Furthermore, a defi ciency in GM-CSF causes a failure to 
sensitise mice to house dust mite allergen (Cates et al.  2004 ), and attenuates the 
ability of DEP to increase allergic sensitisation (Ohta et al.  1999 ). Interestingly, 
when human epithelial cells collected from asthma patients were cultured, results 
indicated that these cells continuously overproduce GM-CSF (Ritz et al.  2002 ) 
independent of allergen exposure, which suggests that the production of GM-CSF 
may be epigenetically regulated in disease (Ritz et al.  2002 ). Yet once initiated and 
activated, the epithelial response to environmental stimuli are maintained through 
the downstream effects of the initial immune response, including the production of 
important pro-infl ammatory and pro-remodelling cytokines, providing a negative 
feedback loop that can perpetuate damage to the epithelium, and ultimately affect 
disease progression and severity. 

 Due to the innate dysregulation and intrinsic defection of the airway epithelium 
both biochemically and functionary in asthma, it has been shown that these cells 
have an increased susceptibility to injury. Ultrastructural changes, characterised    by 
the sloughing of columnar cells, and goblet cell metaplasia with increased mucus 
secretion and airway plugging occur in the epithelium in association with damage 
and provide evidence of dysfunctional activation in the presence of a predetermined 
stimuli (Hamilton et al.  2001 ). Selective loss of columnar cells is observed in suf-
ferers of asthma and, when compared with that of non-asthmatic subjects, may be 
increased by 15–45 % (Zhou et al.  2011 ). An increased susceptibility to injury is 
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thought to be caused by the predetermined capacity of epithelial cells to activate 
pathways involved in the immune response. Regulation and promotion of epithelial 
cell activation has been shown to be caused by a combination of early life exposure 
to allergen and downstream signalling cascades (Lambrecht and Hammad  2012 ). 
Viral infection of the airway epithelium with respiratory syncytial virus (RSV) or 
cigarette smoke exposure induces the upregulation of toll-like receptor 4 (TLR4) 
expression and promotes its localisation to the cell membrane, which in turn 
increases the responsiveness of epithelial cells to endotoxin (Pace et al.  2008 ; 
Monick et al.  2003 ). In addition, the role of the transcription factor nuclear factor-κB 
(NF-κB) in the expression of multiple infl ammatory cytokines and the activation of 
the epithelium has been established, with mice defi cient in the NF-κB subunits p50 
or p65 displaying reduced responses to endotoxin and exposure to other allergens 
(Yang et al.  1998 ). Newer studies also exhibited the ability of constitutively acti-
vated NF-κB within epithelial cells to activate dendritic cells, cause injury to the 
epithelium itself and promote sensitisation to OVA in a murine model (Ather et al. 
 2011 ). Conversely, inhibition of epithelial expression of NF-κB in mice reduced the 
recruitment of Th 2  cells in the lung and attenuated airway remodelling (Broide et al. 
 2005 ). This increased susceptibility to damage, coupled with defective epithelium 
activation, results in the induction of an ineffective and impaired repair phenotype 
(Holgate  1998 ). 

 Under normal circumstances, a damaged epithelium is able to activate a self- 
repair process with effi ciency (Erjefl t and Persson  1997 ). Injury to the airway epi-
thelium initiates a repair pathway involving the migration, proliferation and 
differentiation of neighbouring undamaged cells (Holgate  2008 ). The ultimate out-
come of such a process involves resolution and return of the tissue to its normal 
structure and function (Davies  2009 ). However, it has become increasingly appar-
ent that this normal repair process is compromised and rendered defective in the 
epithelium of asthma patients. Most interesting is the fi nding that the expression of 
a large number of genes involved in the epithelial repair process was reduced 
(Zhang et al.  2012 ). Additionally, airway epithelial cells have been shown to prolif-
erate at a faster rate than control cells, with asthma samples displaying a dramatic 
impairment in wound healing ability (Stevens et al.  2008 ). In detailed studies, epi-
thelial wounds in airway tissue from asthma patients were unable to close after 10 
days, with a subset of samples found to possess a maximum wound closure of less 
than 70 % 30 days post-wound induction. During normal repair processes, progeni-
tor Clara cells have been shown to proliferate and undergo phenotypic differentia-
tion to re-establish the integrity and functional arrangement of the epithelium 
(Crosby and Waters  2010 ). However, with chronic Clara cell depletion as observed 
in human samples and induced allergic airway disease (AAD) in mice, the ineffec-
tiveness of the repair process during injury is highlighted (Perl et al.  2011 ). 
Downregulation of the  primary extracellular protein fi bronectin observed in dis-
eased epithelial cells demonstrates the signifi cant impairment of repair processes in 
wound healing (Kicic et al.  2010 ) as this protein profoundly infl uences the survival, 
proliferation and  differentiation of epithelial cells in physiological conditions 
(Zahm et al.  1991 ). Knocking down of fi bronectin expression in healthy airway 
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epithelial cells in vitro resulted in a signifi cant impairment in wound healing, with 
addition of fi bronectin to the same cells reversing the impairment, and restoring the 
capacity of these cells to self- repair. Furthermore, a normal response to epithelial 
injury includes the upregulation of receptors that drive proliferation and repair, 
including members of the epithelial growth factor receptor (EGFR) family (Le Cras 
et al.  2011 ). Despite the fi nding that expression of EGFR is markedly increased, 
especially in areas of columnar cell loss (Amishima et al.  1998 ), this upregulation 
does not correlate with the proliferative response of repairing cells (Puddicombe 
et al.  2000 ). Accordingly, this data demonstrates that the response to injury and the 
repair process that ensues is dysregulated in the epithelium of patients diagnosed 
with asthma. 

 Following environmental stimuli-induced injury, the epithelium provides the 
microenvironment for persistent and chronic infl ammation and the irreversible 
structural alterations of airway remodelling (Xiao et al.  2011 ). The interactions and 
signalling observed between epithelial, mesenchymal, neural and ECM cells are 
necessary to initiate numerous functions in the lung, allowing an exchange of infor-
mation between these elements in response to various stimuli (Evans et al.  1999 ). 
The activation of aberrant repair pathways and the production of numerous growth 
factors and cytokines are thought to be central to the severity, pathology, therapeutic 
response and long-term outcome of disease (Holgate  1998 ). The mechanisms, 
which cause the epithelium to be inherently defective both in its increased suscepti-
bility to injury and inability to activate normal repair processes, are inadequately 
defi ned. A combination of environmental, genetic and epigenetic factors is thought 
to contribute, yet their exact involvement is yet to be elucidated. The diffi culty in 
establishing the complex interaction between these factors in the development of 
disease has led research to focus on targeting asthma progression and the ability to 
attenuate and/or reverse epithelial dysfunction.  

9.5     Trefoil Factor 2 

 TFF2 is one of the three known mammalian trefoil peptides (White  2001 ). Small 
and protease resistant, these proteins are well established as protective molecules in 
the gut (Franic et al.  2005 ). Specifi cally, TFF2 is produced by intestinal epithelium 
and promotes repair by mediating epithelial restitution and inhibiting apoptosis 
(Hoffmann  2005 ). Studies utilising methods of gene disruption to generate mice 
defi cient in TFF2 indicate that this protein promotes gastric mucosal healing through 
the inhibition of acid secretion and stimulation of mucosal proliferation (White 
 2001 ). Interestingly, TFF2 is upregulated in diverse pathologic conditions of the 
gastrointestinal tract, including at the sites of gastric and duodenal ulceration, and 
Crohn’s disease (Wright  1993 ). Yet despite this upregulation, the dissolution of epithe-
lial integrity is a consistent feature of these gastrointestinal conditions. In an attempt 
to explain the cause of such a phenomenon, research suggests that while short-term 
upregulation of TFF2 appears to be benefi cial in epithelial repair processes, chronic 
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upregulation may in fact contribute to pathologically signifi cant events, including the 
progression to gastric cancer formation (White  2001 ). With some reports demon-
strating an upregulation of TFF2 expression in the gastric tissue of chronically 
infected H. Pylori mice (Nomura et al.  2005 ) and in patients with H. Pylori-
associated chronic gastritis and gastric cancer (Hu et al.  2003 ; Leung et al.  2002 ). 
Nevertheless, the mechanisms involved in the upregulation of TFF2 in numerous 
chronic pathological conditions and tumour formation have yet to be established in 
the gastrointestinal tract setting, with its functional capacity questioned as this 
observed upregulation is unable to prevent epithelial injury and mediate a normal 
repair response that re-establishes normal barrier structure and function. Further 
studies are required to understand this phenomenon in the gastrointestinal tract, 
which would further benefi t research in understanding the role of TFF2 in the 
airway. 

 The role of TFF2 in the lung is less established, with its expression only more 
recently documented in the epithelial cells of human and animal lung (Kuperman 
et al.  2005 ; Nikolaidis et al.  2006 ). Studies suggest that TFF2 in the lung possesses 
a similar protective function to that expressed in the gut. TFF2 is found to have the 
capacity to promote cell migration of human epithelial cells and activation of rapid 
repair mechanisms in response to injurious stimuli in the lung (Oertel et al.  2001 ). 
Furthermore, TFF2 has been observed to enhance airway epithelial cell survival 
during restitution processes by inhibiting apoptosis and promoting angiogenesis 
(Hoffmann  2005 ). It is therefore plausible to hypothesise that TFF2 plays a key role 
in the initiation and/or progression of airway remodelling in asthma (Royce et al. 
 2011 ). However, the exact role of TFF2 in pathogenesis and its contribution to such 
structural alterations in this disease remains to be elucidated. 

 Previously, studies have demonstrated the rapid induction of TFF2 by mucus 
positive airway epithelial cells with expression not contributing to the regulation of 
the infl ammatory response in a mouse model of acute airway infl ammation 
(Nikolaidis et al.  2006 ). However recent reports suggest that TFF2 has an important 
role in the regulation of IL-33 at mucosal surfaces and the development of the type 
2 allergic immune response in the lung following allergen exposure (Wills Karp 
et al.  2012 ). Specifi cally, TFF2 promotes IL-33 release from lung epithelia and 
alveolar macrophages initiated be an injurious event, which in turn is thought to be 
required for the production of major infl ammatory cytokines IL-4 and IL-13, and 
AHR. Thus in light of these recent fi ndings, TFF2 may have the capacity to mediate 
both infl ammatory events and epithelial restitution processes in the lung in response 
to allergic insult. 

 Although expression of TFF2 is increased in asthma, it does not lead to an appro-
priate repair response and restitution of epithelium to normal functionality (Holgate 
 2000 ). Upregulation of TFF2 in asthma fails to prevent the progression of airway 
infl ammation and epithelial remodelling changes suggesting that this expression 
change may be insuffi cient to prevent chronic epithelial injury and/or promote nor-
mal repair processes. Furthermore, the upregulation of pro-infl ammatory and pro- 
remodelling mediators may override the potential benefi ts associated with increased 
TFF2 expression. Alternatively, there may be a failure to downregulate TFF2 
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expression after restitution, with the consequence that epithelial cells are inappro-
priately ‘held’ in a repair phenotype (Holgate  2000 ). Similar to research concerning 
the gastrointestinal tract, further studies are required to establish the exact mecha-
nisms that upregulate TFF2 in asthma and the role of this upregulation in disease.  

9.6     Novel Therapeutic Strategies in Asthma 

 As support for the role of epigenetic modulation in allergy and asthma continues to 
strengthen, the capacity to alter these changes has proven to be an attractive target 
for future therapeutic research. The clinical utility of HDAC inhibitors (HDACi) in 
oncology are relatively well characterised, with the mechanisms associated with 
their anticancer effects involving cell death and apoptosis, differentiation, decreased 
migration and invasion, and cell cycle arrest (Bolden et al.  2006 ). The role of 
HDACs in asthma has also been widely reported, with HDAC expression and activ-
ity of class I enzymes HDAC1 and HDAC2, decreased in bronchial biopsies from 
patients with asthma compared with normal subjects (Ito et al.  2002 ). In addition, 
decreased HDAC activity was implicated in alveolar macrophages and peripheral 
blood mononuclear cells in patients with asthma than in control subjects (Cosio 
et al.  2004 ). Conversely both studies report an increase in HAT activity in patients 
with asthma (Ito et al.  2002 ; Cosio et al.  2004 ). Interestingly, the molecular mecha-
nisms and actions of corticosteroids involves downregulating the expression of 
multiple infl ammatory genes by reversing the increased HAT activity observed in 
asthma, through the recruitment of HDAC2 (Barnes  2006 ). Furthermore, corticoste-
roid insensitivity (resistance) has been correlated with a reduction in HDAC activity 
in patients with asthma (Hew et al.  2006 ). Collectively, these fi ndings suggest that 
HDACi may have a therapeutic benefi t in reducing the severity of disease exacerba-
tions through their ability to activate HDACs in order to attenuate the expression of 
numerous infl ammatory genes. 

 Preliminary animal studies involving a number of general HDACi have indicated 
a potential for their use in asthma. In one report, mice sensitised and subsequently 
challenged with OVA to exhibit an AAD phenotype were administered with a rep-
resentative HDACi, Trichostatin A (TSA) (Choi et al.  2005 ). Results indicate that 
TSA attenuates AHR and infl ammation following methacholine administration. 
However, a recent study involving mice sensitised and challenged with  A. fumigates  
disputes the fi nding that TSA has anti-infl ammatory properties (Banerjee et al. 
 2012 ). In contrast, the ability of TSA to inhibit drug-induced bronchoconstriction 
was validated in this study in both the murine model and in human lung samples. 
Inhibition of drug-induced constriction in in vitro studies involving the administra-
tion of suberoylanilide hydroxamic acid (SAHA) to isolated guinea pig tracheal 
rings has also been published (Assem et al.  2008 ). The administration of the broad-
spectrum HDACi, valproic acid was administered to AAD mice (induced through 
OVA sensitisation and exposure) in order to evaluate its capacity to attenuate the 
important characteristics of asthma (Royce et al.). Although valproic acid treatment 
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was found not to affect infl ammatory cell or infi ltrate counts, administration resulted 
in reduced epithelial thickness and subepithelial collagen deposition when com-
pared to vehicle- treated mice. In confi rmation of previous fi ndings, valproic acid 
also attenuated methacholine-induced AHR. Taken together, these results show the 
ability of HDACi to reverse drug-induced bronchoconstriction, with further research 
required to establish the ability of this class of drugs in reducing airway infl amma-
tion and remodelling changes. 

 The epithelium has been shown to be central in asthma pathogenesis, through its 
ability to activate the immune response, and propagate and maintain airway infl am-
mation and remodelling. Through its ability to connect the molecular mechanisms 
involved in the development and progression of asthma pathogenesis, the epithe-
lium is an attractive target for therapeutic research. Involved in epithelial restitution 
in the airway, TFF2 has been shown to be upregulated in asthma with endogenous 
expression levels seemingly inadequate to protect and/or reverse epithelial damage 
caused by invading pathogens. Interestingly, TFF2 has been shown to be important 
in the regulation of airway remodelling in two murine models of AAD (Royce 
et al.). In this study, TFF2-defi cient AAD mice (AAD induced by either OVA or 
 A. fumigates ) exhibited increased goblet cell metaplasia, increased subepithelial 
fi brosis deposition (in both models) and increased epithelial thickness (in  A. fumi-
gates  model). Thus, it is shown that TFF2 has the capacity to attenuate important 
epithelial and subepithelial remodelling events, characteristic of chronic, severe dis-
ease. A pilot study examining the effect of exogenous TFF2 treatment in a chronic 
OVA AAD model in mice support the contention that endogenous TFF2 fails to 
prevent epithelial injury and promote reparation (Royce et al. 2012). Despite no 
signifi cant difference in the infl ammatory response reported between TFF2-treated 
and untreated chronic AAD mice, important remodelling changes including goblet 
cell metaplasia, and lamina reticularis thickness was signifi cantly attenuated with 
such treatment. Furthermore, bronchial epithelial apoptosis and AHR was signifi -
cantly reduced following exogenous TFF2 treatment. Similar to those fi ndings 
involving the administration of HDACi to animal models of AAD, further investiga-
tion is required to establish the capability of exogenous TFF2 in diminishing the 
infl ammatory response, decreasing AHR and attenuating the structural alterations 
that constitute airway remodelling.  

9.7     Conclusion 

 As prevalence, complexity and severity of asthma continues to increase on a global 
scale, despite advances in medicine and the understanding of disease, the importance 
of elucidating its development and pathogenesis is emphasised. The molecular het-
erogeneity of the disease is thought to be contributed to a combination of genetic, 
epigenetic and environmental factors. The role of genetic susceptibility and inheri-
tance, and the exposure to various environmental pathogens in utero and in post-natal 
development have been widely studied in the acquisition of an asthma phenotype. 
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Epigenetic regulation, modulated through interactions with genetic and  environmental 
factors, has been explored in an attempt to explain the dramatic increase in incidence 
over the last decade. Modulation of the epigenome in the regulation of important 
asthma-associated pathways, including gene expression and T-cell differentiation is 
thought to play a direct role in conferring asthma susceptibility, development and 
progression. In addition, an inherently defective epithelium is thought to be of pri-
mary signifi cance. It is hypothesised that the epithelium has the capacity to propa-
gate and maintain remodelling and infl ammatory changes, through its altered 
communication with the underlying mesenchyme. TFF2, known to be involved in 
epithelial restitution has previously been shown to be upregulated in asthma. Despite 
this, increased expression fails to lead to complete restoration of the epithelium to 
normal functionality. By understanding the limited knowledge available, we aim to 
establish the mechanisms involved in the pathogenesis of asthma, and more specifi -
cally determine the roles of epigenetic modulation, the epithelium and TFF2 in dis-
ease. This chapter discussed the inadequacy of current research and provided the 
rationale to focus on targeting these mechanisms for future therapies.     
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    Abstract     In an attempt to diagnose and treat highly complex and often heterogeneous 
diseases, research aims to utilise the modifi able properties of nano-sized particles. 
Properties such as size, shape, charge, hydrophobicity, and surface chemistry may 
be altered in order to facilitate and promote targeted cellular uptake. Following the 
fi rst FDA-approved nanotherapeutic in 1990, more than 40 have been marketed 
worldwide with multiple nano-based medicines currently in development. Despite 
promising results, translation from pre-clinical experimentation to a clinical setting 
has proven to be diffi cult. In theory, nanoparticles are designed to possess character-
istics which address many of the challenges associated with current clinical prac-
tices, such as low toxicity, stability, biocompatibility, favourable distribution within 
target tissue, and benefi cial pharmacokinetic profi les. However, the complexity in 
the identifi cation of the ideal properties which result in such characteristics is inher-
ent of any therapeutic research, especially one as novel and relatively progressive. 
The development of nanoparticles for localised and systemic delivery to the lung in 
the treatment of respiratory disease also shows great potential. Due to the highly 
effi cient clearance mechanisms in the lung, the ability for therapeutics to success-
fully deposit in the respiratory tract is a major challenge. Yet a correlation between 
exposure to environmentally and occupationally derived ultrafi ne (nano-sized) 
particles and respiratory disease has been established. By confi rming that ultrafi ne 
particles have the capacity to deposit in parts of the lower respiratory tract to 
elicit a response albeit toxic, such epidemiological studies provide rationale for the 
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development of nano-based pulmonary therapeutics. Although there has been little 
effort in designing nanoparticle systems for the treatment of lung disease including 
asthma, current research involves the development of nanocarriers for clinically rele-
vant asthma drugs and antigen (for immunotherapy). With this, continued advance-
ments in the understanding of human disease including asthma, coupled with knowledge 
regarding interactions between nanoparticle and cell/tissue systems, are required and 
provide the platform for nano-based therapeutic and diagnostic research.  

  Keywords     Nanoparticles   •   Drug delivery   •   Nanomedicine   •   Tissue regeneration   • 
  Diagnostics   •   Biomedical imaging   •   Asthma   •   Respiratory diseases  

10.1         Introduction 

 The application of nanoparticles in medicine involves diagnosis, treatment, disease 
prevention, reparation following injury, pain relief and the preservation and improve-
ment of human health, using knowledge at the molecular level (Koutsopoulos  2012 ). 
Nanoparticles, sized between 1 and 200 nm are defi ned as small molecular units of 
compound which behave with distinct biological activity (Jiang et al.  2008 ). 
Personalisation of medicine and the individualisation of patient care have become 
the prevailing theory in therapeutic and diagnostic research, as scientists aim to treat 
highly complex and heterogeneous diseases, including asthma. In an attempt to apply 
such a theory to current medical practice, nanoparticles are thought to have the poten-
tial to address many of the associated challenges. It requires the development of new 
materials by engineering molecules at the nanoscale which will interact with the dis-
eased cells, organelles, and/or tissues (Koutsopoulos  2012 ). By focusing on the use of 
nanoparticles in the treatment of obstructive respiratory diseases including asthma, 
this chapter highlights the potential of nanomedicine, and provides the rationale to 
continue research in this highly evolving and exciting fi eld.  

10.2     Nanoparticles in Medicine 

 The use of nanotechnology in medicine, coupled with the continued advancement 
in the understanding of human disease, has become the proposed basis in a number 
of therapeutic and diagnostic applications. The most important of these include the 
use of nanoparticles in (1) drug delivery, (2) tissue regeneration and (3) diagnostic/
imaging applications. 

 The properties of nanoparticles in medicine promote and facilitate rapid cellular 
uptake. Furthermore, the thorough knowledge of nanoparticle chemistry is essential 
for engineering nanoparticles for useful therapeutic and imaging applications. 
Such nanoparticles should possess properties such as low toxicity, stability, bio-
compatibility, favourable distribution within tissue and benefi cial pharmacokinetic 
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profi les (Kim et al.  2013b ). Through the understanding of how the physiochemical 
properties of nanomaterials, such as size, shape, charge, affi nity to water, protein 
adsorption and particle surface (Stark  2011 ) affect their interaction with biological 
systems, their development to become clinically signifi cant nanomedicines may be 
achieved. Interestingly, the greater surface area per mass compared with larger 
particles of the same material or chemistry renders nanoparticles more biologically 
active (Oberdorster et al.  2005 ). Table  10.1  provides a summary of the most impor-
tant properties that may be manipulated in the design process of nanoparticle 
engineering.

   The physical and chemical structure of nanoparticles is important in determining 
its propensity to enter and/or bind to target cells, with the capacity to interact with 
their biological machinery and elicit a response. Although it was demonstrated that 
all nanoparticles within the 2–100 nm size range facilitated a change in the signal-
ling processes essential for cellular function, 40- and 50 nm nanoparticles are found 
to have the greatest effect (Jiang et al.  2008 ). Indeed, this size was established to be 
the optimal diameter for spherical nanoparticles, including those with a core of 
gold, silica and carbon (Chithrani and Chan  2007 ; Lu et al.  2009 ; Jin et al.  2009 ). 
Each particle acts as a scaffold, with its shape and orientation determining its inter-
actions with the target and infl uencing uptake into cells (Albanese et al.  2012 ). 
The synthesis and ordering of particles larger than 100 nm with differing structural 
shape, based on total cellular uptake determined that rods have the highest capacity 
for uptake, followed by sphere, cylinders and cubes (Gratton et al.  2008 ). Studies 
using gold nanoparticles of 100 nm and smaller (ideal size for medical applica-
tions), however presented results where spherical particles possess a signifi cant 
advantage over rods (Qiu et al.  2010 ; Chithrani and Chan  2007 ). More specifi cally, 

   Table 10.1    Summary of nanoparticle properties and their ideal nature for cellular uptake   

 Property  Description  Reference 

 Size  Optimal size of 40–50 nm nanoparticles in cellular 
uptake 

 Jiang et al. ( 2008 ), Thorek 
and Tsourkas ( 2008 ) 

 Shape  Determined by the target receptor/cell/molecule/DNA 
sequence; dictates ability in specifi c cellular uptake 
and alter the time within cell 

 Chithrani and Chan ( 2007 ), 
Qiu et al. ( 2010 ), 
Gratton et al. ( 2008 ) 

 Charge  Neutral nanoparticles minimise non-specifi c cellular 
interactions 

 Verma and Stellacci ( 2010 ), 
Thorek and Tsourkas 
( 2008 ), Wang et al. 
( 2010 ) 

 Evidence of cellular uptake of negatively charged 
nanoparticles despite unfavourable interaction with 
negatively charged cell membrane 

 Positively charged nanoparticles have greatest 
effi ciency in cellular uptake (primarily researched 
for carriers in drug- and gene- delivery) 

 Affi nity to 
water 

 Hydrophilic and water-soluble nanoparticles are ideal  Verma and Stellacci ( 2010 ) 

 Particle 
surface 

 Ligands bound to nanoparticle surface in order to bind 
to target dependent on the nature, structure and 
function of the target 

    Kim et al. ( 2009 ), Perrault 
et al. ( 2009 ) 
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it was found that spherical gold nanoparticles of similar size entered cells with 500 % 
more effi ciency, compared to their rod-shaped counterparts due to the greater time 
required for internalisation (Jiang et al.  2008 ). In addition to particle size and shape, 
its charge relative to the microenvironment, is important in determining its fate. 
While neutral nanoparticles are ideal in the prevention of unwanted and/or toxic 
cellular–nanoparticle interactions, most charged nanoparticles are responsible for 
active cellular interactions (Verma and Stellacci  2010 ). When compared to neu-
trally- or negatively charged nanoparticles, positively charged nanoparticles exhibit 
a faster uptake rate (Thorek and Tsourkas  2008 ). Due to the slight negative charge 
of the cell membrane, it is suggested that cellular uptake of positively charged 
nanoparticles is driven by electrostatic attractions (Wang et al.  2010 ), with these 
nanoparticles favouring adhesion onto the cell surface. Conversely, clearance of such 
nanoparticles in an in vivo setting highlights the diffi culty in producing a nanoparticle 
with ideal properties. For instance, neutral nanoparticles persist in the body, while 
positively charged nanoparticles are cleared most quickly from the blood (Cedervall 
et al.  2007 ). This rapid clearance may be avoided with the addition of poly(ethylene)
glycol (PEG) to the surface of nanoparticles, which gives them the ability to evade 
opsonisation regardless of surface charge (Perrault et al.  2009 ). 

 The interaction between nanoparticles and their surrounding microenvironment 
is determined by the particle surface and the nature of the cellular target, in effect 
infl uencing cellular uptake, gene expression and toxicity (Albanese et al.  2012 ). 
The surface chemistry and its functionalisation provide an effective way to control 
the interface between the nanoparticle and the biological system (Kim et al.  2013b ) 
through the capacity to determine and control receptor binding (Lynch et al.  2007 ). 
A wide variety of synthetic and natural ligands have been attached to the surface of 
nanoparticles in order to dictate the cellular response. A study examined gold 
nanoparticles, with surface modifi cations based on the addition of oligonucleotides 
and their ability to be internalised by murine endothelial cells (Rosi et al.  2006 ). 
Although negatively charged (previously demonstrated to be poorly internalised) 
these nanoparticles were shown to be readily taken up by the cells with the capacity to 
regulate gene expression. Further analysis using a fl uorescence-based assay method 
revealed absorption of serum proteins on the nanoparticle surface through electrostatic 
and hydrophobic interaction with the cell membrane (Giljohann et al.  2007 ). 

 Due to the exploitable nature of each property in the development and engineering 
of nanoparticles, uptake within the cell and the location of deposition may be deter-
mined. Furthermore, nanoparticle design establishes their behaviour and the direct 
or indirect interaction with the biological target. These interactions may be benign, 
benefi cial or lead to dysfunction in proteins, genes and cells (Kim et al.  2013b ). 
Nanoparticles may enter cells via two major endocytic mechanisms: phagocytosis 
and pinocytosis (Conner and Schmid  2003 ). The way in which cellular uptake 
occurs is strongly dependent on nanoparticle surface chemistry, as well as specifi c 
cell surface receptors (Kim et al.  2013b ). The most important cellular uptake mech-
anism for application in nanomedicine is micropinocytosis which occurs in all 
cell types, but varies according to the accompanying mediator (Kumari et al.  2010 ). 
Two distinct pathways exist; the fi rst involves micropinocytosis mediated by 
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clathrin, caveolae/lipid raft and/or independently of clathrin/caveolae (Fig.  10.1 ). 
A dynamin-dependent endocytosis pathway has been proposed as a possible inde-
pendent transport mechanism (Mayor and Pagano  2007 ). Interestingly, a recent 
study produced results that indicated a distinct difference between the way in which 
an array of cationic gold nanoparticles (differing in surface chemistry) entered can-
cer and normal cells (Kim et al.  2013b ). For example the gold nanoparticle labelled 
NP2 by the authors, entered the cancer cell line HeLa via a caveolae- dependent 
pathway, in comparison to the normal cells (MCF10A cell line) which utilised both 
a scavenger receptor-dependent and dynamin-dependent pathway for its uptake. 
Through this discovery, it has been shown that there is a capacity to engineer 
nanoparticles based on the target cell uptake mechanisms in order to increase selec-
tivity for medical applications.

10.2.1       Nanoparticles in Drug- and Gene-Delivery 

 The transportation of therapeutic compounds to a target site has proven to be diffi -
cult with conventional methods. Systemic drug administration is characterised by 
limited effi cacy, poor pharmacokinetics and lack of selectivity (Nevozhay et al. 
 2007 ). It is proposed that these limitations may be overcome by controlling 
drug delivery, with nanoparticle drug carriers shown to have the greatest potential. 

  Fig. 10.1    Important cellular uptake mechanisms in nanomedicine. Cellular uptake of nanoparticles 
via three major endocytic (micropinocytosis) mechanisms differing in accompanying mediator: 
( a ) caveolae/lipid raft-dependent, ( b ) clathrin-mediated and ( c ) clathrin/caveolar independent 
(unknown mediator). A dynamin-dependent pathway has been proposed as a possible independent 
transport mechanism. The uptake mechanism used is largely dependent on the interaction between 
cell type and/or state, and the physical and/or chemical nature of the nanoparticle itself       
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It allows for the specifi c release of drug at the site of disease with minimal systemic 
exposure (May and Li  2013 ). The ability to engineer nanoparticles with specifi c physi-
cochemical and biological properties makes them favourable for this application. 

 Utilising knowledge of disease pathogenesis at the molecular scale, nanoparticle 
drug carriers may target specifi c cell types while preventing unnecessary treatment 
of healthy tissue, and thus in turn, minimise toxicity (Paulo et al.  2011 ). Nanoparticles 
may have the capacity to protect a drug, protein or gene from enzymatic degradation 
and pH hydrolytic effect (Akagi et al.  2011 ), allowing its contents to be delivered in 
a complete functional state to integrate or elicit a cellular response (Slowing et al. 
 2007 ). For instance, composition of γ-PGA nanoparticles encapsulating ovalbumin 
(OVA) has been shown to affect cellular uptake and intracellular degradation (Akagi 
et al.  2011 ). Soluble OVA taken up by RAW264 cells was degraded signifi cantly 
faster than the OVA within the nanocarrier. In turn, this capability enhances drug 
concentration in target tissues, and therefore lowers the dose of drug required 
(Wilczewska et al.  2012 ). An example involves the administration of curcumin as a 
potential anticancer drug (Strimpakos and Sharma  2008 ). A dose–response study of 
curcumin reports that its detection in plasma was found to be in only two of twenty- 
four healthy subjects following dosage of 10–12 g oral curcumin (Lao et al.  2006 ). 
Yet it has been established that an intake of more than 8 g per day was not acceptable 
to patients (Cheng et al.  2001 ). A study conducted using nano-based drug delivery of 
curcumin (Theracurmin) demonstrates a ninefold increase in bioavailability in a rat 
model (Shaikh et al.  2009 ). Administration of Theracurmin (150 mg) to healthy 
human subjects observed plasma curcumin levels comparable to the level after intake 
of 8 g of conventional curcumin without increasing toxicity (Kanai et al.  2012 ). 

    It is also proposed that nanocarriers may aid in overcoming drug resistance by 
concealing the therapeutic compound from cellular effl ux or intracellular destruction 
(Wang et al.  2010 ). Edelfosine (ET), a prototype of a promising class of anticancer 
drugs known as synthetic alkyl-lysophospholipids, has been shown to selectively 
target tumour cells through its ability to induce a rapid apoptotic response (Mollinedo 
et al.  1997 ; Selivanov et al.  2010 ). Despite this, in vitro studies using the cell line 
K562 established from a patient with chronic myeloid leukaemia have shown resis-
tance to the drug. In support, other authors demonstrate a slower internalisation rate 
of ET in resistant cells (K562) than in those cells sensitive to ET (HL-60) (Tsutsumi 
et al.  1998 ). A recent study using lipid nanoparticles as a drug carrier for ET pro-
duced positive results, which indicate that using a lipid nanocarrier allowed for the 
internalisation of the drug in both sensitive and resistant leukaemia cells (Lasa-
Saracíbar et al.  2013 ). Moreover, the lipid nanoparticles preserve the apoptotic 
effect of ET through caspase activation and other unknown pathways in both 
ET-sensitive and -resistant cells. 

 Immunomodulatory and stem cell therapies may also be enhanced by nanopar-
ticle drug carriers of compounds that would otherwise be limited due to cellular and 
biological constraints (Das et al.  2008 ; Maia et al.  2010 ). Tolerance acquisition to 
rapamycin, used as an immunosuppressive drug following allograft transplantation 
(Tullius et al.  2001 ), has emerged due to long-term administration (Heesom et al. 
 1998 ). Its mechanism of action involves the inhibition of T cell proliferation in 
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response to growth factors, and inhibits B cell activation (Abraham and Wiederrecht 
 1996 ). The drug is also known to affect dendritic cell function by inhibiting antigen 
uptake (Monti et al.  2003 ) and inducing apoptosis in these cells (Woltman et al. 
 2003 ). The encapsulation of rapamycin in poly( d , l -lactic-co-glycolic acid) (PLGA)-
nanoparticles has been reported to have the capacity to downregulate ICAM-1, an 
important adhesion molecule for T cell polarisation (Das et al.  2008 ). In addition, 
the delivery of rapamycin by a nanocarrier allows for the maintenance of an 
immunosuppressive state when compared to free rapamycin. Retinoic acid, import-
ant in the neuronal cell differentiation from progenitor cells (Kim et al.  2009 ), has 
been shown to have poor water solubility, and a complex transportation system to 
deliver it to the cell nucleus (Guan et al.  2001 ). Maia et al., engineered polyethyleni-
mine (PEI) and dextran sulphate nanoparticles to act as a nanocarrier for retinoic 
acid and determined their capacity to deliver the molecule to neural stem cells 
(Maia et al.  2010 ). They report effective loading of retinoic acid into their formulation, 
with rapid uptake by immature murine neuronal cells leading to their differentiation 
into neurons. It was also shown that the concentration of retinoic acid required to 
elicit a neurological response was signifi cantly lower when the molecule was inter-
nalised in nanoparticles when compared to its free form. Although the benefi ts of 
nanocarriers in drug- and gene-delivery seem to be infi nite, the diffi culty in the 
translation of in vitro and in vivo studies to a clinical setting should not be underes-
timated. However due to the developments already made in this fi eld, continued 
research into the delivery of therapeutic compounds using nanoparticles is vital for 
possible future applications.  

10.2.2     Tissue Regeneration Using Nanoscale Subcomponents 

 Through the incorporation of genes, proteins and/or cells within nano-sized particle 
systems, it is proposed that human tissue may be regenerated following disease- 
induced injury (Koutsopoulos  2012 ). The ultimate goal in this area centres on the 
engineering of a nano-based scaffold that not only provides structural support for 
cell integration but also has the capacity to regulate cell proliferation, differentiation 
and migration to form functional tissue (McMahon et al.  2012 ). 

 In order to achieve this, it is accepted that the scaffold must mimic the physiolog-
ical and mechanical properties of the native microenvironment (Koutsopoulos 
 2012 ). The best illustration of this involves the regeneration of the skin’s dermal 
layers following injury. The dermis is a collagenous layer, composed of extracellu-
lar matrix (ECM) fi bres which are sized at the nanoscale (30–130 nm) (Nelson and 
Tien  2006 ). ECM also functions as a modulator of cell proliferation, migration, 
differentiation and apoptosis, with the capacity to provide structural support and 
facilitate nutrient transport and diffusion (Vracko  1974 ). Through the production of 
a nanoparticle scaffold that emulates physiological conditions and tissue properties 
(such as ECM architecture), the engineered system may promote cell proliferation, 
migration and attachment with clinically benefi cial applications, assisting the 
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processes of healing and regeneration (Kim et al.  2013a ). These systems for the 
regeneration of the dermis have been investigated at a preliminary stage with positive 
results. The fabrication of mesh fi bre scaffolds of poly(caprolactone) (PCL) through 
a method of electrospinning have been engineered and tested for its ability to mimic 
natural ECM and to examine cellular behaviour and the interaction between cells 
and this nanofi bre matrix (Venugopal and Ramakrishna  2005 ). It was found that this 
scaffold aided fi broblast proliferation in comparison with control tissue culture 
plates after 72 h. In summary, this investigation established that a PCL-coated 
matrix may be suitable as a biodegradable scaffold for fi broblast proliferation and 
migration, with the ability to support the attachment and growth of human dermal 
fi broblasts in vitro. A similar experiment was conducted using dextran/PLGA elec-
trospun nanofi bre scaffolds, with mouse dermal fi broblasts demonstrating cellular 
attachment, migration and survival within the scaffold itself (Pan et al.  2006 ). 
Naturally derived nanofi bre scaffolds have also been tested with comparable results, 
including those engineered from silk fi broin nanofi bres (Min et al.  2004 ) and chitin 
(Noh et al.  2006 ) with human keratinocytes and fi broblasts.  

10.2.3     Diagnostic and Bio-Imaging Applications 
of Nanoparticles 

 The advancement in the use of imaging techniques to identify, monitor and treat 
disease has allowed for the relatively non-invasive, quantitative and real-time visu-
alisation of tissue, its morphology and function. In order to reveal physiological and 
pathological changes at the cellular level, imaging is required to be highly sensitive 
and specifi c. 

 Through the utilisation of the general properties associated with nanomedicine, 
nanoparticles have been engineered as probes and contrasting agents in the imaging 
process. Nanoparticle design and synthesis, especially its core composition, is based 
upon the principles of the imaging technique and its method of detection. For exam-
ple, nanoparticles used in magnetic resonance imaging (MRI) require paramagnetic 
or superparamagnetic materials to induce contrast, utilising this knowledge through 
the labelling of such particles with gadolinium ions (Mulder et al.  2006 ) or iron 
oxide cores (McCarthy et al.  2007 ). Conversely, for computed tomography (CT) 
scanning which requires the attenuation of X-rays, nanoparticle contrasting agents 
are based on elements such as gold (Kim et al.  2007 ), bismuth (Rabin et al.  2006 ) or 
iodine (Hyafi l et al.  2007 ). It is also rationalised that due to the size of nanoparticles, 
their capacity for wider distribution with less hindrance by biological barriers may 
aid in the identifi cation of disease which remains undetected when more crude 
imaging methods are used. The ability to modify the physiochemical properties of 
nanoparticles, through a number of functional substitutions, has allowed for their 
use as probes to enhance tissue contrast and investigate specifi c biological changes 
in vivo (Minchin and Martin  2009 ). To demonstrate, the imaging of fi ne vessels in 
mice by MRI using gadolinium-conjugated polyamidoamine nanoparticles showed 
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that the total number of gadolinium substitutions is important to determine optimal 
contrast (Sato et al.  2001 ). Additionally, nanoparticles engineered to cross the blood 
brain barrier with functionalised carbohydrate, and an iron oxide core (van Kasteren 
et al.  2009 ), have the capacity to image important components and processes of the 
brain rendered defective in many neurological diseases. 

 Exploitation of knowledge in disease pathology permits engineering of nanopar-
ticles with a functional surface to target specifi cally. For instance, nanoparticles 
deliberately modifi ed with surface folate have been shown to accumulate in cancer 
cells that over-express a folate transporter (Rossin et al.  2005 ). Rossin et al. demon-
strated this folate targeting with  64 Cu-labelled nanoparticles for positron emission 
topography (PET) imaging of tumour xenografts in mice. Similarly, folate- 
conjugated paramagnetic iron oxide nanoparticles for MRI have been developed 
with comparable results (Choi et al.  2004 ). More recently, nanoparticles conjugated 
with folic acid and 4-ethylnyl- N -ethyl-1, 8 were tested for the targeting of the folate 
receptor on human cancer cell lines injected in mice (Hou et al.  2011 ). Results veri-
fi ed the use of folate-targeting nanoparticles in tumour targeting and imaging, with 
specifi city and accumulation in tumour site indicated. Another example involves the 
addition of tripeptide arginine-glycine-aspartic acid (RGD) molecules on the sur-
face of nanoparticles in order to target sites of angiogenesis, utilising the interaction 
between RGD and over-expressed (in cancer) integrins and cell surface proteins 
including fi bronectin. Through the production and application of RGD-labelled per-
fl uorocarbon nanoparticles to tumour tissue in mice, the amount of angiogenesis 
prior to and following treatment may be quantifi ed (Schmieder et al.  2008 ). RGD- 
targeted CdSe/ZnS quantum dots for MRI have also been developed (Mulder et al. 
 2009 ). Detection of early stage tumour development has also been reported with the 
use of superparamagnetic iron oxide, PDA nanoparticles conjugated with RGD 
peptide (Lin et al.  2012 ). Target specifi city and high affi nity allow these nanoparti-
cles to differentiate the expression level of integrin receptor on several cell lines and 
tumours by in vitro and in vivo MRI when compared to normal cellular material. 

 In addition to the ability to engineer nanoparticles based on cellular targeting, 
research developing multimodal imaging nanoparticles for the detection by more 
than one imaging technique may be useful in diagnostic and treatment settings 
(Minchin and Martin  2009 ). Research conducted to generate a combined imaging 
technique has tested the use of both quantum dots with paramagnetic materials 
for fl uorescent imaging and MRI in order to image-activated endothelial cells by 
nanoparticle-tagging integrin-binding proteins (Mulder et al.  2005 ). Through the 
interchangeable substitution of tagging ligand, it is proposed that this imaging tech-
nique may be useful in a range of pathological conditions, including infl ammation, 
apoptosis, atherosclerosis and angiogenesis. Furthermore, the production of iron 
oxide nanoparticles for MRI that are tagged with the near-infrared fl uorophore 
Cy5.5 for fl orescence detection are found to have a high affi nity to metalloproteinase- 2 
when conjugated with the venom of the scorpion  Leiurus quinquestriatus  (Veiseh 
et al.  2005 ). Since metalloproteinase-2 has been shown to be over-expressed in sev-
eral human brain tumour subtypes, differentiation from surrounding normal brain 
tissue may be observed. Recent advancements indicate that multimodal imaging 
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may also be used in understanding disease progression and behaviour. Visible and 
near-infrared light emitting quantum dots in conjugation with superparamagnetic 
iron oxide nanoparticles were developed for fl uorescence imaging and MRI 
techniques to monitor the migration of dendritic cells in mice (Mackay et al.  2011 ). 
By using a combinational imaging technology, with one possessing high sensitivity 
and the other with high resolution, many of the limitations involved with individual 
approaches are overcome and additional information regarding disease state may be 
obtained (Jennings and Long  2009 ).   

10.3     Clinical Use of Nanotechnology-Based Advancements: 
Current and Near Future Impact 

 Since the fi rst marketed nanotherapeutic was approved in 1990, more than 40 have 
been approved worldwide (Schutz et al.  2013 ). The most successful application to 
date involves the ability to selectively target malignant cells with cytotoxic drugs, 
and subsequently protect healthy tissue from harm (Bourzac  2012 ). Over 20 % of 
therapeutic nanoparticle systems in clinical use have been developed for the treat-
ment of cancer (Schutz et al.  2013 ). The earliest and perhaps most documented 
example of this is the nanomedicine, Doxil. Doxorubicin, an anthracycline anti-
biotic is used in the treatment of a wide variety of cancers including, breast, ovarian, 
sarcomas, lymphomas and acute leukaemias (Speth et al.  1988 ). Despite the cap-
acity to treat such a range of malignancies, the administration of doxorubicin is 
dose-limiting with the drug found to accumulate in the heart causing cardiotoxicity 
(Carvalho et al.  2014 ). Doxil, a doxorubicin-carrying nanomedicine, utilises previous 
knowledge in order to limit such detrimental effects on cardiac tissue. It has been 
established that 100-nm particles are unable to diffuse through healthy blood vessels 
due to their size, and yet have the capacity to escape the highly permeable tumour 
vasculature (Gabizon and Martin  1997 ). Approved in 1995, Doxil utilised such 
knowledge with doxorubicin particles loaded into lipid bubbles in order to create a 
drug-delivering nanoparticle system (Barenholz  2012 ). At the site of the tumour, the 
accumulated drug is released from its carrier and attacks the surrounding cells. 
Incidence of congestive heart failure is reduced to one-third in patients given Doxil in 
comparison to conventional doxorubicin (O’Brien et al.  2004 ). Nanoparticles are also 
currently used in diagnostic applications with iron oxide nanoparticles used for MRI 
and gold nanoparticles for bio-imaging (Schutz et al.  2013 ). 

 The process of RNA interference (siRNA), where small amounts of RNA are 
administered to silence crucial disease-related genes, has proven to be one of the most 
promising applications for nanomedicine. The processing of siRNA at the cyto-
plasm or cellular organelles elicits a rapid response as compared to DNA, which 
requires uptake into the cell nucleus. Recently, synthetic siRNA-based drugs for the 
silencing of target genes, have been applied in various diseases in vivo including 
human papillomavirus (Niu et al.  2006 ), ovarian (Halder et al.  2006 ) and bone 
cancer (Takeshita et al.  2005 ). Engineering nanoparticles in order to carry siRNA 
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requires properties which facilitate cellular uptake and endosomal release as naked 
siRNA is quickly degraded by enzymes and is unable to cross cellular membranes 
due to its high negative charge (Paulo et al.  2011 ). Although delivery of siRNA has 
been shown to be more effi cient using a viral vector as compared to their non-viral 
counterparts, pre-clinical studies have shown that this type of delivery system has 
the capacity to induce infl ammation (Thomas et al.  2007 ). Due to this adverse effect, 
optimisation of delivery in the form of non-viral nanoparticles has become the focus 
for current research. In vitro and in vivo studies have already exhibited promising 
results, with Yano et al., successfully delivering the siRNA, B717 (specifi c for the 
oncogene bcl-2), to the tumour site in a mouse model of liver metastases using a 
novel cationic liposome, LIC-101 (Yano et al.  2004 ). The nanoparticle complex also 
exhibited anti-tumour activity, with the inhibition of bcl-2 protein and subsequent 
tumour growth. Phase I clinical trials of a PEG-grafted monolamellar liposome 
(SNALP; TKM-080301) have also displayed signifi cant anti-tumour effect in a 
range of solid tumours with liver metastases through the delivery of siRNA specifi c 
for the PLK1 gene (  http://clinicaltrials.gov    ). 

 Multiple nanomedicines are currently in developmental stages, with some exhib-
iting much promise in clinical trials. Unlike Doxil, which uses a simple lipid-based 
drug carrier for doxorubicin, the current approach utilises the capacity of polymers 
to be engineered in order to develop nanomedicines based on disease pathogenesis. 
Following from Doxil, Celsion have developed a temperature-sensitive liposome 
nanocarrier for doxorubicin (Thermodox), It is currently in phase III clinical trials 
for hepatocellular carcinoma and phase II trials for breast cancer and colorectal liver 
metastases (May and Li  2013 ). Rather than the passive release of doxorubicin in 
Doxil, Thermodox has shown temperature-dependent triggered drug release in the 
range of 39–42 °C (Li et al.  2013 ). Designed to release the drug at these hyperther-
mic temperatures causing high localised drug concentration at the tumour site, 
Thermodox remains stable at physiological body temperatures (May and Li  2013 ). 
Multiple pre-clinical studies with xenograft models (colon HCT116, squamous cell 
FaDu, prostate PC-3, ovarian SKOV-3) demonstrate an improvement in effi cacy as 
compared to free doxorubicin and Doxil (Yarmolenko et al.  2010 ). Despite these 
promising results, there is always an opportunity for improvement in nanocarrier 
formulation.  

10.4     Challenges Associated with the Application 
of Nanoparticle Theory to Medicine 

 Despite the success of Doxil and other nano-based therapies/diagnostic tools, coupled 
with the recent advancements in nanomedicine, the ability to improve drug delivery has 
proven to be diffi cult. In the case of Doxil, which is passively excluded from healthy 
tissue due to its size, the drug fails to penetrate the tumour but instead clusters at its 
perimeter (Bourzac  2012 ). To date most research has been conducted in vitro and in 
vivo, with little known about the effi cacy of nano-based therapeutics in human systems. 
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The translation of research into a clinical setting requires much improvement, with 
 positive results in pre-clinical testing not always indicative of results in human trials. 
According to recent studies, only 20–30 % of Phase I drugs successfully pass through to 
Phase II/III and from this low percentage, 40–50 % of those drugs in Phase III actually 
obtain approval (DiMasi et al.  2010 ). This low success rate may be contributed to a 
number of factors including failure in toxicology studies revealed during human trials, 
and an inability to demonstrate a signifi cant increase in effi cacy when compared to the 
current protocols (Schutz et al.  2013 ). Indeed, nanomaterial itself may be toxic and have 
the potential to affect the functional capacity of the liver, kidney, lungs, heart, vascular 
system and/or immune system (Schutz et al.  2013 ). For example, the Phase II/III clinical 
trial of a polymer- based doxorubicin nanocarrier (Livatag) was suspended following the 
presentation of severe pulmonary adverse affects in a subset of patients (Heidel and 
Davis  2011 ). It has since been granted to resume the clinical trial, with the investigation 
ongoing. Another major challenge is to engineer nanocarriers with signifi cantly 
improved levels of effi cacy as compared to the current drug delivery method. When 
compared to effi cacy data for Doxil (Gabizon et al.  1994 ), researchers who developed a 
micelle nanocarrier for doxorubicin (NK911) to treat solid tumours showed a 100-fold 
decrease in plasma concentration, and a 400-fold increase in plasma clearance 
(Matsumura et al.  2004 ). This paper suggests that NK911 is less stable in plasma than 
Doxil, and is not delivered to tumours more effi ciently than the current treatment 
although promising results were observed at a dose of 50 mg m −2 . Despite these fi ndings 
in Phase I clinical trials, a phase II clinical trial of NK911 for the treatment of 
meta static pancreatic cancer. The drug, however, did not progress from phase II trials 
because it could not be demonstrated to have a signifi cant therapeutic benefi t as 
 compared to Doxil. 

 Furthermore, advancements in understanding the interactions between nanopar-
ticles, the drug or molecule in question, and different cell types are essential in order 
to engineer nanoparticles with specifi city to its cellular and more specifi cally, intra-
cellular target. Figure  10.2  provides a summarised representation of the challenges 
in the design and engineering of nanoparticle systems prior to the clinical testing 
phase. As previously identifi ed, the formulation of nanoparticles with optimal con-
ditions and properties, including size, charge, shape and functional moieties is trial 
and error at this stage, with knowledge of disease at the molecular level essential. 
Yet, the exact mechanisms which contribute to such disease and the important path-
ways in its pathogenesis are not always clearly defi ned in order to form the basis for 
targeting. Furthermore, research is required into understanding the nature of the 
intended molecule and its interaction with the nanocarrier. Absorption and/or link-
age of the molecule in relation to the nanoparticle must be studied to determine dose 
(concentration of drug), ideal transportation in order for release and the subsequent 
elicitation of the desired response. For the capability to target a specifi c cell type, as 
well as targeting those cells in a particular state, the evaluation of how nanoparticles 
enter the cell and its intended target organelle (i.e. cytoplasm, nucleus) is important. 
With that, new ways in which to monitor such interactions may be useful to over-
come the challenges associated with preliminary design, and the inability to trans-
late novel nanoparticle systems to clinical relevancy.
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10.5        Progression in Pulmonary Delivery of Nanoparticles 

 The lung provides a large surface area for increased biological effi cacy, avoidance of 
hepatic metabolism and better local and systemic action (Kaur et al.  2012 ). The devel-
opment of nanoparticles for localised non-invasive delivery to the lung in the treat-
ment of respiratory disease shows great potential in theoretical and preliminary 
studies. It allows for the relative uniform distribution of drug throughout the pulmo-
nary tissue, improvement in pharmacokinetics, sustained drug release, improvement 
in patient compliance, decrease in the risk of unwanted systemic effects and has the 
capacity to induce cellular uptake (Mansour et al.  2009 ; Sung et al.  2007 ). 

To identify the ideal properties of
the nanoparticle in order to elicit the
desired response

To understand the intracellular
interactions between nanoparticle
and different cell types and/or states

To monitor toxicity and efficacy when
compared to current clinical practices
and therapeutic delivery

•TRANSLATION from in vitro and in vivo
testing to human clinical trials

• Size • Nature of the
compound/
payload

• Concentration
to calculate
dosage

• Shape
• Charge
• Affinity to water
• Surface
chemistry

Stem cell Epithelial cell

Healthy Cancerous

R
es

po
ns

e

Concentration

Red blood cell

To evaluate adsorption and/or
uptake of payload (drug, gene,
marker etc,) into nanoparticle

  Fig. 10.2    Challenges associated with experimental application and clinical translation of nanoparticle 
theory in medicine (adapted from Paulo et al.  2011 ). Pre-experimental design is a necessary step 
in order to identify optimal properties for a nanoparticle. Acquiring knowledge of the molecular 
and cellular mechanisms of disease, coupled with the understanding of nanoparticle theory is 
essential to elicit the desired response. Furthermore good nanoparticle design, including the 
 capacity to uptake and/or adsorb the pay load with effi ciency, will aid in subsequent pre-clinical 
and clinical challenges. Understanding the intracellular interactions between different cells and/or 
cellular states will also benefi t nanoparticle design, specifi city and potentially, effi cacy. In order to 
translate pre-clinical data (in vitro and in vivo studies) to human trials, monitoring effi cacy and 
toxicity as compared to current practices and therapeutic delivery is a major challenge, with promising 
results in cell culture and animals rarely translating to human settings       
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 Through the ability to target specifi c cellular components of the lung, including 
those within the small airways and alveoli, nanoparticle-based drug delivery may 
also be absorbed for the systemic distribution and circulation of therapeutics. 
Absorption is dependent on the complex interactions between lung clearance 
mechanisms and the molecular characteristics of airborne particles. Interestingly, 
nanoparticles possess distinct behavioural properties that are signifi cantly different 
to larger molecules of the same chemical composition (Oberdorster et al.  2005 ). 
Size, shape and the biodistribution within the lung dictate the way in which nanopar-
ticles interact with the pulmonary system, while the surface composition determines 
the ensuing response (Sung et al.  2007 ). 

 Pulmonary delivery is dependent on the nanoparticle itself, as well as the lung’s 
internal milieu. A major challenge to nanodelivery, however, involves physiological 
barriers including mucosal and alveolar fl uid which may be rendered pathogenic in 
some respiratory disease (Mahajan et al.  2010 ). Particles of 1–5 μm deposit in the 
lower parts of the tract through inertial impaction, while those less than 1 μm may 
travel to the alveoli to diffuse (Sung et al.  2007 ). In order for deposition to occur, 
these particles must be designed (in the case of drug- and gene- delivery) to avoid 
elimination via numerous clearance mechanisms. While larger particles are rapidly 
cleared by the cilia of the upper respiratory tract (Kaur et al.  2012 ), nanoparticle 
material has the capacity to deposit and/or interact with the lung tissue. The most 
important for nano-sized molecules include alveolar macrophage-mediated clear-
ance, endocytosis and absorption into the circulation. The way in which a particle 
enters respiratory cells, such as diffusion, absorption and/or deposition, is also 
dependent on the molecule itself. Factors such as solubility, size, ionisation state 
and surface area also contribute to its bioavailability. Smaller-sized nanoparticles 
are less impeded by the physiological barriers of the lung when compared to larger 
nanoparticles. It has been shown that those particles with a diameter of 120 nm have 
the capacity to move through the sputum layer of patients with cystic fi brosis, 
whereas the mobility of larger ones (diameters 270–560 nm) are signifi cantly 
reduced (Rytting et al.  2008 ). In addition, drugs with a lower pH are largely 
uncharged which allow them to cross the alveolar mucosal membranes freely and 
produce faster absorption compared to charged drugs with a higher pH (Labiris and 
Dolovich  2003 ). Lipophilic drugs have also been shown to be rapidly uptaken by 
cells of the pulmonary system due to their capacity to interact with the mucus layer 
(Sung et al.  2007 ). Through the continued research in understanding such mechan-
isms in the lung, and the advancement of nanoparticle systems that utilise this 
knowledge, the basis for a method in the administration of therapeutics to disease 
specifi c cells and/or tissues may be established. 

 Different strategies have been developed in order to facilitate and enhance drug 
absorption via the mucosal pulmonary route for localised and/or systemic effect 
(Kaur et al.  2012 ). The use of a nanocarrier for the delivery of a drug to the lung has 
been previously limited due to an ineffi ciency in the deposition of nanoparticles 
within the alveoli, with the majority of the inhaled dose eliminated through exhal-
ation (Sung et al.  2007 ). Improvement on inhalation devices, including nebulisers, 
metered dose inhalers and dry powder inhalers may aid in delivery to the lower 
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respiratory tract (Willis et al.  2012 ). However, the numerous challenges associated 
with the direct delivery of nanoparticles to the lung tissue have limited the success 
of their application in clinical drug administration to date. Systemic routes, includ-
ing oral and intravenous, continue to be the most practised method for the adminis-
tration of lung-targeted drugs. In the case of nanomedicine, intravenous administration 
is most relevant, with delivery directed to the general circulation with the intent of 
transporting drug to the lung (Wei and Zhao  2014 ). Although this method is passive as 
compared to the direct pulmonary method via inhalation and may cause adverse 
systemic effects, many of the challenges observed through the effi cient clearance 
methods of the lung and diffi culties in drug administration to the lower respiratory tract 
are eliminated. Both intravenous and pulmonary delivery methods are thus important 
in the development of lung-targeting nanoparticle systems.  

10.6     Exposure to Environmental- and Occupational- 
Nanoparticles, and Its Role in Airway Disease 

 Although the amount of nano-sized particles measured in ambient air varies from 
relatively low (0.5–2 μg/m 3 ) (Hughes et al.  1980 ) to signifi cantly high (54–137.5 μg/m 3 ) 
(Rao et al.  2012 ), exposure to any such pollutants is thought to be of toxicological 
signifi cance. In addition to those ultrafi ne particles formed during manufacturing 
and combustion, many nano-sized particles are used to create products such as cos-
metics, sunscreens, electronics, tyres and fuel cells (Oberdorster et al.  2005 ). 
Continuous exposure to various environmental pollutants and pathogens is thought 
to be a central factor in the development and progression of multiple respiratory 
diseases, including asthma (Kauffmann and Demenais  2012 ). Both naturally derived 
and industrially produced nano-sized particles have the capacity to enter the airway, 
and effi ciently deposit through diffusional mechanisms in all regions of the respira-
tory tract (Oberdorster et al.  2005 ). Systemic exposure may also be achieved through 
the pulmonary route. Indeed, the same properties (described previously) that make 
nanoparticle theory so attractive for development in nanomedicine may also prove 
to be toxic when various ultrafi ne particles interact with respiratory cells. 

 In order to advance the understanding of nanoparticle toxicity for both its contri-
bution to human disease and its effect on nanoparticle engineering, results on the 
direct involvement of these particles in ambient air have been widely reported. 
Studies including epidemiological studies, controlled human clinical studies and in 
vivo/in vitro research have produced results indicating a signifi cant association 
between exposure to environmental and occupational nanoparticle, and develop-
ment of disease. Exposure to such particles has been associated with pulmonary 
infl ammation, immunomodulation and adverse systemic effects including blood 
hypercoagulability, contributing to cardiovascular disease (Oberdorster  2001 ; 
Mossman et al.  2007 ). Several epidemiologic studies have found correlations 
with exposure to ambient nano-sized particles and adverse respiratory disease (von 
Klot et al.  2002 ; Pekkanen et al.  1997 ; Penttinen et al.  2006 ). The evaluation of 
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deposition rates and toxicology of carbon-based ultrafi ne particles has also been 
conducted in controlled clinical settings (Anderson et al.  1990 ; Frampton et al. 
 2004 ; Pietropaoli et al.  2004 ; Chalupa et al.  2004 ). Although clear associations can 
be made between ambient air nano-sized particle exposure and respiratory disease 
in human studies, the pathogenic mechanisms involved in such an association may 
only be established in vitro and in vivo. By understanding this relationship at a 
molecular level, research into both disease pathogenesis and nanomedical advance-
ments can be made utilising such knowledge for therapeutic research. 

 Titanium dioxide (TiO 2 ) nanoparticles, widely used in the manufacturing of a 
number of products, have been shown to induce the production of reactive oxygen 
species, cytotoxicity and genotoxicity in vitro (Bhattacharya et al.  2009 ). In addition, 
in vivo studies in mice have resulted in the fi ndings that instillation of nano- TiO  2     can 
induce severe emphysema-like lung injury in mice, while intraperitoneal injections 
lead to interstitial pneumonia, thrombosis of pulmonary vasculature and systemic 
lesion formation (Chen et al.  2006 ,  2009 ). In conjunction, these nanoparticles impair 
reparation of the airway epithelium through its ability to inhibit adhesion of Clara 
cells to fi bronectin (Zarogiannis et al.  2013 ). Exposure to TiO 2  or gold (Au) nanopar-
ticles and their ability to modulate a diisocyanate-induced asthma in a murine model 
have also been investigated (Hussain et al.  2011 ). Results demonstrate that exposure to 
these nanoparticles exacerbates lung infl ammation with a signifi cant increase in infl am-
matory cell counts (including neutrophils and macrophages) and pro-infl ammatory 
cytokines (including MMP-9). 

 Another example involves exposure to elemental carbon nano-sized particles, 
which have been shown to have a potential adjuvant effect on allergic airway infl am-
mation (Inoue et al.  2008 ). Although shown to relatively inert, carbon nanoparticles 
represent a major component of ambient air pollution and diesel exhaust (Hildemann 
et al.  1994 ). Alessandrini et al. have produced multiple papers in an attempt to 
establish the exact mechanisms involved in the association between ultrafi ne carbon 
particles and airway infl ammation. Mice exposed to carbon nanoparticles were sub-
sequently sensitised to OVA, an allergen well established to induce airway infl am-
mation. Inhalation of these particles caused a signifi cant increase in infl ammatory 
cell infi ltrate, and pro-infl ammatory cytokines IL-4, IL-5 and IL-13 when compared 
to those OVA-sensitised mice not exposed to the nano-sized particles (Alessandrini 
et al.  2006 ). This same study also reported an increase in mucus production, peri-
bronchiolar and perivascular infl ammation and enhanced airway hyperresponsive-
ness. Following these preliminary studies, exposure to carbon nanoparticles in 
OVA-sensitised and -challenged mice displayed increased allergen-induced lung 
lipid peroxidation and NF-ΚB activation in comparison to non-exposed OVA mice, 
demonstrating a critical role of carbon ultrafi ne particles for the induction of oxida-
tive stress (Alessandrini et al.  2009 ). In confi rmation of these studies, others report 
similar fi ndings (Takano et al.  1998 ; Inoue et al.  2007 ). 

 The particle concentration in ambient air is dominated by ultrafi ne particles that 
have been shown to contribute to the morbidity of respiratory disease as discussed. Due 
to their ability to deposit in the lower respiratory tract to promote airway infl amma-
tion, allergic sensitisation and airway hyperresponsiveness (Chalupa et al.  2004 ), 
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research involving the elucidation of the interaction between particle and lung tissue 
is important with immediate clinical and regulatory consequences. It also provides 
a theoretical basis for the engineering of nanomedicines as nano-sized matter have 
the capacity to enter pulmonary circulation and induce a response. While this 
response is pathogenic, engineering nanoparticles with therapeutic benefi ts based 
on previously determined properties, and drug delivery capabilities may in fact uti-
lise the knowledge found in these toxicity studies. Interestingly, a recent publication 
has found that inert 50 nm polystyrene nanoparticles possess the capacity to induce 
resistance in mice to OVA-induced sensitisation (Hardy et al.  2012 ). This study 
demonstrates that their pulmonary administration in mice inhibits the generation of 
allergic airway infl ammation and the induction of Th2-based immunity. While the 
majority of studies report pathogenic and very toxic consequences for nanoparticle 
exposure, this study is the fi rst of its kind to demonstrate that not all nanoparticles 
necessarily promote and/or exacerbate airway infl ammation. It is with these fi nd-
ings, coupled with the capacity to design nanoparticles with specifi c properties that 
provides rationale for the future development of a nano-based approach in the treat-
ment of asthma and other pulmonary lung disease.  

10.7     Nanodelivery and the Therapeutic Potential 
of Nanoparticles in Asthma 

 Although the theoretical basis for nanoparticle-based therapy for respiratory disease, 
including asthma is rationalised through previous studies, the ability to translate 
into clinical or even pre-clinical success has proven to be diffi cult. The engineering 
of nanoparticles for therapeutic benefi t in lung disease requires further knowledge 
involved in the interactions between the nanoparticles themselves, and respiratory, 
immune and infl ammatory cells which characterise disease. Over the last decade, 
there has been little effort in designing nanoparticle systems for the treatment of 
chronic obstructive lung disease as research focuses on the development of targeted 
nanoparticles for lung cancer (Vij  2012 ). Currently, applications in nanoparticle 
theory for the potential treatment in asthma involve nano- based drug delivery and 
the deliberate modulation of immunity (important in allergic asthma). 

 Nanocarriers may be employed in order to control the duration of local or sys-
temic drug/gene release and activity in the lung, affecting their bioavailability and 
distribution (Kaur et al.  2012 ). Their ability to carry therapeutic compounds to the 
lower respiratory tract for deposition and site-specifi c targeting make nano-based 
drug delivery an attractive path for therapeutic research. For the elucidation of 
potential drug carriers for the successful delivery of asthma therapeutics to the site 
of infl ammation and remodelling, current research uses clinically relevant drugs. 
For example, corticosteroids are used for the treatment of active disease by attenuat-
ing the infl ammatory response following antigen exposure and severe exacerbations 
(Shefrin and Goldman  2009 ). Dexamethasone acetate (DEX)-loaded solid lipid 
nanoparticles have been administered to mice by an intravenous route in order to 
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target the lung (Xiang et al.  2007 ). Preliminary results in vitro showed that these 
nanoparticles exhibit a rapid release mechanism, followed by a gradual release of 
DEX. In mice, when compared to free DEX, DEX-loaded nanoparticles allowed for 
reduced uptake by liver and spleen macrophages, and a signifi cantly higher uptake 
by the macrophages in the lung. By directly targeting the lung, a nanocarrier has the 
potential to limit corticosteroid dosage and unwanted systemic effects. Another 
paper, using betamethasone disodium phosphate (BP)-loaded polymeric nanoparti-
cles to evaluate the effects of its intravenous administration in OVA-sensitised mice 
(Matsuo et al.  2009 ), found sustained anti-infl ammatory activity. By showing a 
signifi cant decrease in the number of infl ammatory cellular infi ltrate, as well as in 
the amount of important mediators IL-13 and IL-4, this paper produced results indi-
cating a strong, rapid, long-lasting therapeutic benefi t. Furthermore, a reduction in 
the number of circulating neutrophils may also indicate a potential for these 
nanoparticles to treat non-allergic asthma, which is largely thought to be 
corticosteroid- resistant (Mann and Chung  2006 ). Liposome-encapsulated steroids 
have also been developed, with Konduri et al., demonstrating the improved effi cacy 
in liposomal budesonide for the treatment of OVA-induced allergic airway disease 
in mice (Konduri et al.  2003 ). In addition to the administration of corticosteroids for 
the treatment of severe active asthma, acute exacerbations may be prevented using 
short-acting bronchodilators. Bhavna et al., aimed to improve the effi cacy of the 
β 2 - agonist salbutamol administration through the engineering of nano-sized par-
ticles (Bhavna et al.  2009 ). In vitro and in vivo studies in healthy human subjects 
showed a 2.3-fold increase in total lung deposition as compared to the currently 
used micronized salbutamol. Collectively, these studies establish the requirement 
for further research into nanoparticle systems for drug delivery in asthma, and the 
potential for such to improve effi cacy, limit adverse systemic effects and reduce 
dosage levels. 

 A recent study involving the production of biodegradable hydroxybenzyl alcohol 
(HBA)-incorporated polyoxalate (HPOX) nanoparticles as a novel treatment in air-
way infl ammatory disease was tested in cell culture and in vivo (Yoo et al.  2013 ). 
This report suggests that these nanoparticles have the capacity to inhibit expression 
of iNOS, COX-2 and IL-1β (important markers of infl ammation and oxidative 
stress) in LPS-stimulated macrophages as compared to those macrophages treated 
with free HBA. In addition, OVA-sensitised mice treated with HPOX nanoparticles 
(intratracheal administration) resulted in signifi cant reductions in OVA-induced air-
way infl ammation in comparison to untreated sensitised mice. HPOX nanoparticles 
are thought to exert their anti-infl ammatory effects by inhibiting leukocyte migra-
tion, the production of pro-infl ammatory mediators such as IL-4, COX-2 and iNOS, 
and reducing the number of circulating eosinophils. Although showing the capacity 
to be of therapeutic benefi t independent of any conventional antiasthmatic drug, the 
next step in HPOX research is to establish its capacity as a nanocarrier. 

 Due to the limitations in the administration of siRNA for therapeutic benefi t, 
including the ineffi ciency in cellular targeting, rapid degradation by nucleases and 
elimination (Dykxhoorn and Lieberman  2006 ), current research involving siRNA- 
based therapeutics focus on the possibility of local administration and/or delivery 
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using nanoparticle systems. Success in the local administration of siRNA has 
already been achieved in the eye, targeting age-related macular degeneration and 
diabetic retinopathy (Watts and Corey  2010 ). Several obstacles encountered in sys-
temic delivery of siRNA may be overcome by local administration, including deliv-
ery to the lung via inhalation (Durcan et al.  2008 ). Pulmonary delivery provides 
direct access to the airway epithelium which is affected in lung diseases such as 
asthma (Merkel and Kissel  2011 ). Although local administration may prove to be 
more effi cacious than systemic delivery of siRNA for pulmonary delivery, the abil-
ity to translate this into a disease setting may prove diffi cult. Mucus hypersecretion 
and airway infl ammation, hallmark characteristics of asthma, act as barriers even 
when siRNA-based drugs are locally delivered. To overcome this, nanoparticle systems 
designed to evade such disease mechanisms could potentially increase delivery 
of siRNA to affected areas. In vivo testing in mice have shown that the delivery of 
siRNA using a nanocarrier is up to ten times more effective in treating respiratory 
disease as compared to the current method of delivery, which involves the direct 
administration of free siRNA to the lung (Akinc et al.  2008 ). The most widely 
researched nanocarriers for siRNA delivery in the lung and in respiratory disease 
are chitosan-based, due to its capacity to adhere to mucus. An example of chitosan 
nanoparticles used in vivo involves the intranasal delivery of siRNA targeted 
towards the NS1 gene in modulating respiratory syncytial virus (Zhang et al.  2005 ). 
Zhang et al., report a signifi cant decrease in viral titers in the lung and decreased 
infl ammation and airway reactivity compared to the untreated control. 

 Atopy is the most established attributable factor to the development of asthma in 
children (Arbes et al.  2007 ). Exposure to a number of airborne pathogens has the 
capacity in these patients to activate an allergic infl ammatory response, mediated by 
a Th2 cell-dominated immune pathway (Krug et al.  1996 ). Allergen-specifi c 
immunotherapy (SIT) involves the administration of allergen at increasing concen-
trations in order to obtain a state of hyposensitisation by limiting exacerbations 
following natural allergen exposure (De Souza Reboucas et al.  2012 ). Through the 
modulation of the immune system by altering T cell differentiation to the desired 
profi le (Th1, Th2, Th17 and/or Treg), desensitisation may occur. In the case of 
allergy, SIT aims to increase the Th1/Th0 ratio, and thereby decrease Th2/Th0 
(Alvaro et al.  2013 ). The role of immunotherapy in the management and treatment 
of atopic asthma remains controversial. While some human trials produce positive 
results, concluding that SIT can cause a reduction in asthma symptoms, and an 
improvement in airway hyperresponsiveness (Abramson et al.  2010 ), others are crit-
ical (Bousquet et al.  2011 ) as current approaches show limitations in long-term 
effi cacy (or tolerance) and safety (risk of serious allergic reaction and anaphylaxis) 
(De Souza Reboucas et al.  2012 ). Through the knowledge collected involving the 
use of nanoparticles in drug- and gene-delivery, and the ability to manipulate their 
design for targeting purposes, nanoparticle-based allergen-delivery systems have 
received much interest as potential adjuvants for SIT (Broos et al.  2010 ). Some may 
be designed to activate an immune response by displaying receptors and ligands 
physiologically expressed on dendritic cells in order to activate antigen presenting 
cells and inducing T cell activation and differentiation (Moon et al.  2012 ). Others, 
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perhaps the most important for SIT involve the delivery of antigen to their target cell 
and/or tissue. Figure  10.3  illustrates the immunomodulation of allergic disease 
using a theoretical nanoparticle-based immunotherapy. Preliminary studies have 
used a range of nanoparticle systems to test their capacity to deliver antigen to the 
target immune cells for allergen desensitisation. For example, PLGA nanoparticles 
loaded with Bet v1 (major allergen of birch pollen) have been shown to reduce the 
Th2 predominant response, by increasing IgG2a levels, IFN-γ abd IL-10 levels 
(Scholl et al.  2004 ,  2006 ). In addition, poly(gamma-glutamic acid) nanoparticles 
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  Fig. 10.3    Allergen-specifi c immunotherapy utilising nanoparticle theory for allergen-delivery 
(adapted from De Souza Reboucas et al.  2012 ). Immunomodulation in allergic disease, including 
asthma following successful delivery of allergen via nanoparticle-based systems to sensitisation 
tissue and/or cells, is indicated by  arrows ;  truncated arrows  indicate inhibitory effects. As a largely 
Th2-mediated disease, asthma immunotherapy modulates naive T cell differentiation to inhibit 
Th2-cell production and its associated cytokines (IgE included). In order to produce a state of 
desensitisation and/or tolerance, these T cells are induced to follow a Th1 and/or Treg differenti-
ation pathway       
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were evaluated for their ability to encapsulate OVA and elicit an immune response 
in HL-60 cells (Akagi et al.  2005 ). It was also found in subsequent studies that these 
nanoparticles were able to activate human monocyte-derived dendritic cells 
and stimulate infl ammatory cytokine production, as well as upregulate immuno-
modulatory mediators involved in effi cient T cell differentiation (Broos et al.  2010 ). 
The use of poly(vinylpyrrolidone) nanoparticles was also tested with the successful 
encapsulation of the antigen  Aspergillus fumigatus  (Madan et al.  1997 ). This study 
found a sustained increase in IgG levels for approximately 12 weeks in comparison 
with the observation of sustained IgG levels for 7 days in mice immunised with free 
antigen. With these results, many of the limitations of current immunotherapy trials 
including adverse systemic reactions, and the inability to induce long-term desensi-
tisation have been shown, albeit in preliminary in vitro and in vivo, to be overcome 
with nanoparticle-based antigen delivery.

10.8        Conclusion 

 The application of nanotechnology in medicine, including its use in drug delivery, 
tissue regeneration and diagnostic/imaging techniques, is dependent on a number of 
factors in order to become clinically relevant. The ability to manipulate nanoparticle 
properties such as size, shape, charge, affi nity to water and perhaps most impor-
tantly surface functionality, in order to target cellular or disease components with 
specifi city (Albanese et al.  2012 ), has become a prevailing theory for the treatment 
of highly complex disease. Nanocarriers for drug- and gene-delivery are engineered 
in order to facilitate cellular uptake with the capacity to enhance compound concen-
tration to the disease site by limiting systemic exposure and evading physiological 
elimination mechanisms (Kim et al.  2013b ). By achieving this, nanoparticle delivery 
systems are able to improve effi cacy, limit the potential for adverse effects (and 
rejection, in the case of tissue regeneration) and increase specifi city to disease com-
ponents. Despite the approval of more than 40 nanotherapeutics worldwide (Schutz 
et al.  2013 ), and the numerous nano-based medicines currently in clinical trials, the 
ability to improve delivery has proven to be diffi cult. Challenges in both the design 
phase and the subsequent translation into human systems have limited the success 
in producing nanomedicines for clinical use. 

 The development of nanoparticles for localised delivery to the lung in the treat-
ment of respiratory disease shows great potential, although systemic administration 
continues to be the most practised method (Kaur et al.  2012 ). This is due, at least in 
part to the highly complex interactions between pulmonary cells and nanoparticles. 
As the interface between the outside environment and the body’s internal milieu, 
the respiratory system has numerous mechanisms for the elimination of airborne 
pathogens. For pulmonary delivery, nanoparticles must be designed to evade these 
mechanisms in order to deposit in the lung effi ciently. A correlation between expo-
sure to environmental- and occupational-nanoparticles including titanium oxide 
and carbon ultrafi ne particles, and respiratory disease has been widely reported, and 
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provides rationale for further investigation of nanoparticles in a therapeutic capacity 
(Kauffmann and Demenais  2012 ). Over the last decade, there has been little effort 
in designing nanoparticles for the treatment of chronic obstructive lung disease, 
including asthma. Promising results using nano-based delivery of clinically relevant 
asthma drugs, including corticosteroids and bronchodilators (Xiang et al.  2007 ; 
Bhavna et al.  2009 ), show the potential for nanoparticles to distribute drugs to the 
lower respiratory tract, improve effi cacy and provide extended therapeutic benefi t. 
Additionally, delivery of antigen for immune desensitisation in allergen immuno-
therapy studies has also been of interest (De Souza Reboucas et al.  2012 ). 
Theoretically, nanoparticles may have the capacity to deliver antigen to the lung more 
effectively (and with less potential for serious systemic reactions and anaphylaxis) 
in order to modulate the immune system in allergic asthma. 

 Utilising knowledge of complex disease and the ever evolving understanding of 
nanomedicine, novel approaches for the treatment of asthma may be designed, and 
perhaps in the future, become a reality.     
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    Abstract     In relation to the genome, investigation of the epigenome is emerging as an 
equal, if not more infl uential factor in modulating human health and disease. Since 
epigenetic modifi cations are gradual in onset and potentially reversible, determining 
factors that modulate the epigenome is critical for possible preventive and therapeutic 
interventions. The development and progression of cancer is mechanistically linked to 
a number of epigenetic changes, including global DNA hypomethylation and gene-
specifi c CpG promoter DNA hypermethylation. Environmental factors, including diet, 
have been shown to affect cancer risk, via epigenetic and non-epigenetic mechanisms. 
In this regard, one-carbon nutrients are prototypic dietary factors that may modulate 
cancer risk via epigenetic mechanisms. This chapter will discuss the role of nutrients 
involved in one-carbon metabolism and their effect on cancer risk via epigenetic 
modifi cations with a particular focus on DNA methylation.  
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11.1         Introduction 

 A convincing body of evidence suggests that environmental factors, including 
diet, infl uence our susceptibility to disease including cancer. Individual variations 
in disease susceptibility to environmental factors cannot entirely be accounted for 
by conventional genetic mechanisms. In this regard, epigenetics modifi cations 
including DNA methylation, histone modifi cations, chromatin remodeling, and 
microRNA interference have emerged as a promising mechanism by which envi-
ronmental factors including diet can infl uence disease susceptibility because they 
are potentially reversible. Several individual nutrients have been linked to epigen-
etic modifi cations and cancer susceptibility. Given that many nutrients are con-
sumed simultaneously, however, investigating interrelated nutrients may be of more 
signifi cance. Given this consideration, the aim of this chapter is to highlight the 
potential role of one- carbon metabolism nutrients in site-specifi c cancer risk modi-
fi cations via its modulating effect on DNA methylation.  

11.2     One-Carbon Metabolism Nutrients 

 One-carbon metabolism is a network of biochemical reactions resulting in the transfer 
of one-carbon units. This system of reactions is necessary for essential biological 
processes: de novo purine and thymidylate synthesis (i.e., the nucleotide synthesis 
pathway) and the remethylation of homocysteine to methionine (i.e., the biological 
methylation pathway). Methionine is the precursor to  S -adenosyl methionine 
(SAM), the primary methyl donor for most biological methylation reactions includ-
ing DNA. Some of the key nutrients involved in one-carbon metabolism, which will 
be further discussed in detail, include folate and synthetic folic acid, vitamins B 6  
and B 12 , and choline and its metabolite, betaine. 

11.2.1     Folate and Folic Acid 

 Folate is the overarching term used to describe naturally occurring dietary folates 
and synthetically manufactured folic acid. The main structure of folate and folic 
acid consists of a pteridine moiety attached to P-aminobenzoic acid with one or 
more glutamate residues attached via γ-peptide bonds. Dietary folates have reduced 
pteridine rings and are characterized by their polyglutamylated tails whereas folic 
acid is monoglutamylated and fully oxidized. Due to their structural difference, 
folic acid is more stable and therefore, more bioavailable than naturally occurring 
folates (Shane  1995 ). 

 Although endogenous folate is synthesized by colonic bacteria (Kim et al.  2004 ) 
and can be absorbed across the large intestine (Aufreiter et al.  2009 ; Rong et al. 
 1991 ), mammals cannot synthesize folate and therefore must obtain folate from the 
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diet for its sole biological function, which is mediating the transfer of one-carbon 
moieties (Shane  1995 ). The form of folate directly related to the formation of 
SAM is 5-methylTHF. 5-methylTHF is synthesized from 5,10-methyleneTHF by 
the enzyme methylenetetrahydrofolate reductase (MTHFR). This conversion is irre-
versible and plays a critical role in the maintenance of the 5-methylTHF pool avail-
able for methionine regeneration. 5-methylTHF and homocysteine are converted to 
THF and methionine, respectively via methionine synthase (MS), which requires 
vitamin B 12  as a coenzyme (Fig.  11.1 ). Methionine, an amino acid, is then converted 
to SAM via methionine adenosyltransferases (MAT1A and MAT2A), which main-
tain the pool of SAM for biological methylation reactions.

   Historically, folate was consumed primarily from dietary sources including leafy 
green vegetables, citrus fruits, organ meats, and legumes. More recently, however, 
with the use of supplements and fortifi ed foods, synthetic folic acid is considered a 
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signifi cant contributor to total folate intake (Yeung et al.  2008 ). Due to its role in 
purine and thymidylate synthesis and methylation reactions, folate is essential for 
proper cell division, normal growth and development, and therefore plays a crucial 
role in human health and disease. Folate defi ciency has been linked to a number of 
human diseases such as anemia, neural tube and other congenital defects, adverse 
pregnancy outcomes, coronary heart disease, stroke, neuropsychiatric disorders, 
cognitive impairments, osteoporosis, and certain cancers ( 1998 ). Due to the over-
whelming body of evidence regarding folate’s protective effect on neural    tube 
defect risk (MRC Vitamin Study Research Group  1991 ; De Wals et al.  2007 ; Wilson 
et al.  2007 ), several countries have adopted voluntary or mandatory folic acid forti-
fi cation programs (Crider et al.  2011 ), although this practice still remains controver-
sial (Kim  2004b ,  2007b ). The United States and Canada introduced mandatory folic 
acid fortifi cation in 1998, which led to signifi cant increases in North American total 
folate intakes and serum and red blood cell (RBC) concentrations of folate (Shakur 
et al.  2010 ; Quinlivan and Gregory  2003 ). For example, nationally representative 
data in Canada found virtually no folate defi ciency in the Canadian population as 
determined by RBC folate concentrations. In the same survey, 40 % of the Canadian 
population had concentrations above an established high cutoff (97th percentile 
from National Health and Nutrition Examination Survey (NHANES) 1999–2004) 
(Colapinto et al.  2011 ). Serum folate concentrations are indicative of short-term 
folate intake and can be infl uenced by recent folate and/or folic acid consumption 
prior to blood draw. RBC folate concentrations are indicative of long-term folate 
intake and its measurement is considered the gold standard for determining folate 
status (Yetley et al.  2011a ).  

11.2.2     Vitamin B 12  

 Vitamin B 12  (cobalamin) is an essential water-soluble B vitamin, which is required 
for the production of RBCs and for optimal neurological function. Vitamin B 12  is a 
very complex vitamin compound that exists in many different forms, all of which 
have the commonality of a central cobalt atom. Depending on the compounds 
attached to the cobalt atom, different types of cobalamins are formed such as meth-
ylcobalamin, cyanocobalamin, hydroxycobalamin, aquacobalamin, and 5′-deoxy-
adenosylcobalamin. The most stable form of this vitamin is cyanocobalamin, the 
pharmacological form ( 1998 ), which is readily converted to the coenzyme forms, 
methylcobalamin, and 5′-deoxyadenosylcobalamin (Watanabe  2007 ). These coen-
zyme forms are biologically active in human metabolism. 

 The methylcobalamin form of vitamin B 12  serves as one of the key enzymatic 
cofactors in the one-carbon metabolism cycle. Vitamin B 12  functions as the coen-
zyme for MS, which catalyzes the transfer of a methyl group from 5-methylTHF to 
homocysteine, forming methylcobalamin and regenerating THF. In this biochemi-
cal pathway, homocysteine is remethylated to methionine in what is considered to 
be the folate-dependent remethylation pathway of one-carbon metabolism 
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(Dominguez-Salas et al.  2012 ) (Fig.  11.1 ). The other metabolically active form of 
vitamin B 12 , 5′-deoxyadenosylcobalamin, serves as the coenzyme for 
 l  -methylmalonyl - CoA (MMA) mutase, the enzyme which catalyzes the isomeriza-
tion of  l -MMA to succinyl-CoA, an enzymatic reaction which is involved in amino 
acid and fatty acid metabolism ( 1998 ; Watanabe  2007 ). Vitamin B 12  is naturally 
found in foods of animal origin such as fi sh, shellfi sh, chicken, red meat, liver, and 
dairy products. The bioavailability of natural dietary B 12  is approximately 50 % of 
synthetic (crystalline) B 12  (Watanabe  2007 ). 

 The metabolic pathways of vitamin B 12  and folate interact signifi cantly, thereby 
leading to a correlation between folate and vitamin B 12  status. High folic acid intake 
has the potential to mask the hematological symptoms and signs associated with 
vitamin B 12  defi ciency considering that both these vitamins play a role in normal 
blood cell formation. However, folic acid cannot correct vitamin B 12  defi ciency- 
associated neurological symptoms. Therefore, when initial hematological symp-
toms are masked through the corrective action of folic acid, the untreated vitamin 
B 12  defi ciency can lead to severe neurological symptoms such as irreversible sen-
sory neuropathy ( 1998 ). 

 The main clinical manifestations of vitamin B 12  defi ciency are hyperhomocyste-
inemia, megaloblastic anemia, myelopathy, neurodegeneration, depression, and 
cognitive decline ( 1998 ; MacFarlane et al.  2011 ; Ryan-Harshman and Aldoori 
 2008 ). Inadequate B 12  status during pregnancy has been shown to be an independent 
risk factor for neural tube defects, which may be in part due to its close metabolic 
relationship    to folate (Ray et al.  2008 ; Molloy et al.  2009 ). 

 Healthy adults, with normal gastrointestinal function, are believed to absorb 
50 % of dietary vitamin B 12  (Watanabe  2007 ). With aging, however, malabsorption 
of food-bound vitamin B 12  increases due to gastrointestinal impairments, such as 
reduced gastric acidity, which results in a higher prevalence of vitamin B 12  defi -
ciency in the elderly ( 1998 ; MacFarlane et al.  2011 ). Vitamin B 12  status can be 
measured directly in the blood or determined by measuring functional or metabolic 
biomarkers. Serum B 12  and plasma holotranscobalamin (holoTC), both measure cir-
culating concentrations of B 12 . Of the two B 12  transport proteins (haptocorrin and 
transcobalamin), B 12  bound to transcobalamin represents the fraction of circulating 
B 12  available for cellular uptake (Yetley et al.  2011b ). 

 MMA and homocysteine, both functional indicators, increase when there is an inad-
equate concentration of vitamin B 12 . MMA increases when there is a decrease in the 
activity of the enzyme  l -MMA mutase due to an inadequate source of the coenzyme 
form of vitamin B 12 , 5′-deoxyadenosylcobalamin. Therefore, MMA is an accurate 
inverse indicator of serum B 12  concentrations. Homocysteine also serves as a func-
tional indicator of B 12  status but is considered a nonspecifi c inverse indicator consider-
ing that increased levels of homocysteine are also associated with inadequate folate 
concentrations and to lesser extent, inadequate vitamin B 6  and ribofl avin (vitamin B 2 ). 
The results of a recent roundtable summary of the NHANES reported that the most 
defi nitive assessment of B 12  status requires the measurement of a combination of at 
least one biomarker of circulating vitamin B 12  (serum vitamin B 12  or holoTC) and one 
functional biomarker (MMA or homocysteine) (Yetley et al.  2011b ).  
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11.2.3     Vitamin B 6  

 Vitamin B 6  is a water-soluble B vitamin comprised of several vitamers: pyridoxine 
(PN), pyridoxal (PL), and pyridoxamine (PM). These three compounds also exist in 
the 5′ phosphate forms (PLP, PNP, and PMP). The B 6  vitamers act as coenzymes in 
over 100 biological reactions involving metabolism of carbohydrates, lipids, and 
proteins ( 1998 ). With respect to one-carbon metabolism, vitamin B 6  is related to 
folate, B 12 , and choline in several biochemical pathways including condensing 
homocysteine with serine to form the amino acid cysteine in the two-step transsul-
furation pathway which requires the biologically active form of vitamin B 6 , PLP, 
as a cofactor. Vitamin B 6  is also involved in the conversion of serine to glycine by 
acting as a coenzyme for serine hydroxymethyltransferase (SHMT), which cata-
lyzes the conversion of THF to 5,10-methyleneTHF (Fig.  11.1 ). Rich sources of 
vitamin B 6  include fi sh, beef liver, chickpeas, and non-citrus fruits. However, the 
US population consumes vitamin B 6  primarily from fortifi ed cereals, beef, poultry, 
and starchy vegetables ( 1998 ). 

 Vitamin B 6  status is most commonly measured by assessing biologically active 
PLP in plasma since it most closely refl ects tissue stores. However, status can also 
be measured in RBCs or urine by measuring other individual B 6  vitamers or total 
vitamin B 6  forms. PLP concentrations above 20 nmol/L in plasma are considered 
adequate B 6  concentrations in adults. Defi ciency of vitamin B 6  is rarely seen in the 
general population, although certain subgroups such as those with gastrointestinal 
disorders, renal dysfunction, autoimmune diseases, or alcohol dependence may be 
at higher risk of B 6  inadequacy. Vitamin B 6  defi ciency can lead to microcytic 
anemia, irregularities in electroencephalography readings, depression and confu-
sion, and compromised immune function. Defi ciency symptoms include cracked 
corners of the mouth and swollen tongue ( 1998 ). 

 Vitamin B 6  status has been linked to a number of diseases, most notably coronary 
heart disease, stroke, and cognitive dysfunction. Although theoretically plausible 
due to the potential homocysteine-lowering effects of vitamin B 6 , previous random-
ized control trials and combined analyses have failed to show vitamin B 6 , alone or 
in combination with other B vitamins reduce the risk of coronary heart disease and 
stroke (Ebbing et al.  2010 ; Albert et al.  2008 ; Toole et al.  2004 ). With regard to 
cognitive function, low vitamin B 6  status has been hypothesized to lead to cognitive 
decline in the elderly. However, a systematic review and a Cochrane review con-
cluded there is not enough evidence to determine if vitamin B 6  supplementation 
would improve cognitive function in the elderly (Balk et al.  2007 ; Malouf and 
Grimley Evans  2003 ).  

11.2.4     Choline and Betaine 

 Choline is an essential nutrient which functions as a precursor for the neurotrans-
mitter acetylcholine and along with its derivatives, also serves as the component of 
structural lipoproteins (such as phospholipids), blood and membrane lipids. 
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Although an essential nutrient, choline can also be synthesized de novo by the 
endogenous pathway via methylation of phosphatidylethanolamine. This reaction is 
catalyzed by phosphatidylethanolamine  N -methyltransferase (PEMT) with SAM 
serving as the methyl donor. Although PEMT-catalyzed de novo biosynthesis of 
phosphatidylcholine provides a signifi cant source of choline, this does not provide 
an adequate amount to meet the nutrient requirements when concentrations of other 
one-carbon metabolism nutrients, namely methionine, folate, vitamin B 6,  and B 12 , 
are not available in suffi cient amounts to sustain normal growth and function 
(Fig.  11.1 ). This interrelationship confi rms the importance of studying one-carbon 
nutrients together and adds the complexity to this fi eld of research, as it is often very 
diffi cult to tease apart effects of individual one-carbon nutrients. Natural dietary 
sources of choline are egg yolks, beef, chicken, liver, and soybeans ( 1998 ; Ueland 
 2011 ; Zeisel and da Costa  2009 ). 

 Choline is naturally found in the food supply as free choline, or bound as esters 
such as phosphocholine, glycerophosphocholine, sphingomyelin, or phosphatidyl-
choline. Choline plays important roles in structural integrity of cell membranes, 
methyl metabolism, cholinergic neurotransmission, transmembrane signaling, and 
lipid and cholesterol transport, and metabolism ( 1998 ; Ueland  2011 ). Furthermore, 
choline is associated with the neurodevelopment and cell proliferation of the hip-
pocampus, differentiation, and apoptosis in animals and is also believed to affect 
brain development and cognitive functions    in humans (Jun Ying et al.  2013 ). 

 Most choline is irreversibly oxidized to betaine in the liver and kidney. Betaine 
serves as a methyl donor by transferring a methyl group to homocysteine for the 
conversion to methionine catalyzed by BHMT, which is the focal point where beta-
ine and choline are linked to one-carbon metabolism (Dominguez-Salas et al.  2012 ). 
On an intracellular level, betaine functions as an osmolyte that regulates cell 
volume and tissue integrity, thereby protecting cells and proteins from environmen-
tal stresses such as ionic stress and elevated temperature. Betaine is abundantly 
found in animal foods, seafood, and plant foods such as wheat bran and spinach 
(Ying et al.  2013 ). 

 Inadequate choline intakes lead to fatty liver which is a result of the lack of phos-
phatidylcholine, thereby limiting the export of excess triacylglycerols from the liver 
(Zeisel  2005 ) and therefore both choline and betaine are considered lipotropes 
based on their ability to prevent fatty liver (Rosenfeld  2010 ). Other signs of choline 
defi ciency are liver and muscle damage (Ueland  2011 ; Zeisel  2005 ; Zeisel and da 
Costa  2009 ). Although both men and postmenopausal women experience fatty liver 
or muscle damage during choline deprivation, sex, and menopausal status have 
been shown to infl uence dietary requirements through the manifestation of a signifi -
cantly lower frequency of symptoms of fatty liver and muscle damage, in premeno-
pausal women which can be explained by the upregulation of the de novo synthesis 
of choline mediated by estrogen (Fischer et al.  2007 ). Furthermore, because choline 
is involved in the remethylation pathway of homocysteine, choline defi ciency can 
result in increased levels of plasma homocysteine (Ueland  2011 ). Although the 
homocysteine-lowering effect of choline and betaine is well documented, there is 
confl icting evidence concerning the potential of these two nutrients to modulate the 
risk of coronary heart disease and stroke via the homocysteine-lowering effect ( 1998 ). 
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Finally, inadequate choline has also been shown to be a risk factor for neural tube 
defects, likely due to its involvement in the remethylation of homocysteine, inde-
pendent of folate (Shaw et al.  2004 ,  2009 ).   

11.3     Epigenetics: DNA Methylation 

 Epigenetic modifi cation refers to changes in compounds attached to or related to the 
DNA sequence independent of the genome itself. Epigenetic mechanisms include 
DNA methylation, covalent modifi cations of histones, chromatin remodeling, and 
RNA interference, all of which alter gene expression and function without changing 
the nucleotide sequence (Egger et al.  2004 ). In contrast to genetic changes, epigen-
etic changes are gradual in onset and progressive, their effects are dose-dependent, 
and are potentially reversible by dietary and pharmacologic manipulations (Kim 
 2005 ; Ballestar and Esteller  2002 ). 

 The most widely studied of all the epigenetic modifi cations in mammals is DNA 
methylation. DNA methylation is characterized by methyl groups attached at cyto-
sine base pairs located within cytosine-guanine (CpG) sequences, and the pattern of 
these methyl groups is heritable, and tissue- and species-specifi c (Ballestar and 
Esteller  2002 ; Jones and Baylin  2002 ). DNA methylation is an important epigenetic 
inverse determinant in gene expression, in the maintenance of DNA integrity and 
stability, and in chromatin modifi cations (Jones and Baylin  2002 ; Esteller  2007 ). 
CpG sites are unevenly distributed throughout the genome. Up to 80 % of all CpG 
sites in human DNA are normally methylated. However, this methylation occurs 
primarily in the bulk of the genome where CpG density is low, including exons, 
noncoding regions, and repeat DNA sites, and allows correct organization of chro-
matin in active and inactive states (Klose and Bird  2006 ; Robertson and Wolffe 
 2000 ). Most CpG rich areas are clustered in small stretches of DNA termed “CpG 
islands”, which span the 5′ end of approximately 50 % of human genes including the 
promoter, untranslated region, and exon 1, are unmethylated in normal cells, thereby 
allowing transcription (Robertson and Wolffe  2000 ). When methylated, CpG islands 
cause stable heritable transcriptional silencing, which is mediated by the transcrip-
tional repressor, methyl-CpG-binding protein-2 (MeCP2), which binds methylated 
CpG islands and recruits a complex containing a transcriptional co- repressor and a 
histone deacetylase (HDAC) (Jones et al.  1998 ; Canman et al.  1998 ). HDACs sup-
press transcription by tightly packing the DNA structure, thus rendering an inactive 
chromatin conformation (Bird and Wolffe  1999 ). Not surprisingly, HDACs have 
been shown to be overexpressed in certain cancers and lead to gene silencing (Ropero 
and Esteller  2007 ). DNA methylation is a dynamic process between active methyla-
tion, mediated by CpG methyltransferases (DNMT1, 3a, 3b) (Li and Jaenisch  2000 ) 
using SAM (Tajima and Suetake  1998 ), and removal of methyl groups from 5-meth-
ylcytosine residues by several mechanisms, including active demethylation by a pur-
ported demethylase, methyl DNA-binding domain protein 2 (MBD2). SAM is 
converted to  S -adenosylhomocysteine (SAH) by DNMTs, and accumulation of SAH 
can act as an inhibitor of DNMTs (James et al.  2002 ). 
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 Aberrant DNA methylation patterns are mechanistically related to the development 
of several human diseases including cancer (Jones and Baylin  2002 ; Esteller  2012 ). 
Cancer, in particular, has been shown to have distinct epigenetic characteristics that 
appear early on in cancer initiation and progression. Cancer is characterized by 
global DNA hypomethylation as well as gene-specifi c CpG DNA hypermethylation 
of generally unmethylated gene promoter regions leading to transcriptional gene 
silencing (Kim  2005 ) (Fig.  11.2 ). Global hypomethylation contributes to the devel-
opment of cancer through a number of mechanisms including chromosomal insta-
bility, increased mutations, reactivation of intragenomic parasitic sequences, loss of 
heterozygosity, rearrangements, aneuploidy, loss of imprinting, and upregulation of 
proto-oncogenes (Esteller  2012 ). DNA methylation at promoter CpG islands 
silences transcription, thereby inactivating the function of a wide array of genes that 
have classic tumor suppressor function or play critical roles in cancer development 
and progression (Herman and Baylin  2003 ).

11.3.1       Involvement of One-Carbon Nutrients 

 Folate, vitamins B 12  and B 6 , and choline, which are metabolically interrelated in 
one-carbon transfer reactions leading to biological methylation reactions, may play 
a role in cancer development and progression through their effects on DNA 
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methylation (Fig.  11.1 ) (Davis and Uthus  2004 ). The conversion of SAM to SAH 
via DNMTs and other methyltransferases is the key step in methylating DNA and 
other bioactive molecules, respectively. One-carbon nutrients are involved in this 
crucial step by contributing to the regeneration of SAM. Another crucial enzyme 
involved in a number of pathways leading to SAM regeneration is MS. MS requires 
vitamin B 12  as a coenzyme for optimal function. MS converts the main form of 
circulating folate, 5-methylTHF, to THF while simultaneously converting homocys-
teine to methionine. Homocysteine can also be converted to methionine independent 
of MS by BHMT, which demethylates betaine to form dimethylglycine. De novo 
synthesis of the endogenous form of choline (phosphatidylcholine) occurs through 
the conversion of phosphatidylethanolamine via PEMT. Phosphatidylcholine is 
further converted to choline, which is the precursor of betaine. Methionine is con-
verted to SAM to be used for methyl group donation. To avoid buildup of toxic levels 
of homocysteine, vitamin B 6  aids in the clearance of homocysteine to cysteine via the 
transsulfuration pathway mediated by cystathionine beta synthase (CβS). Vitamin B 6  
is also involved in the conversion of serine to glycine by acting as a coenzyme for 
SHMT, which catalyzes the conversion of THF to 5,10-methyleneTHF. Given that 
one-carbon nutrients can directly affect the generation of SAM, defi ciencies or 
imbalances of these nutrients can potentially increase cancer risk by impairing DNA 
methylation capacity. 

    Experimental Studies 

 A number of in vitro studies utilizing various human cell lines have demonstrated 
the potential of folic acid to modulate DNA methylation changes and subsequently, 
altered gene expression. The results of these studies show that the effects of folate 
concentrations in in vitro systems on global and gene-specifi c DNA methylation 
vary vastly by cell line. A bulk of the literature has investigated these effects in the 
colonic epithelial cells. Supraphysiological concentrations of folic acid, but not 
physiologically relevant doses, have been shown to induce Long Interspersed 
Nuclear Element-1 (LINE-1) hypomethylation and gene-specifi c CpG island hyper-
methylation in normal WI-38 fi broblasts and FHC colon epithelial cells (Charles 
et al.  2012 ). Another study demonstrated increased global DNA hypomethylation, 
higher levels of uracil misincorporation, and inhibition of DNA excision repair in 
normal colonocytes in response to folate defi ciency (Duthie et al.  2000 ). These fi nd-
ings demonstrate that both supraphysiological concentrations and depletion of folic 
acid can increase global DNA hypomethylation in normal colonic epithelial cells. 
Collectively, these studies provide proof-of-principle of the ability of folate to 
modulate DNA methylation. 

 Rodent models have been widely used to help elucidate the relationship 
between diet-mediated DNA methylation changes. Overall, studies have demon-
strated that diets defi cient in one-carbon nutrients in rodent models result in global 
DNA hypomethylation in the liver (Wainfan et al.  1989 ; Christman et al.  1993 ; 
Wilson et al.  1984 ; Pogribny et al.  2007 ,  2009b ) and brain (Pogribny et al.  2008 ). 
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Furthermore, alterations of gene-specifi c DNA methylation patterns in various 
tissues, some with subsequent changes in gene expression, were shown to be sensi-
tive to folate levels (Kim et al.  1997 ; Qin et al.  2013 ) and one-carbon nutrient 
intakes (Waterland et al.  2006b ). Although these studies may not be entirely appli-
cable to humans, they provide strong experimental evidence to support that dietary 
intakes of one-carbon nutrients may infl uence global and gene-specifi c DNA meth-
ylation. Finally, the effect of dietary intake of one-carbon nutrients on specifi c tis-
sues and organs in animal models will be discussed in more detail in subsequent 
specifi c cancer site sections.  

    Human Studies 

 Several studies in humans have corroborated the evidence in in vitro and in vivo 
systems of the ability of one-carbon nutrients to modulate DNA methylation. 
Epidemiological studies have investigated peripheral blood mononuclear cell 
(PBMC) DNA methylation changes in adult women. A nonsignifi cant decreased 
trend in leukocyte global DNA methylation in young women was observed with 
low intake of dietary folate for 7 weeks using a controlled feeding protocol (Shelnutt 
et al.  2004 ). After an additional 7 weeks of repletion, global methylation increased 
nonsignifi cantly, but only in the  MTHFR  677CC genotypes. Another study found 
varying intakes of choline, betaine, and/or folate of healthy women did not infl u-
ence global DNA methylation in leukocytes after a 12 week follow-up, even when 
accounting for  MTHFR  C677T genotype (Abratte et al.  2009 ). Signifi cant decreases 
in lymphocyte global DNA methylation were observed after intervention with a low 
folate diet for 3 months in postmenopausal (Jacob et al.  1998 ) and 7 weeks in 
elderly women (Rampersaud et al.  2000 ). However, after folate-repletion, global 
DNA methylation levels were restored in postmenopausal (Jacob et al.  1998 ) but 
not in elderly (Rampersaud et al.  2000 ) women. In a cross-sectional study, post-
menopausal women exhibited an inverse relationship between lymphocyte LINE-1 
methylation and sex hormone concentrations when stratifi ed by serum folate levels 
(Ulrich et al.  2012 ). LINE-1 methylation was positively associated with immune 
markers in those with high serum folate levels (Ulrich et al.  2012 ). Furthermore, there 
was a nonsignifi cant inverse trend with supplemental vitamin B 6  intakes and LINE-1 
methylation (Jin et al.  2009 ). In men and women, low folate status measured in blood 
directly correlated with lower PBMC global DNA methylation, which was specifi c 
for individuals with the  MTHFR  677TT genotype (Friso et al.  2002 ). 

 Few studies have investigated the effects of one-carbon nutrients on global and 
gene-specifi c DNA methylation patterns at a tissue-specifi c level in healthy individuals. 
In normal colonic biopsies, serum and RBC folate concentrations were signifi cantly 
inversely correlated with DNA hypomethylation (Pufulete et al.  2005b ). 

 Al-Ghnaneim et al. investigated gene-specifi c DNA methylation in the pro-
moter regions of  mutL homolog 1  ( hMLH1 ) and  Estrogen Receptor α  ( ERα ) in 
healthy colonic mucosa.  ERα  promoter DNA methylation    was signifi cantly 
inversely correlated with serum vitamin B 12  concentrations but not with serum 
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and RBC folate concentrations.  hMLH1  promoter DNA methylation was however 
not signifi cantly correlated with vitamin B 12  or folate status in this study (Al-Ghnaniem 
et al.  2007 ). Although the functional ramifi cations of these changes in DNA methyla-
tion resulting from alterations in B vitamin and choline status have yet to be explained, 
these studies offer insight into how one-carbon nutrient diet can play a potentially 
signifi cant role in modulating DNA methylation in PBMC and specifi c tissues/organs 
in humans. Moreover, the mosaic of results presented herein point to the fact that the 
direction of DNA methylation changes may be specifi c to cell type and target organ 
and may not always be consistent between global and gene- or site-specifi c DNA 
methylation. Contrary to permanent genetic mutations that elicit “programmed” 
disease risks, alterations of the epigenome are potentially reversible and thus provide 
novel prospects on the forefront of disease prevention and treatment.    

11.4     The Link Between One-Carbon Metabolism Nutrients 
and Cancer 

 In both normal and cancer cells, the diet has been shown to modify a myriad of 
fundamental processes including DNA repair, cell proliferation and apoptosis, gene 
expression, and infl ammatory and immunological reactions. Furthermore, dietary 
components are important modulators of DNA methylation and cancer risk. As 
demonstrated through varying levels of evidence in both experimental models and 
in human studies, a relationship between one-carbon metabolism nutrients and 
DNA methylation has been established. Furthermore, the most convincing evidence 
regarding the interaction of dietary components and cancer risk via DNA methyla-
tion changes is from investigation of one-carbon nutrients and DNA methylation 
changes since they directly contribute to the methyl donor supply available for bio-
logical methylation reactions (Davis and Uthus  2004 ; Marmot et al.  2007 ). 

 Of all the one-carbon nutrients, folate has been the most widely studied in its 
ability to modulate cancer risk. Although the traditional role of folate in cancer is 
evident with use of antifolate drugs in cancer chemotherapy (Robien  2005 ), epide-
miologic studies have suggested folate insuffi ciency may increase the risk of sev-
eral human cancers and that folic acid supplementation may reduce this risk (Kim 
 2003 ,  2004b ,  2007a ). However, animal studies from the author’s lab suggest folate 
possesses dual modulatory effects on cancer development and progression depend-
ing on the dose and stage of cell transformation at the time of intervention (Kim 
 2003 ,  2004b ,  2007a ,  2008 ). Cancer develops over decades, if not a lifetime, through 
different stages of premalignant lesions. Defi ciency of folate in normal tissues pre-
disposes cells to neoplastic transformation, and modest supplemental levels sup-
press transformation, whereas supraphysiologic doses enhance, the development of 
tumors in normal tissues. In contrast, folate defi ciency has an inhibitory effect 
whereas folate supplementation has a promoting effect on the progression of estab-
lished intraepithelial neoplasms (Fig.  11.2 ).
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   The mechanisms by which folate exerts dual modulatory effects on carcinogenesis 
depending on the timing and dose of folate intervention relate to its essential role in 
one-carbon transfer reactions involved in DNA synthesis and biological methyla-
tion reactions. The tumor promoting mechanisms of folate defi ciency in normal, 
untransformed tissue include DNA strand breaks, impaired DNA repair, increased 
mutagenesis and global DNA hypomethylation, whereas tumor inhibitory mecha-
nisms in transformed tissue include impaired DNA synthesis therefore inhibiting 
tumorigenesis and reversal of aberrant CpG hypermethylation (Fig.  11.3 ). On the 
contrary, tumor inhibitory mechanisms of folate supplementation in normal, 
untransformed tissue include: DNA stability and integrity, optimal DNA repair, 
decreased mutagenesis, and prevention of aberrant DNA methylation. Finally, 
tumor promoting mechanisms of folate supplementation in transformed tissue include 
provision of nucleotide precursors for proliferation and growth of neoplastic cells, 
inactivation of tumor suppressor genes induced by de novo methylation of promoter 
CpG islands, and hypermutability of methylated cytosine in CpG dinucleotides 
(Smith et al.  2008 ) (Fig.  11.2 ). 
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  Fig. 11.3    Dual modulatory role of folate in carcinogenesis. Folate defi ciency in normal tissues 
predisposes them to neoplastic transformation, and modest supplemental levels suppress, whereas 
supraphysiologic doses of supplementation enhance, the development of tumors in normal tissues. 
In contrast, folate defi ciency has an inhibitory effect whereas folate supplementation has a promot-
ing effect on the progression of established neoplasms. The mechanisms by which folate exerts 
dual modulatory effects on carcinogenesis depending on the timing and dose of folate intervention 
relate to its essential role in one-carbon transfer reactions involved in DNA synthesis and biologi-
cal methylation reactions.  ACF  aberrant crypt foci       
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 Although the evidence is stronger in animal models, the potential tumor promoting 
effect of high folic acid is corroborated in two human studies. The Aspirin/Folate 
Polyp Prevention Study (Cole et al.  2007 ) reported that daily folic acid supplemen-
tation for up to 10 years in individuals likely harboring (pre)neoplastic lesions 
signifi cantly increased the risk of advanced and multiple colorectal adenomas 
(Cole et al.  2007 ) and of prostate cancer (Figueiredo et al.  2009a ). A Norwegian 
study found treatment with folic acid and vitamin B 12  for a median follow-up of 36 
months signifi cantly increased overall cancer incidence and mortality by 21 % and 
38 %, respectively (Ebbing et al.  2009 ). However, a meta-analysis investigating 
folate’s effects on all cancer incidence and mortality failed to demonstrate the tumor 
promoting effect of folic acid supplementation (Vollset et al.  2013 ). At present, the 
potential tumor promoting effect on the progression of (pre)neoplastic lesions 
remains the most controversial and potentially most serious adverse effect of folic 
acid supplementation and fortifi cation. 

 This relationship has recently been expanded to other one-carbon nutrients, par-
ticularly choline and prostate cancer. Data from the Health Professionals Follow-up 
Study cohort reported a positive association between dietary choline intake and 
increased lethal prostate cancer risk after a 22-year follow-up (Richman et al.  2012 ). 
Prostate cancer has been shown to alter choline metabolism and large amounts of 
choline are taken up by prostate cells (Ackerstaff et al.  2001 ). However it is still 
unknown how choline may adversely affect prostate cancer risk. To complicate these 
results, synergistic effects of one-carbon nutrients have been demonstrated. For exam-
ple, changes in other B vitamin intakes have been shown to modulate choline status 
in rats since choline can be generated de novo and the increase in related B vitamin 
nutrients could spare use of choline or increase endogenous choline synthesis (van 
Wijk et al.  2012 ). Therefore, it may be diffi cult to attribute adverse effects to one nutri-
ent in particular, considering one-carbon nutrients are integrally linked and regulated. 

 In the following sections, an in-depth discussion of the complex relationships 
between one-carbon nutrients and cancer risks for several different cancers of the 
gastrointestinal system (esophageal, gastric, liver, pancreatic, and colorectal) and repro-
ductive cancers (breast, cervical, endometrial, ovarian, and prostate) will be presented. 
Trans-generational studies will also be discussed, focusing on maternal one-carbon 
nutrient intakes and its effects on cancer risk and DNA methylation changes in the 
offspring. Evidence from in vitro, animal, and epidemiological studies as well as inter-
ventional trials in human will be reviewed. Furthermore, the role of one-carbon nutri-
ents in the modulation of DNA methylation within each cancer site will be reviewed. 

11.4.1     Cancers of the Gastrointestinal System 

    Esophageal Cancer 

 Esophageal cancer incidence rates vary geographically demonstrating a signifi -
cantly higher frequency in Southern and Eastern Africa and Eastern Asian coun-
tries. This type of cancer has been shown to affect males 3–4 times more commonly 
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than females (Jemal et al.  2011 ). Cancer of the esophagus exists in two forms: 
esophageal squamous cell carcinoma (ESCC), which affects the upper-third of the 
esophagus and esophageal adenocarcinoma (EAC), which affects the distal esopha-
gus and the junction of the esophagus and stomach. Only environmental risk factors 
of esophageal cancer have been presently identifi ed including poor nutritional status, 
low fruit and vegetable intake and drinking hot beverages which pertain to high- risk 
areas whereas in the low-risk areas (i.e., Western countries), smoking and excessive 
alcohol consumption have been characterized as the most common risk factors. 
Barrett’s esophagus (BE), a major predisposing risk factor of EAC, is associated 
with smoking, overweight or obesity, and chronic gastroesophageal refl ux disease 
(Jemal et al.  2011 ). 

 There is a paucity of animal studies that examined the effect of one-carbon nutri-
ents on esophageal carcinogenesis. One preliminary study presented as an abstract 
reported that folic acid supplementation reduced gastroesophageal refl ux-induced 
hyperproliferative esophagitis in rats (Menezes et al.  2008 ). 

 A meta-analysis of four case–control studies for ESCC and three case–controls 
for EAC has found dietary folate to be protective against these esophageal cancers 
(Larsson et al.  2006a ). Two recent case–control studies have also found dietary 
folate to be protective against all forms of esophageal cancer (Bravi et al.  2012 ; 
Jessri et al.  2011 ). However, an interesting fi nding from a recent case–control study 
demonstrated that dietary folate, but not supplemental folic acid, was protective 
against BE (Ibiebele et al.  2011 ). Supplemental folic acid was associated with a 
twofold increased BE risk with dysplasia and supplemental vitamin B 6  and B 12  were 
associated with increased EAC risk. The direct relationship between esophageal 
cancer progression and high folic acid is consistent with the tumor promoting effect 
of folic acid supplementation on established (pre)neoplastic foci observed primarily 
in colorectal cancer (CRC) animal studies (Kim  2006 ). Although this study cap-
tured dietary changes and supplemental use prior to diagnosis, there is still a possi-
bility that supplemental B vitamin use may have increased post-diagnosis, which is 
in agreement with previous research indicating that supplement and multivitamin 
use increases after cancer diagnosis (Velicer and Ulrich  2008 ). 

 A few case–control studies have found dietary vitamin B 6  to be protective against 
ESCC (Bravi et al.  2012 ; Mayne et al.  2001 ) and EAC (Mayne et al.  2001 ). 
Interestingly, dietary vitamin B 12  was associated with an increased risk of ESCC 
and EAC (Mayne et al.  2001 ). It has been suggested that plant-based nutrients 
(folate, vitamin B 6 ) may be protective and animal-based nutrients (vitamin B 12 ) may 
be detrimental to cancer risk of the esophagus and stomach (Mayne et al.  2001 ). 
Furthermore, another case–control study performed in Iranian middle aged to elderly 
adults used factor analysis to investigate nutrients and dietary patterns associated 
with ESCC. Two dietary nutrient patterns were identifi ed and factor 2, but not factor 
1, had an inverse relationship with ESCC risk (Hajizadeh et al.  2012 ). Interestingly, 
dietary folate and vitamin B 6  were loaded in factor 1 which saw no effect whereas 
vitamin B 12  was loaded in factor 2 which was protective. Identifying dietary pat-
terns can be benefi cial when determining how whole diets affect cancer risk. 
However, it is diffi cult to tease out the effects of individual nutrients given each 
dietary nutrient pattern consisted of over 15 nutrients and therefore, could have 
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synergistic effects. A Chinese intervention trial with over 3,000 subjects examined 
whether multivitamin use over a 6-year period improved esophageal dysplasia. The 
multivitamin treatment contained 26 nutrients including folic acid, vitamin B 6 , and 
vitamin B 12 . Overall, multivitamin supplementation had no signifi cant protective 
effect on total or esophageal/gastric cardia cancer incidence. However, when ana-
lyzed separately, there was a nonsignifi cant trend of decreased incidence of esopha-
geal but increased gastric cancer in the supplemented group (Li et al.  1993 ). 

 One case–control study that considered dietary intake of methyl donors including 
betaine, choline, and methionine found a signifi cant inverse association between 
dietary betaine, but not choline or methionine, and BE risk (Ibiebele et al.  2011 ). 

 A limited number of studies have investigated the effects of one-carbon nutrients 
on DNA methylation as related to esophageal cancer. Two epidemiological studies 
found no association between dietary folate intake and CpG promoter DNA meth-
ylation of the tumor suppressor  p16  and DNA mismatch repair  hMLH1  genes in 
esophageal cancer tissues. However, CpG promoter DNA methylation of the  MGMT  
gene was positively associated with dietary folate intake. Furthermore, CpG pro-
moter DNA hypermethylation of the  MGMT  gene was associated with increased 
ESCC risk (Wang et al.  2008 ; Chen et al.  2012 ).  MGMT  is an important DNA repair 
gene and has been previously implicated in carcinogenesis across various tissues 
(Chen et al.  2012 ; Nakai et al.  2012 ). On the contrary, Lu et al. did not fi nd any 
associations between global or  p16 ,  MGMT  and  hMLH1  gene-specifi c CpG pro-
moter DNA methylation and ESCC risk; this study, however, did not investigate 
whether dietary folate affected DNA methylation patterns in esophageal cancer (Lu 
et al.  2011 ). Nonetheless, dietary folate intake appeared to decrease the risk of death 
after esophagectomy in ESCC patients (Lu et al.  2011 ). 

  Esophageal Cancer Summary . Collectively, human studies have shown dietary 
folate and vitamin B 6  to be protective against esophageal cancer. However, there are 
inconsistent results regarding the effects of vitamin B 12 . Furthermore, the source of 
nutrient (dietary or supplemental) is an important factor to consider since supple-
mental B vitamins were shown to have increased risk of esophageal cancer. More 
research is needed regarding choline’s effects on esophageal cancer risk. 

 At present, given the paucity of data, it is diffi cult to conclude whether one- 
carbon nutrients might play a role in esophageal carcinogenesis via alterations in 
DNA methylation. Dietary folate has been shown to modulate CpG promoter DNA 
methylation of the  MGMT  gene, but not the tumor suppressor  p16  or DNA mis-
match repair  hMLH1  genes (Wang et al.  2008 ; Chen et al.  2012 ). CpG promoter 
DNA hypermethylation of  MGMT  was a consistent characteristic observed in vari-
ous cancer tissues (Chen et al.  2012 ; Nakai et al.  2012 ). Studies are warranted to 
investigate the effect of one-carbon nutrients on global DNA methylation and CpG 
promoter DNA methylation of other target genes involved in esophageal cancer. For 
example, genome-wide DNA hypomethylation was observed in early BE progres-
sion, both globally and in CpG islands located in gene promoter regions (Alvarez 
et al.  2011 ). Interestingly, DNA hypomethylation at CpG dinucleotides outside of 
CpG islands in the promoter region has been observed in precancerous esophageal 
tissues. DNA methylation of  Deleted in Malignant Brain Tumor 1  ( DMBT1 ) gene, 
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which does not contain a CpG island gene promoter region, has been shown to be 
hypomethylated in CpG sites, leading to transcriptional upregulation in early BE 
progression (Alvarez et al.  2011 ). More studies are needed to determine whether 
one-carbon nutrients are able to modulate global and gene-specifi c DNA methyla-
tion in precancerous esophageal lesions such as BE as it could help identify early 
epigenetic biomarkers of and potential therapeutic target for esophageal cancer 
development and progression.  

    Gastric Cancer 

 Gastric cancer (GC) is the fourth most common cancer worldwide and the second 
leading cause of cancer mortality (Gonda et al.  2012 ). Similar to esophageal cancer, 
GC rates vary widely around the world, with the highest rates in Japan, Korea, and 
China (Forman and Burley  2006 ). The  Helicobacter pylori  ( H. pylori ) infection is a 
recognized independent risk factor for development of GC (Forman and Burley 
 2006 ). Dietary factors linked to increased GC risk include high salt intake, excess 
alcohol, and low fruit and vegetable consumption (Forman and Burley  2006 ). 

 Studies investigating the chemopreventive effects of nutrients on GC have gener-
ally found one-carbon nutrients to be protective against GC (Mayne et al.  2001 ). Only 
few animal studies have investigated this link. High folic acid supplementation was 
found to be protective against  N -ethyl- N -nitrosoguanidine-induced GC in beagles 
(Xiao et al.  2002 ). In a rodent model, folic acid supplementation was able to decrease 
mucosal infl ammation and dysplasia induced in hypergastrinemic mice infected with 
 Helicobacter felis  (Gonda et al.  2012 ). 

 In case–control and cohort studies, low folate status has been linked to an 
increased risk of GC (Weng et al.  2006 ; Fang et al.  1997 ), and higher folate status, 
particularly in individuals with the  MTHFR  677TT genotype (Mu et al.  2007 ; 
Galvan-Portillo et al.  2009 ,  2010 ; Gao et al.  2013 ), was inversely related to GC 
risk, although two case–control studies found a null association with plasma folate 
concentrations (Vollset et al.  2007 ) and dietary folate and vitamin B 6  (Lazarevic 
et al.  2011 ). Higher intakes of choline and vitamin B 6  have also demonstrated a 
protective effect against GC in  MTHFR  677TT carriers in a Mexican case–control 
study (Galvan-Portillo et al.  2009 ). A nested case–control study in the prospective 
European Prospective Investigation into Cancer and Nutrition (EPIC) cohort found 
plasma PLP concentrations (vitamin B 6 ) to have a protective effect on GC risk 
(Eussen et al.  2010b ). Previous studies have shown that low concentrations of 
plasma PLP (vitamin B 6 ) can act adversely on SHMT enzyme activity, thereby 
interfering with one-carbon nutrient metabolism, leading to impaired DNA repair 
and global DNA hypomethylation (Choi et al.  1998 ; Jones and Buckley  1990 ). 
With regard to vitamin B 12  status and GC risk, one case–control study found vita-
min B 12  intakes prior to diagnosis decreased GC mortality risk (Galvan-Portillo 
et al.  2010 ), while plasma vitamin B 12  concentrations in the EPIC study were 
 signifi cantly associated with decreased GC risk (Vollset et al.  2007 ). At present, no 
intervention trials have investigated the effects of one-carbon nutrients on GC risk 
and progression. 
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 Decreased global DNA methylation, hypomethylation of oncogenes, and hyper-
methylation of tumor suppressor genes are frequently observed epigenetic alterations 
associated with GC (Fang et al.  1997 ). In the previously mentioned hypergastrin-
emic transgenic mouse model infected with  Helicobacter felis , high doses of folic 
acid provided post-infection mitigated the loss of global DNA methylation in gas-
tric tissue, which was associated with dysplasia progression (Gonda et al.  2012 ). 
In humans, global DNA hypomethylation has been associated with low plasma 
folate concentrations in those with GC (Fang et al.  1997 ). Additionally, global 
LINE-1 DNA methylation levels in blood leukocytes in a Polish population were 
lower in those with GC compared to control subjects (Hou et al.  2010 ). However, it 
is unclear whether global DNA hypomethylation in blood leukocytes refl ect that in 
the gastric tissue and its reliability as a potential biomarker of GC risk requires 
further investigation. 

 Several studies have investigated gene-specifi c DNA methylation patterns 
related to GC. CpG promoter DNA hypomethylation of  c - myc  with overexpression 
of c-myc protein in cancerous tissues has been demonstrated in gastric biopsies 
from GC patients compared to noncancerous tissues from controls (Weng et al. 
 2006 ). Furthermore, tissue folate concentrations were lower in biopsies exhibiting 
hypomethylated  c - myc  compared to biopsies with normally methylated  c - myc . Fang 
and colleagues demonstrated similar associations with plasma folate concentrations 
and  c - myc  hypomethylation in 21 patients with advanced GC (Fang et al.  1997 ). 
 C - myc  is a proto-oncogene known to promote cell growth and proliferation, and 
regulates apoptosis and therefore, dysregulation of  c - myc  transcription could impact 
downstream pathways such as uncontrolled cell proliferation (Pelengaris et al. 
 2002 ; Calcagno et al.  2008 ). Overexpression of  c - myc  has been described in over 
40 % of GC and is associated with poor cancer prognosis (Pelengaris et al.  2002 ; 
Calcagno et al.  2008 ). Activation or loss of silencing of  c - myc  via DNA hypometh-
ylation is thought to be the mechanism behind overexpression of  c - myc  mRNA. 
Furthermore, synergistic epigenetic mechanisms could be associated with increased 
expression of  c - myc. C - myc  is known to recruit histone acetyl transferases (HATs) 
to the chromatin structure (Pelengaris et al.  2002 ). Opposite to the action of HDACs, 
HATs loosen the DNA structure, leading to enhanced transcription. DNA hypo-
methylation of the proto-oncogene  c - Ha - ras  has also been implicated in GC risk. In 
advanced gastric cancer patients, 40 % of precancerous and 50 % of cancerous 
biopsies exhibited  c - Ha - ras  DNA hypomethylation (Fang et al.  1997 ). Similar to 
the consequences of  c - myc  hypomethylation, hypomethylation of  c - Ha - ras  is 
thought to promote gastric carcinogenesis by activation of gene transcription and 
uncontrolled cell proliferation (Fang et al.  1997 ). A recent case–control study inves-
tigated the effect of folate intake on DNA methylation of  COX - 2 ,  MGMT  and 
 hMLH1  genes as related to GC risk and a potential modifying effect of the  MTHFR  
C677T polymorphism (Gao et al.  2013 ). Individuals with the  MTHFR  677TT geno-
type and low folate intake had the highest GC risk. Similarly, the  MTHFR  677TT 
genotype combined with hypermethylated  MGMT  had the highest GC risk com-
pared to the  MTHFR  CC genotype.  COX - 2  and  hMLH2  DNA methylation patterns 
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were not associated with folate status or the  MTHFR  C677T genotype (Gao et al. 
 2013 ). 

  Gastric Cancer Summary . Overall, both animal and human studies are generally 
suggestive of a protective effect of one-carbon nutrients on GC risk. However, this 
relationship has been shown to be dependent on genetic variants in several enzymes 
in the folate-metabolic pathway, particularly the  MTHFR  C677T polymorphism. 

 With respect to the role of DNA methylation in gastric carcinogenesis, global 
DNA hypomethylation was observed in animal and human studies, whereas CpG 
promoter DNA hypermethylation of several tumor suppressor genes was exhibited 
in several human studies. DNA hypomethylation and subsequent activation of 
 c - myc     and  c - Ha - ras  proto-oncogenes have been implicated in increased GC risk. 
Dietary folate, in particular, was also shown to infl uence DNA hypomethylation 
of these genes, indicating that folate could play a signifi cant role in GC risk mod-
ulation. Furthermore, CpG promoter DNA hypermethylation of the tumor sup-
pressor  MGMT  gene was also linked to increased GC risk. DNA methylation 
changes in several other genes have been associated with increased GC risk 
(Calcagno et al.  2013 ), although they are yet to be linked to one-carbon nutrient 
exposure. Nevertheless, further investigation is needed to explore the role of one-
carbon nutrients in modulating DNA methylation and consequent GC development 
and progression.  

    Liver Cancer 

 Liver cancer, one of the most common and fatal cancers in the world, is often 
diagnosed in advanced stages and is associated with poor prognosis (Song et al. 
 2013 ). The most common risk factors of liver cancer are chronic infection with 
hepatitis B and hepatitis C virus (HBV and HCV), alcohol abuse, environmental 
toxins, and certain metabolic and immune disorders (Song et al.  2013 ). 

 An overwhelming body of evidence exists in rodent models that supports the role 
of folate and other one-carbon nutrients in liver carcinogenesis via aberrant DNA 
methylation both at the global (Wainfan et al.  1989 ; Christman et al.  1993 ; Wilson 
et al.  1984 ; Wainfan and Poirier  1992 ; Pogribny et al.  2006 ,  2009a ; Asada et al. 
 2006 ; Dizik et al.  1991 ) and gene-specifi c levels (Christman et al.  1993 ; Kim et al. 
 1997 ; Wainfan and Poirier  1992 ; Dizik et al.  1991 ; Du et al.  2009 ; Chagas et al. 
 2011 ; Okabe et al.  2011 ; Shimizu et al.  2007 ). More specifi cally, these studies have 
demonstrated that diets defi cient in one-carbon nutrients (such as folic acid, methio-
nine, choline, and vitamin B 12 ) were able to induce an increase in global DNA hypo-
methylation compared to a diet suffi cient in these nutrients in the liver (Christman 
et al.  1993 ; Wilson et al.  1984 ; Pogribny et al.  2009b ; Kim et al.  1997 ; Wainfan and 
Poirier  1992 ; Asada et al.  2006 ; Dizik et al.  1991 ; Okabe et al.  2011 ; Shimizu et al. 
 2007 ), in some cases leading to neoplastic transformation (Pogribny et al.  2006 ; 
Asada et al.  2006 ). 
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 On a gene-specifi c scale, diets defi cient in these one-carbon nutrients led to an 
increase in expression of the proto-oncogenes  c - myc ,  c - fos , and  c - Ha - ras  
(Christman et al.  1993 ; Wainfan and Poirier  1992 ; Dizik et al.  1991 ), which was 
primarily mediated through DNA hypomethylation of these genes in rat liver tissue 
(Christman et al.  1993 ; Dizik et al.  1991 ). Similarly, another study demonstrated 
that a choline- defi cient diet resulted in DNA hypomethylation of  c - fos , translating 
into an increase in gene expression, and in DNA hypermethylation of  E - cadherin , 
 connexin 26 , and  Rassf1a , which however did not result in altered gene expression 
(Shimizu et al.  2007 ). The relationship of folate with liver carcinogenesis was 
examined in a study, which demonstrated that folic acid supplementation decreased 
the expression of  c - myc     in liver tumor of rats and led to a return of the preneoplastic 
phenotype and inhibition of DNA damage compared to the control basal folic acid 
diet (Chagas et al.  2011 ). Collectively, these studies demonstrate that one-carbon 
nutrients have the potential to mediate DNA methylation at the global and gene-
specifi c levels with functional ramifi cations, and that this epigenetic mechanism may 
in part account for the role of these one-carbon nutrients in liver carcinogenesis. 

 Other aspects that play a role in DNA methylation, such as timing of intervention 
and the effect it has on the components of DNA methylation machinery, have been 
well characterized in rodent models. For example, sensitivity to folate defi ciency in 
early life has been demonstrated in a study in which global DNA hypomethylation 
resulting from exposure to a diet defi cient in folic acid from post weaning to puberty 
persisted even after returning to the control diet at puberty (Kotsopoulos et al. 
 2008 ). This study also demonstrated that these early life epigenetic alterations were 
permanent and may have downstream effects on liver carcinogenesis, given that 
DNA hypomethylation is a hallmark characteristic of the early stages of carcinogen-
esis including that of the liver. The importance of the timing of defi ciency of one-
carbon nutrients on DNA methylation and cancer was highlighted in another study 
that demonstrated liver tumors of rats fed a choline-defi cient diet exhibited increas-
ing DNA methylation and a decrease in expression of  lysophosphatidic acid  ( LPA ) 
 receptor - 3  gene, which mediates several cellular effects including cell proliferation, 
with increasing age (Okabe et al.  2011 ). The effect of one-carbon nutrients on 
DNMTs has also been studied in the liver in order to elucidate the mechanics of 
DNA methylation in response to one-carbon nutrients. Increased DNMT1 and 
DNMT3a expression in liver tumor tissue was demonstrated in response to a diet 
defi cient in methionine, folic acid, and choline, compared to controls (Ghoshal et al. 
 2006 ). This observation may be explained in part by the compensatory upregulation 
of DNMT in order to maintain optimal DNA methylation status in the state of 
substrate defi ciency. Another study also showed an increase in DNMT activity in 
liver tissue in rats on a folate-defi cient diet as well as an upregulation of DNA repair 
proteins, which may have been in response to an increase in DNA damage resulting 
from folate defi ciency (Duthie et al.  2010 ). 

 There is a paucity of human studies investigating the effects of one-carbon nutri-
ents on the risk of liver cancer, despite the large body of evidence that clearly dem-
onstrates the mechanistic link between one-carbon-mediated DNA methylation 
changes and liver cancer. Two prospective studies revealed a relationship between 
folate and the risk of liver cancer. In a cohort of high-risk individuals (those with 
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chronic HBV infection), RBC folate concentration was inversely associated with 
the development of liver cancer (Welzel et al.  2007 ). Similarly, a protective effect 
was observed in a prospective study that examined the combined effects of dietary 
folate intake and alcohol consumption on liver cancer risk. Although a signifi cant 
effect on liver cancer was not observed when comparing the highest intake of both 
folate and alcohol compared to the lowest folate and alcohol intake level, this study 
revealed that high folate was able to protect against the effect of high alcohol 
consumption on the development of liver cancer (Persson et al.  2013 ). These results 
render some support for the protective effects of folate in individuals who are at 
high risk of liver damage and/or cancer, by ameliorating the impact of HBV infec-
tion and alcohol, two known risk factors of liver carcinogenesis. 

 Furthermore, there is evidence to support the relationship between perturbed 
folate metabolism and liver cancer risk. A recent meta-analysis demonstrated a sig-
nifi cantly reduced risk associated with the variant CC genotype of the  MTHFR  
A1298C polymorphism compared to the wild-type AA genotype (Qin et al.  2013 ). 
Another meta-analysis revealed a signifi cantly increased risk of liver cancer in 
individuals with the variant TT genotype of the  MTHFR  C677T polymorphism 
compared to the wild-type CC genotype, a risk which was even more pronounced in 
patients with chronic liver disease (Jin et al.  2009 ). 

 Aberrant DNA methylation patterns, both global and gene-specifi c, have been 
identifi ed through a study that performed genome-wide methylation profi ling of liver 
cancer and normal tissues in humans. This study revealed a signifi cant decrease 
in genome-wide DNA methylation in liver cancer tissue compared to normal. 
Furthermore, the most signifi cant differentially methylated promoter CpG island 
changes were observed in four genes ( BMP4 ,  CDKN2A ,  GSTP1,  and  NFATC1 ) that 
play a role in cellular development, gene expression, and cell death (Song et al. 
 2013 ). Aside from these candidate genes, which provide a viable starting point for 
the investigation of one-carbon nutrient-mediated DNA methylation alterations in 
liver carcinogenesis, another study found that  insulin - like growth factor 2  ( IGF2 ) 
gene-specifi c DNA hypomethylation in peripheral mononuclear blood cells is 
 signifi cantly higher in liver cancer patients compared to controls in the setting of 
chronic HCV-related liver cirrhosis (Couvert et al.  2012 ). Therefore, a decrease in 
 IGF2  DNA methylation in the setting of liver cirrhosis is another postulated risk 
 factor and its relationship to one-carbon nutrients is worthy of further investigation. 

  Liver Cancer Summary . Studies in the rodent model have clearly demonstrated that 
a diet defi cient in folate and other one-carbon nutrients increase liver cancer risk 
and this process may be mediated in part through aberrant DNA methylation of the 
genome and of specifi c proto-oncogenes and tumor suppressor genes. There is also 
evidence to support the protective role of folate suffi ciency or supplementation in 
the early stages of liver carcinogenesis. These results were mirrored in human stud-
ies which showed that the increased risk of liver cancer associated with alcohol and 
chronic HBV infection was ameliorated by higher folate intakes. Furthermore, there 
is evidence to support that disturbed folate metabolism (e.g., perturbed folate 
homeostasis resulting from  MTHFR  polymorphisms) may induce aberrant global 
and gene-specifi c DNA methylation patterns and infl uence the risk of liver cancer 
risks in humans. Given the direct relationship between one-carbon nutrients and 

11 One-Carbon Metabolism Nutrients and Epigenetics…



298

DNA methylation, the role of these nutrients in liver cancer risk mediated through 
this epigenetic mechanism should be investigated in concert. Additionally, there is 
a need to determine if there is an association between other one-carbon nutrients 
(vitamin B 12 , vitamin B 6  and choline), and liver cancer risk in addition to folate.  

    Pancreatic Cancer 

 Pancreatic cancer is the fourth most common cause of cancer-related mortality 
worldwide, which can largely be attributed to diagnosis at an advanced stage due to 
the lack of effective screening (Chuang et al.  2011 ; Hariharan et al.  2008 ). Symptoms 
are often vague and nonspecifi c making it exceptionally diffi cult to diagnose pan-
creatic cancer at an early stage when it is potentially treatable    (Gong et al.  2009 ). 
Currently, the most common identifi ed risk factors are cigarette smoking, family 
history, obesity, diabetes mellitus, and chronic pancreatitis (Chuang et al.  2011 ; 
Gong et al.  2009 ; Oaks et al.  2010 ). 

 A few case–control studies have evaluated the association between one-carbon 
nutrients and risk of pancreatic cancer. A protective effect has been associated with 
folate intakes from dietary and supplemental sources combined (Gong et al.  2009 ; 
Baghurst et al.  1991 ). Although a protective effect for pancreatic cancer was 
mirrored in a study investigating circulating levels of folate in male smokers 
(Stolzenberg-Solomon et al.  1999 ), a lack of signifi cant association between plasma 
folate and risk of pancreatic cancer has more commonly    been found (Chuang et al. 
 2011 ; Schernhammer et al.  2007 ). Several large population-based prospective studies 
found a protective effect of dietary folate intake on pancreatic cancer risk confi ned 
to women (Oaks et al.  2010 ), in both men and women (Larsson et al.  2006b ) or in 
male smokers (Stolzenberg-Solomon et al.  2001 ). However, results from prospec-
tive studies have not been uniformly consistent as there have been several studies 
demonstrating a null association between dietary and supplemental folate intakes 
and the risk of pancreatic cancer (Skinner et al.  2004 ; Keszei et al.  2009 ). 

 With respect to case–control analyses of vitamin B 6 , one study found a signifi cant 
risk reduction with higher vitamin B 6  intakes compared to lower (Baghurst et al. 
 1991 ). However, the majority of the published case–control studies found a lack of 
an association between intakes and/or blood levels of vitamin B 6  and pancreatic 
cancer risk (Chuang et al.  2011 ; Gong et al.  2009 ; Stolzenberg-Solomon et al.  1999 ; 
Schernhammer et al.  2007 ). There is a lack of prospective studies investigating the 
relationship between vitamins B 6  and pancreatic cancer risk with only one study 
reporting a null association (Stolzenberg-Solomon et al.  2001 ). 

 Higher vitamin B 12  levels in non-supplement users (Schernhammer et al.  2007 ) 
and in male Finnish smokers (Stolzenberg-Solomon et al.  1999 ) have been shown 
to have a protective effect on pancreatic cancer. However, other studies have found 
no association between the risk of pancreatic cancer and plasma vitamin B 12  levels 
(Chuang et al.  2011 ) or dietary vitamin B 12  intakes (Baghurst et al.  1991 ). Most 
surprising was the signifi cantly increased risk of pancreatic cancer, by almost two-
fold, observed with higher intakes of dietary vitamin B 12  (Gong et al.  2009 ). 
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 The infl uence of epigenetics on the development and progression of pancreatic 
cancer has been well characterized in the most common pancreatic neoplasm 
(accounting for greater than 85 % of pancreatic tumor cases), known as pancreatic 
ductal adenocarcinoma (PDAC) (Hezel et al.  2006 ; McCleary-Wheeler et al.  2013 ). 
In particular, the inactivation of the tumor suppressor gene  p16 , via CpG promoter DNA 
hypermethylation, has been implicated in PDAC (McCleary-Wheeler et al.  2013 ; 
Heichman and Warren  2012 ). From a broad list of genes that are commonly 
hypermethylated in various cancers, Heichman and Warren identifi ed 21 candidate 
hypermethylated genes that are specifi c to pancreatic carcinogenesis, (Heichman 
and Warren  2012 ). A comprehensive review by McCleary-Wheeler and colleagues 
has elucidated other unique DNA methylation events which occur in pancreatic 
cancer including increasing aberrant gene-specifi c DNA methylation patterns in the 
progression of intraepithelial neoplastic changes in PDAC ( NPTX2 ,  SARP2 , 
 Remprimo , and  LHX1 ) and promoter DNA hypomethylation which results in over-
expression of certain genes that are normally silenced in normal epithelium 
(McCleary-Wheeler et al.  2013 ). This defi ned list of genes that are regulated by 
DNA methylation in pancreatic carcinogenesis is particularly useful for identifying 
possible biomarkers of pancreatic cancer risk and/or potential therapeutic targets for 
prevention and treatment using dietary, including one-carbon nutrients, or pharma-
cologic strategies (Heichman and Warren  2012 ). 

  Pancreatic Cancer Summary . Due to the small number of animal and epidemiologic 
studies and the inconsistent results from the small number of published studies, it is 
diffi cult to determine whether one-carbon nutrients may play a role in pancreatic 
cancer development. Some of the published epidemiological studies were confi ned 
to smokers whose requirements and intakes of folate may be different than the gen-
eral population. Genetic polymorphisms in one-carbon nutrient metabolizing genes 
have been shown to affect various cancer risks including pancreatic cancer and 
therefore taking into account genetic variation of these genes may help to elucidate 
the observed disparities in cancer risk outcomes of the pancreas. Furthermore, con-
sidering that DNA methylation is an epigenetic mechanism purportedly implicated 
in various cancer types including pancreatic cancer, it would be valuable to assess 
global and gene-specifi c DNA methylation to use them as diagnostic and prognostic 
markers and potential prevention and treatment targets. A mechanistic link between 
one-carbon nutrients and epigenetic changes in pancreatic cancer development 
should be interrogated to determine whether these nutrients are related to pancreatic 
cancer risk through epigenetic mechanisms and whether these nutrients can be used 
to modulate pancreatic cancer risk.  

    Colorectal Cancer 

 CRC is the third most common cancer worldwide in men and women. Ecological 
observations and epidemiologic studies have suggested that environmental fac-
tors, including diet, signifi cantly infl uence the development of CRC. Some of 
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the dietary risk factors associated with increased CRC risk include red and pro-
cessed meat consumption and excessive alcohol intake and probable protective 
factors are increased dietary fi ber, and calcium supplementation (Vargas and 
Thompson  2012 ). 

 Animal studies have generally demonstrated a causal relationship between folate 
depletion and CRC risk. On the other hand, modest levels of folate supplementation 
resulted in an inhibitory effect on colorectal carcinogenesis (Kim  2003 ; Kadaveru 
et al.  2012 ). As previously discussed, however, animals studies have also shown 
that folic acid supplementation may increase CRC risk and accelerate CRC progres-
sion if supraphysiological levels of folic acid are supplemented or if it is provided 
after neoplastic foci are established in the colorectum (Kim  2003 ,  2004a ) (Fig.  11.3 ). 

 Epidemiological studies collectively suggest a ~20–40 % reduction in the risk of 
CRC or its precursor, adenoma in subjects with the highest dietary intake or blood 
levels of folate compared with those with the lowest intake or blood levels (Kim 
 1999 ,  2007a ,  2008 ; Kennedy et al.  2011 ). Pooled and meta-analytical approaches of 
case–control and cohort studies of dietary and/or supplemental folate intake on 
CRC risk have found a very modest protective effect of dietary folate (Sanjoaquin 
et al.  2005 ) and the combination of dietary and supplemental folate (Kim et al. 
 2010 ) on CRC risk. The role of folate in colorectal carcinogenesis has been further 
strengthened by the observations that genetic polymorphisms in the folate- metabolic 
pathway (e.g.,  MTHFR  C677T polymorphism) modify CRC risk (Potter  2002 ; 
Bailey  2003 ; Kim  2009 ). Although there is no defi nitive evidence supporting the 
protective effect of folic acid supplementation on colorectal carcinogenesis from 
human experiments at present, several small intervention studies have demonstrated 
that folic acid supplementation can improve or reverse surrogate endpoint biomark-
ers of CRC (Cravo et al.  1994 ,  1998b ; Kim et al.  2001 ; Paspatis and Karamanolis 
 1994 ; Biasco et al.  1997 ; Khosraviani et al.  2002 ; Lashner et al.  1999 ) and some 
epidemiologic studies have shown a benefi cial effect of multivitamin supplements 
containing ≥0.4 mg folic acid on CRC risk and mortality (Giovannucci et al.  1995 , 
 1998 ; Jacobs et al.  2001 ). As previously mentioned, the Aspirin/Folate Polyp 
Prevention Study (Cole et al.  2007 ) reported that daily folic acid supplementation 
for up to 10 years in individuals likely harboring (pre)neoplastic lesions signifi -
cantly increased the risk of advanced and multiple colorectal adenomas (Cole 
et al.  2007 ) and of prostate cancer (Figueiredo et al.  2009a ). However, several meta-
analyses of large intervention trials of folic acid supplementation in patients with a 
history of colorectal adenomas did not fi nd folic acid supplementation to have a 
signifi cant effect as a chemopreventive measure against recurrent adenomas 
(Figueiredo et al.  2011 ; Carroll et al.  2010 ; Fife et al.  2011 ; Ibrahim and Zekri 
 2010 ). Furthermore, a recent large meta-analysis on folic acid supplementation on 
all cancer risk from studies with cardiovascular disease and recurrent colorectal 
adenoma outcomes found folic acid supplementation to have no effect on site- specifi c 
cancer risk during the fi rst 5 years of treatment (Vollset et al.  2013 ). In contrast, a 
marginally signifi cant increase in overall cancer risk with folic acid supplementa-
tion was observed in a meta-analysis of ten randomized-controlled trials all with 
cancer incidence or mortality as the primary or secondary outcome (Wien et al. 
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 2012 ). Two recent ecological studies that examined a temporal post- fortifi cation 
trend of CRC incidence in the United States, Canada, and Chile reported increased 
CRC rates in these countries following fortifi cation, suggesting that folic acid forti-
fi cation may have been wholly or partly responsible for this disturbing trend (Mason 
et al.  2007 ; Hirsch et al.  2009 ). However, two large prospective studies conducted after 
folic acid fortifi cation in the United States have suggested a CRC-protective effect of 
consuming adequate amounts of folate and have not demonstrated a CRC-promoting 
effect of folic acid supplementation (Stevens et al.  2011 ; Gibson et al.  2011 ). 

 Some studies have suggested that folate and the synthetic folic acid might have 
differential effects on colorectal carcinogenesis. For example, epidemiological stud-
ies have shown dietary folate, not synthetic folic acid, to be protective against CRC 
(Kennedy et al.  2011 ). Furthermore, combined randomized-controlled trials and a 
meta-analysis found no benefi cial effect of folic acid supplementation on CRC risk 
(Figueiredo et al.  2011 ; Carroll et al.  2010 ). Although folate and folic acid ultimately 
are metabolized to the same metabolite (5-methylTHF) in the body, there is probable 
cause to believe folate and folic acid may exert different effects on tissues. Unlike 
reduced folate, folic acid requires additional reduction steps by the enzyme dihydro-
folate reductase (DHFR) to be converted to tetrahydrofolate (THF) so it can then 
enter the folate metabolism pathway. DHFR in humans has been shown to be easily 
saturated and enzyme activity varies widely among individuals (Bailey and Ayling 
 2009 ). With this said, there is concern high concentrations of unmetabolized folic 
acid may compete with active forms of folate for folate-binding proteins and trans-
porters, and folate-dependent enzymes, potentially creating an intracellular folate- 
defi cient environment as well as perturbed intracellular folate metabolism (Bailey 
and Ayling  2009 ; Lucock  2004 ). This intracellular defi ciency could potentially lead 
to altered methylation capacity. In addition, high intracellular folate concentrations 
have been shown in mathematical models to increase thymidylate synthesis leading 
to accumulation of dUMP, potentially leading to increased tumorigenesis 
(Neuhouser et al.  2011 ). Furthermore, excess dihydrofolate (DHF) resulting from 
folic acid supplementation inhibits MTHFR, thereby reducing the formation of 
5-methylTHF and consequent DNA hypomethylation (Matthews and Haywood  1979 ). 

 A few animal studies have shown dietary vitamin B 6  reduces colorectal epithelial 
proliferation and tumorigenesis (Jeronimo et al.  2011 ; Lin et al.  2013 ). There is also 
an emerging body of evidence that suggests a potential association between vitamin 
B 6  and CRC in humans. The majority of case–control studies have concluded that 
high dietary vitamin B 6  intakes are modestly protective against CRC compared to 
the low intakes (Zhang et al.  2013b ), although not all have found a protective effect 
(Key et al.  2012 ; Razzak et al.  2012 ). Nested case–control studies have suggested 
that plasma PLP (vitamin B 6 ) is associated with an approximately 30–50 % reduc-
tion in CRC risk when comparing the highest to lowest concentrations (Zhang et al. 
 2013b ). However, one recent case–control study has found that plasma PLP concen-
trations had no effect on the development of colorectal adenomas (Chen et al.  2013 ). 
Several population-based prospective studies have investigated the relationship 
between vitamin B 6  and CRC risk. The Women’s Health Initiative Study found a 
protective effect of dietary and supplemental vitamin B 6  on CRC risk in 
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postmenopausal women (Zschabitz et al.  2013 ). The Iowa Women’s Health Study 
initial analysis of vitamin B 6  intake on CRC found an increased risk of rectal cancer 
in women (Harnack et al.  2002 ). However, an extension of this study with a longer 
follow-up period, found no effect (Razzak et al.  2012 ). The prospective Netherlands 
Cohort Study found high total vitamin B 6  intake was related to an increased rectal 
cancer risk in women (de Vogel et al.  2008b ). Other large prospective cohorts such 
as the EPIC Study, the Physicians’ Health Study, and the Multiethnic Cohort Study 
have all reported slight decreases in CRC risk with the highest quartile PLP concen-
trations compared with the lowest (Eussen et al.  2010a ; Le Marchand et al.  2011 ; 
Lee et al.  2009 ). A meta-analysis including these studies observed a lower CRC risk 
in the highest PLP compared to the lowest PLP concentrations but only a nonsignifi -
cant protective trend for dietary vitamin B 6  intakes (Larsson et al.  2010 ). 

 The relationship between CRC risk and vitamin B 12  is less clear. Several epide-
miological studies have found no association between dietary (Key et al.  2012 ; 
Razzak et al.  2012 ; Le Marchand et al.  2011 ) or plasma concentrations of vitamin 
B 12  (Chen et al.  2013 ; Fujimori et al.  2011 ; de Vogel et al.  2011b ; Weinstein et al. 
 2008 ; Eussen et al.  2010a ) and CRC risk. Of the studies that did fi nd an effect, there 
has generally been an inverse association between vitamin B 12  and CRC risk 
(Williams et al.  2010 ; Dahlin et al.  2008 ). In a nested case–control study from the 
United States, high dietary vitamin B 12  was inversely related to distal CRC risk, but 
only in Caucasians (Williams et al.  2010 ). The prospective Northern Swedish 
Health and Disease Study found high plasma vitamin B 12  concentrations were asso-
ciated with lower rectal cancer risk when comparing highest quintile to lowest after 
adjusting for BMI, smoking, physical activity, and alcohol (Dahlin et al.  2008 ). 

 There is limited evidence regarding choline intake/levels on CRC risk. In one 
animal study, postweaning dietary choline administered did not affect colorectal 
tumorigenesis in mice (Yang et al.  2008 ). In humans, the prospective Health 
Professionals Follow-up Study found no association with dietary choline or betaine 
intakes and CRC risk, even when stratifying choline by its metabolic derivatives 
(Lee et al.  2010 ). However, in the Norwegian Colorectal Cancer Prevention Trial, 
the occurrence of high-risk distal colorectal adenomas was inversely associated 
with plasma betaine concentrations but not with choline (de Vogel et al.  2011a ). 
Interestingly, in the Nurses Health Study, dietary choline was positively associated, 
yet betaine was inversely associated with risk of colorectal adenoma when comparing 
the highest quintile of concentrations to the lowest (Cho et al.  2007a ). Furthermore, 
phosphatidylcholine and sphingomyelin, two sources of choline, had the strongest 
association to increased adenoma risk (Cho et al.  2007b ). 

 Studies looking at the combined effects of B vitamins and choline have not found 
signifi cant effects on CRC risk. Although cardiovascular disease, and not cancer, 
was the primary outcome, pooled analysis of two Norwegian intervention trials 
found the combination of folic acid, vitamin B 6 , vitamin B 12  supplementation, folic 
acid and vitamin B 12  together, or vitamin B 6  supplementation alone to have no effect 
on CRC risk or mortality (Ebbing et al.  2009 ). Similarly, the Women’s Antioxidant 
and Folic Acid Cardiovascular Study found combined supplementation of folic 
acid, vitamins B 12  and B 6  to have no increased risk of colorectal adenoma 
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development in women at high risk for developing cardiovascular disease (Song 
et al.  2012 ). Furthermore, in a meta-analysis of eight randomized trials of B vitamin 
supplementation involving 37,485 individuals at increased risk of developing car-
diovascular disease, folic acid supplementation of a median duration of 5 years had 
no signifi cant effects on vascular outcomes (the primary endpoint), overall cancer 
incidence, cancer mortality, or all-cause mortality (Clarke et al.  2010 ). 

 Neoplastic cells simultaneously harbor widespread global DNA hypomethylation 
and more specifi c regional areas of DNA hypermethylation (Jones and Baylin 
 2002 ). Global DNA hypomethylation is an early, and consistent, event in colorectal 
carcinogenesis (Jones and Baylin  2002 ) and is associated with genomic instability, 
increased mutations, and upregulation of proto-oncogenes (Esteller  2003 ). In addi-
tion, site-specifi c DNA hypermethylation at promoter CpG islands of tumor sup-
pressor and mismatch repair genes is an important mechanism in gene silencing in 
colorectal carcinogenesis (Herman and Baylin  2003 ). Increased frequencies of pro-
moter region CpG methylation in specifi c groups of genes gave rise to the CpG 
island methylator phenotype (CIMP) in CRC (Issa  2004 ). One common character-
istic of tumors in CIMP+ phenotypes is the consistent CpG promoter DNA hyper-
methylation and subsequent silencing of the mismatch repair gene  hMLH1  (Kane 
et al.  1997 ). Therefore, because of the potential modulatory effect of folate and 
other one-carbon nutrients on DNA methylation, studies have been conducted to 
elucidate a potential link between one-carbon nutrients and CRC risk via alterations 
in DNA methylation. 

 The link between aberrant DNA methylation patterns and CRC risk has almost 
exclusively been researched with varying degrees of folate exposure in in vitro 
models. In human colon SW620 adenocarcinoma cells, folate depletion demon-
strated a signifi cant increase in global DNA hypomethylation and an increase in 
region-specifi c DNA hypomethylation of the  p53  gene; global and  p53 -specifi c 
DNA hypomethylation were reverted by folic acid supplementation (Wasson et al. 
 2006 ). In contrast, global DNA methylation in HCT116 and Caco-2 colon cancer 
cell lines have been shown to be resistant to the effect of folate depletion (Stempak 
et al.  2005 ), thereby demonstrating the differential effects by cancer cell line. 

 A closer look at gene-specifi c changes further demonstrates the complexity of 
aberrant DNA methylation in response to variations in intracellular folate concen-
tration. Although CpG site-specifi c DNA hypermethylation in the promoter region 
of the tumor suppressor gene,  ER , was detected in folate-depleted HCT116 and 
Caco-2 cells, these aberrant promoter DNA methylation patterns did not lead to 
signifi cant functional ramifi cations, as demonstrated by a lack of change in  ER  gene 
expression in both cell lines (Stempak et al.  2005 ). However, other studies found 
that increased DNA methylation in promoter regions of specifi c genes in response 
to folate concentrations had functional consequences as evidenced by altered 
expression of genes that play a role in tumor suppression and aggressiveness in 
colon cancer cells. For example, high concentrations of folic acid increased CpG 
promoter DNA methylation of tumor suppressor genes ( ESR1 ,  p16   INK4a  , and  p15   INK4b  ) 
and led to a signifi cant reduction in  ESR1  gene expression in Caco-2 colon cancer 
cells (Berner et al.  2010 ). Another study found that HCT116 colon cancer cells 
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cultured in a folate-depleted environment exhibited enhanced invasiveness as a 
result of CpG promoter DNA hypomethylation of the  sonic hedgehog  ( Shh ) gene 
which corresponded to an increase in  Shh  gene expression and increased activation 
of the Shh signal coupled with increased binding with nuclear factor- kappa B (nf-
kB), both crucial events for increased cancer aggressiveness (Zhao et al.  2012 ). 
Overall, it is evident that both folate defi ciency and high concentrations have the 
potential to affect the expression of genes involved in colorectal carcinogenesis 
via altered global and/or promoter DNA methylation patterns. In addition, the 
effects of folate defi ciency and supplementation on DNA methylation appear to be 
cell-specifi c, consistent with prior studies that have indicated cell, tissue, and organ-
specifi c effects of folate manipulation on DNA methylation (Kim  2004b ; Crowell 
et al.  2011 ; Ly et al.  2012 ). 

 The effect of isolated folic acid supplementation on DNA methylation in rodent 
colon has not yet been clearly elucidated. The majority of animal studies have dem-
onstrated a resistance of the colorectum to altered SAM and SAH levels resulting 
from folate defi ciency and equivocally support an association between folate defi -
ciency and global DNA hypomethylation in the colorectum (Kim  2004b ,  2005 ; 
Crowell et al.  2011 ). One study found that a colon carcinogen, dimethylhydrazine 
administration in conjunction with folic acid supplementation of at least 8 mg/kg 
for 20 weeks in weanling rats did not alter concentrations of SAM, SAH, SAM to 
SAH concentration ratios, and global DNA methylation (Kim et al.  1996 ). In addition, 
weanling rats fed a folic acid-supplemented diet for 5 weeks showed no change in 
concentrations of SAM, SAH, and SAM to SAH ratios, global DNA methylation, 
and  p53  gene-specifi c DNA methylation in the colon (Sohn et al.  2003 ). Interestingly, 
dietary folic acid supplementation in both young and elder rats for 8 and 20 weeks 
resulted in a decrease in colonic SAH concentrations, although global DNA meth-
ylation in the colon was not altered (Choi et al.  2003 ). However, a recent study 
reported that chronic, severe folate defi ciency in older adult mice induced signifi -
cant global DNA hypomethylation in the colon (Linhart et al.  2009 ). Contrary to 
this observation, a study by Sohn et al. (Sohn et al.  2003 ) demonstrated that folate 
defi ciency of a short duration and severe degree may induce global DNA hypermeth-
ylation in the colon (Sohn et al.  2003 ). The paradoxical effect of folate defi ciency on 
increasing global methylation in colonic tissue is likely due to compensatory upregu-
lation of  DNMT  and of the choline and betaine-dependent transmethylation pathway. 
Generally, the results from animal    studies suggest that DNA methylation patterns are 
gene and site-specifi c and depend on cell type, target organ, and stage of transforma-
tion as well as on the timing, degree, and duration of folate intervention (Crowell 
et al.  2011 ; Ly et al.  2012 ). 

 In human studies, colonic global DNA methylation has been shown to be posi-
tively correlated with serum and RBC folate concentrations and negatively with 
plasma homocysteine concentrations in individuals with colonic adenomas and 
adenocarcinomas (Pufulete et al.  2003 ; Al-Ghnaniem et al.  2007 ) and in those with-
out these lesions (Pufulete et al.  2005b ). Folate levels and SAM to SAH concentra-
tion ratios have also been reported to be lower (by 28 %) in malignant tissue 
compared with normal-appearing adjacent colon mucosa in subjects with CRC 
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(Alonso-Aperte et al.  2008 ); it has been well established that colorectal neoplasms 
have lower global DNA methylation compared with nonneoplastic colonic tissue. 
Additional evidence lends support to a positive relationship between folate status 
and global DNA methylation. In a combined analysis of CRCs from participants 
from the Nurses’ Health Study and the Health Professionals Follow-up Study, the 
risk of global DNA hypomethylation (determined by <55 % LINE-1 methylation) 
was 43 % lower in subjects with a high compared with a low total daily folate intake 
(Schernhammer et al.  2009 ). In a study that stratifi ed folate intake according to 
pre- and post-fortifi cation levels, the observed inverse association between leuko-
cyte global DNA methylation and adenoma was stronger among subjects with low 
(<0.317 µg/1000 kcal pre- and <0.413 µg/1000 kcal post-fortifi cation) as compared 
to high (≥0.317 µg/1000 kcal pre- and ≥0.413 µg/1000 kcal post-fortifi cation) total 
folate intake in either fortifi cation periods (Lim et al.  2008 ). 

 In some human intervention studies, folic acid supplementation at 12.5–25 times 
the daily requirement for 3–12 months signifi cantly increased the extent of colonic 
genomic DNA methylation in subjects with resected colorectal adenoma or cancer 
(Cravo et al.  1994 ,  1998b ; Kim et al.  2001 ), whereas no such effect was observed in 
patients with chronic ulcerative colitis who were given folate supplementation at 
12.5 times the daily requirement for 6 months (Cravo et al.  1998a )    or in participants 
from the Aspirin/Folate Polyp Prevention Study, as determined by methylation of 
long interspersed nucleotide elements (LINE-1) (Figueiredo et al.  2009b ). Folic 
acid supplementation at three and fi ve times the daily requirement, which was suf-
fi cient to improve and correct a marker of DNA damage, also failed to modulate 
genomic DNA methylation in lymphocytes of healthy volunteers (Basten et al. 
 2006 ; Fenech et al.  1998 ). In another study, daily folic acid supplementation with 
15 mg 5-methylTHF for 8 weeks has been observed to restore genomic DNA 
methylation in lymphocytes to normal levels in 32 men with uremia, hyperhomo-
cysteinemia, and preexisting genomic DNA hypomethylation (Ingrosso et al.  2003 ). 
In patients with colorectal adenomas, a physiological dose of folic acid (0.4 mg/day) 
for 10 weeks has been demonstrated to signifi cantly increase both genomic DNA 
methylation in lymphocytes (by 31 %) and in colonic mucosa (by 25 %) compared 
with placebo (Pufulete et al.  2005a ). 

 Aberrant CpG island methylation is characteristic of tumor development and 
specifi c promoter CpG islands are frequently and simultaneously methylated in spo-
radic CRC, leading to transcriptional silencing (Markowitz and Bertagnolli  2009 ; 
Kawakami et al.  2003 ; Curtin et al.  2007 ; Toyota et al.  1999 ). In the Netherlands 
Cohort Study on Diet and Cancer, the prevalence of CpG island promoter hyper-
methylation was higher, albeit nonsignifi cantly, in CRCs derived from patients with 
low folate/high alcohol intake compared with CRCs from patients with high folate/
low alcohol intake for each of the six tested genes ( APC ,  p14 ,  p16 ,  hMLH1 ,  O   6  -
 MGMT , and  RASSF1A ) (van Engeland et al.  2003 ). The number of CRCs with at 
least one gene methylated was higher (84 %) in the low folate intake/high alcohol 
intake group compared with the high folate intake/low alcohol intake group (van 
Engeland et al.  2003 ). A later follow-up analysis in a sub-cohort of this population 
did not report any effect of isolated dietary folate intake on risk of CRCs 
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specifi cally presenting with  hMLH1  hypermethylation (de Vogel et al.  2008a ). 
Furthermore, a recent trial found 400 μg/d folic acid supplementation had no effect 
on  ESR1  and  hMLH1  methylation in colonic mucosa (Abbadi et al.  2012 ). 
Al-Ghnaniem et al. also examined gene-specifi c methylation in biopsies of normal- 
appearing colorectal mucosa from subjects with and without colorectal neoplasia 
(Al-Ghnaniem et al.  2007 ). In general, patients with neoplasia were reported to have 
lower serum folate and promoter CpG hypermethylation of the  ERα  and  hMLH1  
genes compared with disease-free patients.  ERα  methylation was also positively 
correlated with plasma homocysteine in all subjects but signifi cant inverse correla-
tions between promoter CpG methylation and folate status were not observed 
(Al-Ghnaniem et al.  2007 ). In contrast, a modest degree of colorectal CpG hyper-
methylation of the  ERα  and  SFRP1  genes was signifi cantly associated with higher 
RBC folate levels in participants from the Aspirin/Folate Polyp Prevention Study 
(Wallace et al.  2010 ). The odds of promoter methylation of  CDKN2A ,  MLH1 , 
 CACNA1G ,  NEUROG1 ,  RUNX3 ,  SOCS1 ,  IGF2 , and  CRABP1  in colorectal tumors 
are also greater in patients with high circulating levels of plasma folate (Van 
Guelpen et al.  2010 ). CRCs with frequent promoter methylation have been shown 
to have higher tumor concentrations of different folate metabolites, including 
5,10- methyleneTHF and THF (Kawakami et al.  2003 ). 

 Epigenetic alterations in the Wnt-signaling pathway have been implicated in 
development of human CRC. The Wnt-signaling pathway is a series of proteins 
which participate and regulate stages of development, including embryogenesis and 
cell differentiation and tissue regeneration (Logan and Nusse  2004 ). Studies on 
gene aberrations in the Wnt-signaling pathway found that mutations in the  Axin2  
predispose individuals to CRC (Lammi et al.  2004 ) and  Apc  gene mutations lead to 
increased Wnt-signaling pathway activation and consequent cell proliferation in the 
colorectum, thereby increasing the risk of CRC (Nishisho et al.  1991 ). For example, 
a few in vitro studies have shown folate depletion leads to changes in the Wnt- 
signaling pathway (Crott et al.  2008 ; Huang and Chen  2008 ; Morillon and Katula 
 2008 ). Furthermore, in cross-bred BAT-LacZxApc1638N mice, mild depletion of 
methyl donors including folate, B 6 , and B 12 , resulted in a fourfold increase in Wnt- 
signaling pathways in the colonic mucosa while simultaneously observing activa-
tion of genes related to the Wnt-signaling pathway (Liu et al.  2011 ). The authors 
suggested increased gene expression of  Jun  and  Pitx2 , two genes related to prolif-
eration, transformation, and apoptosis regulation, to be responsible for upregulated 
Wnt-signaling and subsequent colonic tumorigenesis (Liu et al.  2011 ). 

 The direction and magnitude of effect due to dietary and blood folate concentra-
tions on gene-specifi c DNA methylation remain unclear. Some studies demonstrate 
a greater prevalence or risk of aberrant DNA hypermethylation of certain genes 
involved in colorectal carcinogenesis in subjects with low folate while others have 
reported this in subjects with high folate. The discrepancies in identifying a clear 
association between folate status and gene-specifi c DNA methylation may be 
explained in part by the different methods of stratifying folate levels for comparison 
and the use of different markers to evaluate folate status. Dietary intake and serum 
levels of folate may not necessarily be refl ective of folate concentrations in the 
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target organ. Moreover, blood as a surrogate marker of methylation is not always 
representative of tissue-specifi c methylation (McKay et al.  2011d ). These studies 
are also complicated by the lack of consistency in the specifi c genes investigated 
and sampling of different CpG sites in different tissues. 

 There is evidence that folate status infl uences DNA methylation through an 
interaction with the  MTHFR  C677T polymorphism. The  MTHFR  C677T polymor-
phism causes thermolability and reduced MTHFR activity, leading to lower levels 
of 5-methylTHF, an accumulation of 5,10-methyleneTHF, increased plasma homo-
cysteine levels, and changes in cellular composition of one-carbon folate deriva-
tives (Friso et al.  2002 ; Kim  1999 ). Studies have also indicated that another 
polymorphism in the  MTHFR  gene (A1298C) may modulate genomic DNA meth-
ylation in human lymphocytes, although the degree and direction of change have 
not been clearly established (Castro et al.  2004 ; Friso et al.  2005 ). More recent 
investigations of folate status and DNA methylation in humans include analysis of 
common  MTHFR  polymorphisms. In a study that investigated the combined effects 
of folic acid and vitamin B 12  supplementation for 6 months on CpG promoter DNA 
methylation of six tumor suppressor and DNA repair genes frequently reported to 
be aberrantly methylated in CRC, a trend towards a 67 % increase in promoter DNA 
hypermethylation was reported in the rectal mucosa of patients with resected 
colorectal adenomas, although this did not reach statistical signifi cance (van den 
Donk et al.  2007a ). However, further investigation of the six genes revealed that 
folate intake interacted with the  MTHFR  C677T polymorphism to infl uence CpG 
promoter DNA methylation in colorectal adenomas such that among individuals 
homozygous for this variant, the risk of promoter DNA methylation was inversely 
related to dietary folate intake, but statistical signifi cance was only observed for the 
 O  6 - MGMT     DNA-methyltransferase gene (van den Donk et al.  2007b ). The results 
from this research group suggest higher folate intakes may increase  DNMT  expres-
sion and subsequent DNA methylation activity, particularly in individuals with adeno-
mas and reduced MTHFR enzyme activity (van den Donk et al.  2007b ). Furthermore, 
Slattery et al. initially failed to identify a signifi cant association between dietary folate 
and colon tumor CpG island methylation of  p16 ,  hMLH1 ,  and MINT - 1 , - 2 ,  and  - 3 loci  
(Slattery et al.  2006 ), but in their follow-up analysis, subjects heterozygous or homo-
zygous for the  MTHFR  A1298C genotype with low folate/low methionine/high alco-
hol intake had an over twofold greater odds of developing tumors presenting CpG 
island DNA hypermethylation compared with subjects with the wild-type genotype 
and high folate/high methionine/low alcohol intake (Curtin et al.  2007 ). A greater risk 
of  p16  DNA hypermethylation in head and neck squamous cell carcinomas was also 
observed in subjects with low dietary folate intakes compared    with those with high 
dietary folate, which was further exacerbated in subjects with the  MTHFR  677TT 
genotype (Kraunz et al.  2006 ). In contrast, one study reported that the prevalence of 
CpG promoter DNA methylation of  p16 , but not  hMLH1  or  hMSH2 , was signifi cantly 
higher in CRCs from patients with high serum folate concentrations, that the odds of 
tumor promoter DNA methylation were signifi cantly higher in patients with high 
circulating folate levels, and that this positive association was further modifi ed by the 

11 One-Carbon Metabolism Nutrients and Epigenetics…



308

 MTHFR  C677T polymorphism, reaching signifi cance only in subjects heterozygous 
or homozygous for the  MTHFR  C677T polymorphism (Mokarram et al.  2008 ). 

  CRC Summary . Overall animal and epidemiological evidence suggests dietary 
folate and vitamin B 6  are protective against CRC. Supplemental folic acid, on 
the other hand, may have the potential to promote colorectal carcinogenesis if 
given at very high doses or if provided after preneoplastic lesions are established. 
There is limited data on the effects of vitamin B 12 , choline, and betaine on CRC risk, 
although there is some evidence suggesting that choline may increase the risk of 
CRC. These observed differential effects of one-carbon nutrients on CRC risk 
may be in part related to the dietary sources of these nutrients. Folate and vitamin 
B 6  are generally considered plant-based nutrients; intakes are mainly derived 
from consumption of vegetables and fruits. However, vitamin B 12  and choline are 
more exclusively found in animal products. It is possible that dietary patterns, and 
nutrients found in those foods, may also interact with one-carbon nutrients in 
modulating CRC risk. 

 DNA methylation alterations, global DNA hypomethylation and CpG promoter 
DNA hypermethylation of tumor suppressor and other cancer-related genes, are 
mechanistically related to the development of CRC. Due to the potential modula-
tory role of one-carbon nutrients in biological methylation reactions including DNA 
methylation, there has been intense interest in elucidating the effect of one-carbon 
nutrients on global and gene-specifi c DNA methylation implicated in colorectal car-
cinogenesis. The bulk of studies have interrogated the role of folate in DNA meth-
ylation in the colorectum and its link to colorectal carcinogenesis. At present, there 
is a paucity of studies investigation the effects of vitamins B 6 , B 12 , and choline on 
DNA methylation in the colorectum. 

 With respect to folate, the results from in vitro and animal studies suggest that 
the effects of folate defi ciency and supplementation on DNA methylation are gene- 
and site-specifi c and depend on cell type, target organ, and stage of transformation 
as well as on the timing, degree, and duration of folate intervention. In human stud-
ies, there is inconsistent data concerning the effect of folate defi ciency of a physio-
logically and clinical relevant degree on global DNA methylation in the colorectum. 
In contrast, folic acid supplementation, even at the modest supplemental levels, 
appears to be able to increase global DNA methylation in the colorectum in certain 
situations. The majority of observational studies have described a direct correlation 
between dietary and blood levels of folate and global DNA methylation in both 
lymphocytes and colonic tissues such that a low folate status is associated with 
global DNA hypomethylation. This positive association is more consistent in indi-
viduals with colorectal adenomas, adenocarcinomas, or previously resected neo-
plastic tumors as well as in those at a greater risk of health complications compared 
with normal subjects. 

 It is important to consider the common  MTHFR  polymorphisms associated with 
impaired enzyme activity and how they interact with folate in a manner to modulate 
both global and gene-specifi c DNA methylation. Human observational studies 
provide evidence that the  MTHFR  C677T polymorphism is associated with global 
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DNA hypomethylation in leukocytes, which may be mediated in part, by a low sta-
tus in folate or other methyl donors. For the colorectum and other tissue sites, 
whether or not the  MTHFR  C677T and A1298C polymorphism in conjunction with 
marginal folate status affects DNA methylation needs to be further characterized. 
These studies emphasize the importance of taking into consideration interactions 
between folate status and critical genes in the folate and one-carbon metabolic 
pathways when investigating the effect of folate nutrition on DNA methylation. 

 In terms of gene-specifi c DNA methylation, the direction and magnitude of 
effect due to dietary and blood folate concentrations remain unclear. Some studies 
demonstrate a greater prevalence or risk of aberrant DNA hypermethylation of certain 
genes involved in colorectal carcinogenesis in subjects with low folate while others 
have reported this in subjects with high folate. The discrepancies in identifying a 
clear association between folate status and gene-specifi c DNA methylation may be 
explained in part by the different methods of stratifying folate levels for comparison 
and the use of different markers to evaluate folate status. Dietary intake and serum 
levels of folate may not necessarily be refl ective of folate concentrations in the 
target organ. 

 The potential role of one-carbon nutrients in modulating DNA methylation in the 
colorectum and their contribution to colorectal carcinogenesis via this epigenetic 
mechanism is worthy of further investigation, given that these nutrients are integrally 
involved in biological methylation reactions including that of DNA.   

11.4.2     Reproductive Cancers 

    Breast Cancer 

 Breast cancer accounts for 23 % of all cancers diagnosed across the globe and ranks 
as the fi fth cause of death from cancer (Teegarden et al.  2012 ). Of growing concern 
is the increased incidence among premenopausal women with increasing aggressive 
neoplastic manifestations that may be less responsive to therapy (Teegarden et al. 
 2012 ). Breast cancer is characterized by abnormal genetic and epigenetic altera-
tions, notably promoter CpG island DNA hypermethylation and global DNA hypo-
methylation (Xu and Chen  2009 ; Xu et al.  2009b ). 

 The effects of folate defi ciency and folic acid supplementation on mammary 
tumorigenesis have been investigated in the methylnitrosourea (MNU)-induced rat 
model. Collectively, these animal studies showed that a moderate folate-defi cient 
diet suppressed mammary tumorigenesis, whereas modest supplemental levels of 
folic acid had no signifi cant effect on mammary tumorigenesis (Baggott et al.  1992 ; 
Kotsopoulos et al.  2003 ). It appears that folate defi ciency had no effect during the 
initiation stage but signifi cantly suppressed the progression of or caused regression 
of the established mammary neoplastic foci during the promotion phase of the 
tumorigenesis (Kotsopoulos et al.  2005 ). 
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 Case–control studies have generally demonstrated that higher dietary folate 
intakes signifi cantly reduce the risk of breast cancer    (Lajous et al.  2006a ,  2006b ; 
Shrubsole et al.  2001 ; Zhang et al.  2011 ) and a much more prominent effect was 
observed in women with higher plasma folate who consumed higher alcohol 
(Zhang et al.  2003 ). In contrast, a signifi cant increase in breast cancer risk was 
observed in premenopausal women with higher dietary folate intakes (Ma et al. 
 2009b ) and higher plasma folate concentrations (Lin et al.  2008 ). The majority of 
prospective studies examining the risk of breast cancer in relation to intakes of one-
carbon nutrients demonstrated a lack of association with dietary folate (Cho 
et al.  2007b ; Kabat et al.  2008 ; Feigelson et al.  2003 ; Shrubsole et al.  2011 ; Stevens 
et al.  2010 ). However, there is no clear pattern of association considering that some 
studies have also demonstrated a protective effect while others report an increased 
risk (Kotsopoulos et al.  2012 ). However, subgroup analyses have shown that high 
folate intakes may have a signifi cant protective effect in women who also had higher 
dietary intakes of vitamin B 12  (Lajous et al.  2006a ,  2006b ), in women with 
ER-hormonal status (Maruti et al.  2009 ) and in premenopausal women (Shrubsole 
et al.  2011 ). 

 The joint effect of genetic polymorphisms of  MTHFR  and one-carbon nutrient 
intakes on breast cancer risk has also been investigated; one study found a null 
association with dietary folate intakes and three  MTHFR  polymorphisms (C677T, 
A1298C, and A2756G) (Ma et al.  2009a ), whereas another demonstrated a signifi -
cant reduction in risk in women with the variant genotypes  MTHFR  677CT and 
677TT consuming low dietary folate (Ma et al.  2009b ). In contrast, an increased risk 
associated with low dietary folate intake and the variant  MTHFR  677TT compared 
to the wild-type 677CC genotype with higher intakes was observed (Chen et al. 
 2005 ). Finally, an increased risk was demonstrated in women with 1298AC and 
1298CC genotypes with lower intakes compared to those with the wild-type 
1298AA genotype (Ma et al.  2009b ). 

 Inconsistencies exist in the case–control studies investigating the relationship 
between vitamin B 6  and breast cancer risk. Some studies have reported a signifi cant 
decrease in the risk associated with higher dietary intakes (Zhang et al.  2011 ), 
higher circulating concentrations (Lin et al.  2008 ), and higher dietary intakes com-
bined with lower alcohol intakes (Zhang et al.  2003 ), while other studies have 
reported a lack of association between higher vitamin B 6  intakes and breast cancer 
risk (Lajous et al.  2006a ,  2006b ; Shrubsole et al.  2001 ). The majority of prospective 
studies examining the risk of breast cancer in relation to dietary intakes of vitamin 
B 6  demonstrated a lack of effect (Cho et al.  2007b ; Shrubsole et al.  2011 ; Stevens 
et al.  2010 ; Maruti et al.  2009 ). 

 Similarly, inconsistencies exist in regard to vitamin B 12  intakes and breast cancer 
risk. Although some case–control studies have reported that higher intakes exhib-
ited a protective effect (Lajous et al.  2006a ,  2006b ) and higher plasma concentra-
tions exerted a protective effect only in premenopausal women (Zhang et al.  2003 ), 
a number of studies have reported a null association (Shrubsole et al.  2001 ; Zhang 
et al.  2011 ; Lin et al.  2008 ). Finally, some studies have shown an increase in breast 
cancer risk associated with higher dietary intakes of vitamin B 12  (Lin et al.  2008 ) 
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and higher serum vitamin B 12  concentrations (Wu et al.  1999 ). The majority of pro-
spective studies examining the risk of breast cancer in relation to dietary intakes of 
vitamin B 12  demonstrated a lack of effect (Cho et al.  2007b ; Shrubsole et al.  2011 ; 
Stevens et al.  2010 ; Maruti et al.  2009 ). 

 Only two case–control studies investigated the effects of choline and betaine on 
breast cancer risk and both found a signifi cant protective effect associated with 
higher dietary choline intakes (Zhang et al.  2013a ; Xu et al.  2009a ), higher betaine 
intakes (Zhang et al.  2013a ), and a combination of higher intakes of both choline 
and betaine (Zhang et al.  2013a ). High intakes of choline and betaine were associated 
with a signifi cant decrease in breast cancer-related mortality (Xu et al.  2009a ). 

 The role of folate in breast carcinogenesis has been demonstrated in an in vitro 
system with respect to the potential it has to modulate gene expression via DNA meth-
ylation. In MCF-7 and MDA-MB-231 breast cancer cells, high folic acid concen-
trations led to an increase in CpG promoter DNA methylation and dose- dependent 
inverse regulation of the tumor suppressor genes,  PTEN ,  APC , and  RARβ   2   in both cell 
lines (Lubecka-Pietruszewska et al.  2013 ). Furthermore, a signifi cant increase in the 
expression of DNMT1, which facilitates the addition of methyl groups to the DNA 
sequence, at the highest folic acid concentration in the MDA-MB-231 cell line was 
observed (Lubecka-Pietruszewska et al.  2013 ). 

 A few human studies have been conducted to elucidate the infl uence of one- 
carbon nutrient intakes on aberrant DNA methylation in breast cancer. One study 
confi rmed that there is an increased risk of breast cancer associated with increasing 
levels of global DNA methylation measured in peripheral blood by the LUminometric 
Methylation Assay (LUMA) (Xu et al.  2012 ). However, there was no evidence of a 
signifi cant association between LUMA levels and dietary intakes of folate, vitamin 
B 6 , vitamin B 12 , choline, or betaine (Xu et al.  2012 ). An investigation of gene- 
specifi c DNA methylation patterns in breast tumor tissue revealed that  BRCA1  CpG 
promoter DNA methylation is signifi cantly more frequent in invasive cancers com-
pared to in situ cancer and in postmenopausal compared to premenopausal women 
(Xu et al.  2009b ) and moreover, CpG promoter DNA methylation of this gene 
resulted in a signifi cant increase in breast cancer-specifi c mortality. However, 
 BRCA1  methylation was not modulated by dietary intakes of folate, vitamin B 6 , 
vitamin B 12 , choline, or betaine (Xu et al.  2009b ). Similarly, another study found 
that CpG promoter DNA methylation of  CDH1  ( E - cadherin ),  p16 , and  RAR - β   2   
genes in breast tumor tissue was not modulated by dietary intakes of folate and 
vitamins B 6  and B 12  (Tao et al.  2011 ). In contrast, another study reported a signifi -
cant decrease in CpG promoter DNA methylation of  E - cadherin  was associated 
with higher levels of dietary vitamin B 6  and vitamin B 12  intakes, and a signifi cant 
decrease in CpG promoter DNA methylation of  CCDN2  ( cyclin D2 ) was associated 
with higher levels of dietary folate and vitamin B 6  intakes (Xu et al.  2011 ). Finally, 
higher levels of dietary betaine and vitamin B 6  intakes were signifi cantly associated 
with an increase in CpG promoter DNA methylation of  APC  and  HIN1 , respec-
tively (Xu et al.  2011 ). Based on these fi ndings, three genes found to be most sensi-
tive to dietary intakes of one-carbon nutrients were  cyclin D2 ,  HIN1 ,  and E - cadherin , 
genes with tumor suppressing and oncogenic properties, and vitamin B 6  possessed 
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the greatest potential among all the one-carbon nutrients investigated to modulate 
CpG promoter DNA methylation (Xu et al.  2011 ). Overall, these results provide 
preliminary evidence that one-carbon nutrients may modulate breast cancer risk by 
potentially altering the expression of genes implicated in breast carcinogenesis 
via changes in gene-specifi c CpG promoter DNA methylation. Future research is 
warranted to investigate how these diet-mediated changes in gene-specifi c DNA 
methylation can affect gene expression and subsequently, the potential to modulate 
breast cancer risks. 

  Breast Cancer Summary . In conclusion, there are inconsistencies in the evidence to 
support a relationship between dietary one-carbon nutrient intakes and blood levels 
on breast carcinogenesis. In some cases, stratifi cation by menopausal status, hor-
monal receptor status, and genetic predisposition (e.g.,  MTHFR  polymorphisms) 
resulted in signifi cant fi ndings with respect to the modulatory effect on breast can-
cer. Altogether, the complexity and heterogeneity of breast cancer can lead to dif-
ferential outcomes and responses observed in the studies discussed herein (Holm 
et al.  2010 ). 

 Distinct aberrant DNA methylation profi les in a large number of tumor suppres-
sor genes with consequent inactivation of these genes have been observed in famil-
ial breast cancer (Xiang et al.  2013 ). Distinct methylation profi les specifi c to 
molecular subtype of breast cancer have also been detected, once again demonstrat-
ing prognostic and screening merit (Holm et al.  2010 ). A comprehensive review by 
Heichman and Warren identifi ed commonly hypermethylated genes with functions 
other than tumor suppression in breast cancer and of these, 54 candidate hypermeth-
ylated genes specifi c to breast cancer were identifi ed (Heichman and Warren  2012 ). 
The identifi cation of differentially methylated genes implicated in breast carcino-
genesis, which are sensitive to dietary intakes of one-carbon nutrients, can increase 
the potential for targeted prevention through dietary intervention.  

   Cervical Cancer 

 Cervical cancer is ranked as the second most common malignancy across the globe 
with the highest incidence and mortality in developing countries due to the lack of 
cervical screening programs. Two biomarkers of cervical dysplasia are identifi ed 
either through routine pap smears known as squamous intraepithelial neoplastic 
lesions (SILs) or through biopsy of the cervix known as cervical intraepithelial 
neoplasia (CIN). Both of these cervical dysplastic events are graded based on the 
severity of neoplastic transformation. SIL is classifi ed as low- or high-grade and 
CIN is classifi ed as CIN1 (mild dysplasia), CIN2 (moderate or marked dysplasia), 
or CIN3 (ranging from severe dysplasia to carcinoma in situ). 

 Infection with the human papillomavirus (HPV) is a well-established risk factor 
for cervical cancer. Although infection with HPV is common, only 5 % of women 
infected with HPV eventually develop cervical cancer, thereby suggesting the role 

S. Masih et al.



313

of genetic and epigenetic mechanisms in modulating the HPV-mediated cervical 
carcinogenesis (Pathak et al.  2012 ). 

 A number of case–control studies have been conducted to elucidate the role of 
one-carbon nutrients in cervical carcinogenesis with confl icting results. Some case–
control studies have demonstrated a lack of an association between circulating 
folate levels and risk of cervical dysplasia or cervical cancer (Alberg et al.  2000 ) 
and between dietary intakes of folate and the risk of invasive cervical cancer 
(Ziegler et al.  1991 ). A modest nonsignifi cant protective trend in cervical cancer 
risks associated with higher circulating levels of folate has been observed (Alberg 
et al.  2000 ). In contrast, some case–control studies have demonstrated a signifi cant 
reduction in cervical cancer risk associated with high dietary and total folate (including 
supplements) intake (Ghosh et al.  2008 ; Hernandez et al.  2003 ). Circulating con-
centrations of vitamin B 12 , HPV infection and genetic polymorphisms have been 
shown to modulate folate-mediated cervical carcinogenesis. For example, a signifi -
cant reduction in the risk of CIN ≥2 in women with higher plasma folate and suffi -
cient plasma vitamin B 12  compared to women with lower plasma folate and suffi cient 
vitamin B 12  has been reported, suggesting that folate has the potential to decrease 
the risk of cervical dysplasia in the presence of adequate stores of vitamin B 12  
(Piyathilake et al.  2009 ). RBC folate was incrementally lower in women with high-
risk HPV across increasing grades of cervical dysplasia and cancer (Flatley et al. 
 2009 ). Furthermore, a dramatically increased risk of CIN ≥2 is associated with 
lower RBC folate concentrations in women infected with HPV-16 (one of the high-
risk oncogenic types of HPV) compared to those with higher RBC folate concentra-
tions and HPV-negative status (Piyathilake et al.  2007 ). Finally, three studies 
investigating the modulating potential of the  MTHFR  variant genotypes on cervical 
cancer risk demonstrated that women with lower dietary folate intakes and serum 
folate concentrations with the variant  MTHFR  677T allele had a signifi cantly higher 
risk of cervical dysplasia (Goodman et al.  2001 ) and cancer (Tong et al.  2011 ) com-
pared to women with the wild-type 677C allele and higher concentrations of serum 
folate. Additionally, there was a signifi cant association between cervical dysplasia/
cancer and the  MTHFR  A1298C variant genotypes in conjunction with lower circu-
lating folate concentrations compared to the wild-type and higher plasma folate 
concentrations (Tong et al.  2011 ) and this effect was also seen in combination with 
adequate circulating concentrations of vitamin B 12  (Ragasudha et al.  2012 ). 

 The literature concerning the effects of vitamin B 6  and cervical cancer risk is 
sparse and demonstrates a lack of association with total dietary intakes of vitamin 
B 6  (Hernandez et al.  2003 ) and a lack of an association between total vitamin B 6  
dietary intakes combined with the  MTHFR  677T allele and cervical dysplasia 
(Goodman et al.  2001 ). 

 Confl icting results have also been reported concerning the association between 
vitamin B 12  and cervical cancer risk. One case–control study reported a lack of 
association between plasma vitamin B 12  concentration and risk of cervical dysplasia 
(Goodman et al.  2000 ), whereas another study demonstrated a potentially protec-
tive, albeit nonsignifi cant, effect of dietary vitamin B 12  intakes on cervical cancer 
(Alberg et al.  2000 ). However, evidence of a protective effect was also found in 
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case–control studies which demonstrated a signifi cantly decreased risk in cervical 
dysplasia in women who used vitamin B 12 -containing supplements compared to 
those who did not (Hernandez et al.  2003 ) and similarly, a signifi cant increase in the 
risk of cervical dysplasia was noted in women with lower serum concentrations of 
vitamin B 12  compared to those with higher concentrations (Kwanbunjan et al.  2006 ). 
The modulatory effect of  MTHFR  polymorphisms was also explored with respect to 
dietary vitamin B 12  intakes which showed either no association in women with the 
variant  MTHFR  C677T T allele (Goodman et al.  2001 ) or a signifi cantly increased 
risk associated with low circulating vitamin B 12  and the variant T allele (Tong et al. 
 2011 ). Finally, a joint interactive effect of low serum folate and vitamin B 12  concen-
trations and the variant  MTHFR  1298C allele has been associated with an increased 
risk of cervical cancer as mentioned above (Ragasudha et al.  2012 ). 

 Previous research has demonstrated that there is a signifi cant positive correlation 
between the extent of global DNA hypomethylation and increasing grade of cervi-
cal dysplasia and cancer (Flatley et al.  2009 ; Shuangshoti et al.  2007 ; Missaoui et al. 
 2010 ; Kim et al.  1994 ). Furthermore, a signifi cantly increased frequency of CpG 
promoter DNA methylation in four tumor suppressor genes,  E - cadherin  (Pathak 
et al.  2012 ; Flatley et al.  2009 ),  DAPK  (Flatley et al.  2009 ),  HIC1  (Pathak et al. 
 2012 ; Flatley et al.  2009 ), and  RARß  (Pathak et al.  2012 ), all of which play an 
important role in the early stages of cervical carcinogenesis, was correlated with an 
increasing severity of cervical neoplasia. Although these studies also found that 
lower folate (Pathak et al.  2012 ; Flatley et al.  2009 ) and vitamin B 12  status (Pathak 
et al.  2012 ) was associated with cervical dysplasia, the direct effect of these one- 
carbon nutrients on DNA methylation at the global or gene-specifi c level was not 
investigated. One case–control study, however, did investigate this relationship; 
women with supraphysiological plasma folate concentrations (>19.8 ng/mL) and 
adequate serum vitamin B 12  (≥200.6 pg/mL) exhibited the highest level of global 
DNA methylation compared to those with lower folate and vitamin B 12  status 
(Piyathilake et al.  2011 ). Furthermore, this increased level of global DNA methylation 
translated to a 56 % lower chance of being diagnosed with CIN ≥2. The population- 
wide increase in the intake of folic acid after mandatory fortifi cation took place in the 
United States has caused a concern due to the potential cancer- promoting effects asso-
ciated with high intakes. Piyathilake et al. demonstrated the lack of association 
between mandatory folic acid fortifi cation and global DNA methylation in cervical 
tissue. Although there was a signifi cantly higher degree of methylation in CIN ≥2 
compared to CIN ≤1, this increase did not differ between pre- and post-fortifi cation 
(Persson et al.  2013 ). However, another study conducted shortly after by the same 
authors demonstrated that folic acid fortifi cation was associated with a signifi cant 
increase in DNMT expression in the cervix (Liu et al.  2012 ). 

  Cervical Cancer Summary . Although the current body of literature suggests an equivo-
cal association between folate and cervical cancer risk, there is some evidence of the 
protective potential of this one-carbon nutrient. Key modulators of the relationship 
between folate and cervical cancer risk have been identifi ed including high-risk HPV, 
vitamin B 12 , and  MTHFR  gene polymorphisms. Although fi ndings are also inconsistent 
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for vitamin B 12 , there is a suggestive role of protection conferred with supplemental 
vitamin B 12  intakes and adequate vitamin B 12  status. The evidence regarding other one-
carbon nutrients (vitamin B 6 , choline, and betaine) is sparse or lacking. Future research 
should take a more comprehensive approach to elucidating the potential of one-carbon 
nutrient-mediated risk of cervical cancer by assessing a complete nutrient profi le of 
these metabolically related nutrient intakes and circulating levels. 

 On the mechanistic forefront, both global and gene-specifi c DNA methylation has 
been implicated in cervical cancer. Transcriptional silencing of tumor suppressor 
genes and activation of oncogenes, due to aberrant CpG promoter DNA methylation, 
appear to play a signifi cant role in cervical carcinogenesis (Saavedra et al.  2012 ). 
Although supraphysiological folate combined with adequate vitamin B 12  status has 
been shown to modulate global DNA methylation, the role of one-carbon nutrients 
in the modulation of gene-specifi c DNA methylation of tumor suppressor genes 
implicated in cervical cancer ( E - cadherin ,  DAPK ,  HIC1,  and  RARß ) is yet to be 
investigated. As reviewed by Saavedra et al., CpG promoter DNA hypermethyl-
ation-induced silencing of various genes involved in different regulatory pathways 
including apoptosis, cell cycle control, and DNA repair has been implicated in 
cervical cancer (Saavedra et al.  2012 ). The identifi cation of the DNA methylation 
profi le and expression of these genes specifi c to cervical cancer may provide novel 
early detection biomarkers of cervical cancer risk and may allow for more effective 
screening in conjunction with other screening modalities (Saavedra et al.  2012 ). 
If gene-specifi c CpG promoter DNA methylation in cervical carcinogenesis is 
potentially linked to one-carbon nutrients, it would present an opportunity to reduce 
risk through dietary strategies using one-carbon nutrients and would provide further 
mechanistic insights into cervical cancer etiology.  

   Endometrial Cancer 

 The most common type of uterine cancer occurs in the lining of the uterus, known 
as the endometrium. Endometrial cancer is one of the most common malignancies 
of the female reproductive system in western countries (Key et al.  2004 ). Several 
risk factors have been identifi ed with the most prominent being obesity; obese 
women have a threefold increased risk compared to lean women (Key et al.  2004 ). 
Other risk factors include increased exposure to estradiol in postmenopausal women 
and diabetes (Key et al.  2004 ; Uccella et al.  2011a ). There are two histological sub-
types of endometrial cancer, type I and type II, which exhibit different molecular 
and clinical characteristics. Type I endometrial cancer comprises majority of all 
sporadic endometrial cancers (80–90 %) which can be either adenocarcinoma with 
or without squamous differentiation, often is well defi ned and is more common in 
pre- and perimenopausal women (Uccella et al.  2011a ; Felix et al.  2010 ). Type II 
endometrial cancer, which is much less common than type I, is often associated with 
 p53  mutations and is not well characterized. Overall, type II endometrial cancer is 
generally associated with a higher incidence of advanced-stage cancer and a worse 
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prognosis compared to type I and is most common in older women (Uccella et al. 
 2011a ; Felix et al.  2010 ). 

 A few case–control studies have investigated the effect of folate on endometrial 
cancer risk. The majority of these studies demonstrated a lack of association between 
dietary folate intakes and endometrial cancer risk (Biel et al.  2011 ; Jain et al.  2000 ; 
Negri et al.  1996 ), even after taking into account the  MTHFR  C677T and A1298C 
genetic polymorphisms (Liu et al.  2013 ). Only one case–control study demonstrated 
a moderately protective effect of dietary folate when comparing high intakes to low 
(Xu et al.  2007 ). Also, this study showed a signifi cant interaction between dietary 
folate intake and the  MTHFR  G1793A polymorphism in modulating endometrial can-
cer risk; non-supplement users with the variant genotypes 1793AG or 1793AA who 
consumed lower levels of dietary folate had a higher risk of endometrial cancer 
compared to those who consumed higher levels (Xu et al.  2007 ). Most of the 
published prospective studies showed no association between dietary folate and endo-
metrial cancer risk. Kabat et al. demonstrated a lack of association between dietary 
folate and endometrial cancer risk (Kabat et al.  2008 ). Given the biological and 
clinical distinction between the two types of endometrial cancer, some prospective 
studies interrogated the potential association according to the types of endometrial 
cancer. One study which was restricted to women with type I endometrial cancer 
demonstrated a null association (Liu et al.  2013 ). Another large prospective study 
demonstrated a similar lack of effect of both dietary and total folate intakes on both 
type I and type II endometrial cancer (Uccella et al.  2011b ). Interestingly, however, 
this study reported a signifi cantly increased risk of type II endometrial cancer 
associated with supplemental intakes of folic acid (Uccella et al.  2011b ). 

 In an even smaller pool of case–control studies, one study demonstrated that 
higher dietary vitamin B 6  intake compared to lower was associated with an increased 
risk of endometrial cancer but this association was nonlinear (Biel et al.  2011 ). 
Another study also found a lack of an association even after taking into consider-
ation the  MTHFR  C677T, A1298C, and G1793A polymorphisms (Xu et al.  2007 ). 
Contrary to these fi ndings, however, another study found a joint interactive effect 
between vitamin B 6  intakes from diet and supplements and the  MTHFR  C677T 
polymorphism on endometrial cancer risk despite a lack of an association between 
dietary and supplemental intake of vitamin B 6  and endometrial cancer. The variant 
677TT genotype combined with higher intakes of dietary and supplemental vitamin 
B 6  was associated with a protective effect compared to the heterozygous and wild- 
type genotypes (677CT/CC) and lower intakes (Liu et al.  2013 ). The joint effect of 
vitamin B 6  and the  MTHFR  677TT genotype demonstrates the intricate gene–nutri-
ent interactions between one-carbon nutrients and genes involved in the one-carbon 
transfer reaction pathway. Two prospective studies revealed that vitamin B 6  intakes 
from diet and supplements were not associated with type I endometrial cancer risk 
(Liu et al.  2013 ) and supplemental intakes, similar to folic acid, was associated with 
an increased risk of type II endometrial cancer only (Uccella et al.  2011b ). 

 Case–control studies investigating the relationship between dietary and/or dietary 
plus supplemental vitamin B 12  intakes and endometrial cancer risk revealed that there 
was no association (Biel et al.  2011 ) and furthermore, there was no evidence of a joint 
interaction with the  MTHFR  C677T and A1298C (Liu et al.  2013 ; Xu et al.  2007 ) or 
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G1793A (Xu et al.  2007 ) polymorphisms. Similarly, two prospective studies revealed 
that vitamin B 12  intakes from diet and supplements were not associated with type I 
endometrial cancer risk (Liu et al.  2013 ) whereas the second study demonstrated that 
supplemental intake, similar to folic acid, has been found to be associated with an 
increased risk only in type II endometrial cancer (Uccella et al.  2011b ). 

 There are currently no case–control studies that have investigated the relation-
ships between choline and/or betaine and endometrial cancer risk. However, one 
prospective study found a lack of association between choline and endometrial can-
cer risk (Liu et al.  2013 ). It would be interesting to investigate whether these results 
differ by type I or type II status, which was the trend observed with folate, vitamin 
B 6 , and vitamin B 12 . 

 Altered DNA methylation and resulting aberrant expression of multiple genes 
have been more frequently associated with endometrial cancer than genetic altera-
tions and DNA hypomethylation (Balch et al.  2010 ). A consistent gene-specifi c 
DNA methylation change observed in endometrial cancer is the breakdown of the 
DNA mismatch repair mechanism mediated through CpG promoter DNA 
methylation- induced changes in the expression of  hMLH1  (Banno et al.  2012 ; 
Tao and Freudenheim  2010 ), an event which occurs in the early stages of endome-
trial carcinogenesis (Tao and Freudenheim  2010 ). This gene, among several others, 
has been frequently silenced via DNA methylation in endometrial cancer. 
Hypermethylation of the tumor suppressor gene,  RASSF1A , is one of the most fre-
quently methylated genes in endometrial tumors in both early and late stages of 
carcinogenesis (Balch et al.  2010 ) among many others which have been found to be 
commonly hypermethylated in endometrial cancer (Balch et al.  2010 ). There are, 
however, no studies that interrogated the role of one-carbon nutrients in modulating 
these DNA methylation changes implicated in endometrial carcinogenesis. 

  Endometrial Cancer Summary . Overall, these studies demonstrate that supplemental, 
not dietary, intakes of folic acid, vitamin B 6 , and vitamin B 12 , may increase the risk 
of type II endometrial cancer. The lack of association in the bulk of the studies 
discussed may be attributed to the fact that stratifi cation by the type of endometrial 
cancer was not performed, considering that a signifi cant effect emerged when type I 
and type II cases were considered individually. The body of evidence investigating 
the relationship between one-carbon nutrients and endometrial cancer risk has been 
restricted to intakes whereas circulating concentrations of these one- carbon nutrients 
may reveal different results. One-carbon nutrients available in the circulation, which 
is not always refl ected by dietary intakes, may be more directly correlated with 
disease risks, especially considering the observed interactive effect of vitamin B 6  
with the  MTHFR  C677T polymorphism on endometrial cancer risk. 

 Finally, few studies have investigated the relationship between aberrant DNA 
methylation and endometrial carcinogenesis. Type II endometrial  cancer is charac-
terized by a high frequency of  p53  mutations and chromosomal instability (Uccella 
et al.  2011b ). Therefore, investigation of global DNA hypomethylation, a contributor 
to DNA instability, and gene-specifi c DNA methylation of the  p53  gene as well as 
other genes which have been found to be hypermethylated in endometrial cancer 
may further elucidate the mechanistic underpinnings of endometrial cancer. Finally, 
interrogation of the potential infl uence of one-carbon nutrients on DNA methylation 
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alterations would provide mechanistic insights into endometrial carcinogenesis as 
well as potential targets for endometrial cancer prevention and treatment using 
one-carbon nutrients.  

   Ovarian Cancer 

 Ovarian cancer is the fi fth leading cause of death from female gynecological malig-
nancy (Hanna and Adams  2006 ). There is a need to improve prognosis and preven-
tative strategies that may be made possible through improved understanding of the 
pathogenesis of ovarian cancer. Two types have been identifi ed which may help to 
determine effective screening and treatment: type I is characterized by slow growth, 
is confi ned to the ovaries and is genetically stable and type II is highly aggressive 
displaying metastatic potential to organs in close proximity such as the Fallopian 
tube (Westgren  2012 ). Furthermore, type II tumors are much more common and due 
to its aggressive nature, it is responsible for 90 % of ovarian cancer- related deaths 
(Westgren  2012 ). 

 A number of studies have been conducted to investigate the relationship between 
one-carbon nutrients and ovarian cancer risk. The majority of case–control studies 
have found no association between dietary and/or total folate intakes and ovarian 
cancer risk (Harris et al.  2012 ; Pelucchi et al.  2005b ; Salazar-Martinez et al.  2002 ) 
with the exception of one study which revealed that there was a reduced risk associ-
ated with increased intakes of dietary folate in current smokers (Webb et al.  2011 ). 
Interestingly, an increased ovarian cancer risk was observed with two MTR poly-
morphisms (rs736502 and rs7526063). However, there was a very low frequency of 
these polymorphisms in the study population and neither of these polymorphisms 
nor any of the other polymorphisms investigated, had any interaction with dietary 
intakes of folate, vitamin B 6 , vitamin B 12 , choline, or betaine (Webb et al.  2011 ). No 
signifi cant association was observed between the  MTHFR  C677T and A1298C 
polymorphisms and dietary intakes of folate in modifying ovarian cancer risk in 
another study (Harris et al.  2012 ). Prospective studies investigating the relationship 
between dietary folate and ovarian cancer risk have generally found a lack of asso-
ciation (Kabat et al.  2008 ; Kelemen et al.  2004 ). However, subtype analysis revealed 
that there was a signifi cant reduction of the risk of serous ovarian cancer associated 
with high dietary folate intake (Tworoger et al.  2006 ). Some studies have reported 
nonsignifi cant reductions in the risk of ovarian cancer associated with dietary 
intakes of folate (Larsson et al.  2004 ; Silvera et al.  2006 ) and a combination of 
alcohol and folate intakes when comparing higher folate and alcohol intakes to 
lower intakes of both (Kelemen et al.  2004 ; Silvera et al.  2006 ). 

 Confl icting results were found with vitamin B 6  intakes as one case–control study 
found that there was no association between total vitamin B 6  intakes and ovarian 
cancer risk even after stratifi cation by histologic subtype (Webb et al.  2011 ) whereas 
another case–control study reported a signifi cant risk reduction associated with 
dietary vitamin B 6  intakes, with the most prominent effect in women with the serous 
borderline subtype (Harris et al.  2012 ). Also, in this study, dietary vitamin B 6  intake 
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was not signifi cantly associated with the  MTHFR  C677T and A1298C polymor-
phisms (Harris et al.  2012 ). 

 Similar results were found with vitamin B 12  intakes; generally, there was a lack 
of association between dietary and/or total vitamin B 12  and ovarian cancer risk in 
case–control studies (Harris et al.  2012 ; Salazar-Martinez et al.  2002 ). Similarly, a 
lack of association was observed between the  MTHFR  C677T and A1298C poly-
morphisms, dietary intakes of vitamin B 12  and ovarian cancer risk    (Harris et al.  2012 ). 

 Only one case–control study investigated the association between choline and 
betaine and ovarian cancer risk and reported null fi ndings for both nutrients (Webb 
et al.  2011 ). A prospective study investigating the relationship among choline, beta-
ine, and ovarian cancer risk similarly demonstrated a lack of association 
(Kotsopoulos et al.  2010 ). 

 An increase in satellite DNA hypomethylation has been commonly detected in 
the advanced stages of ovarian cancer and a number of tumor suppressor gene 
silencing has been shown to be mediated via CpG promoter DNA hypermethylation 
(Welzel et al.  2007 ). For example, the promoter of  BRCA1  is commonly hypermeth-
ylated and silenced in sporadic cases of ovarian cancer (Welzel et al.  2007 ). 
Although  BRCA1  is one of the most studied genes in ovarian carcinogenesis, sev-
eral hypermethylated and hypomethylated genes have been identifi ed which can 
lead to gene silencing and overexpression, respectively (Seeber and van Diest 
 2012 ). Moreover, distinct DNA methylation profi les specifi c to histological sub-
types of ovarian cancer have been identifi ed (Seeber and van Diest  2012 ). 
Furthermore, Heichman and Warren reviewed commonly hypermethylated genes 
in ovarian cancer and found that 19 genes were ovarian cancer-specifi c (Heichman 
and Warren  2012 ). At present, however, the role of one-carbon nutrients in modulat-
ing these established DNA methylation alterations implicated in ovarian cancer has 
not been established. 

  Ovarian Cancer Summary . Overall, there is no strong evidence of an association 
between dietary intakes of one-carbon nutrients and ovarian cancer risk. However, 
there appears to be a protective effect of higher dietary intakes of folate on the histo-
logic subtype of serous ovarian cancer and this effect may be further modifi ed by 
alcohol intake. Of the other one-carbon nutrients investigated, there is a potential pro-
tective role of vitamin B 6  intakes in ovarian carcinogenesis. It is important to note that 
all of the studies discussed within this section only assessed the effects of dietary 
intakes, which is more prone to methodological errors such as misclassifi cation of 
exposure. If circulating concentrations had been measured, in addition to genetic 
polymorphisms in one-carbon metabolizing genes, perhaps a signifi cant effect would 
have emerged. Given the paucity of data, the potential effect of one-carbon nutrients 
on CpG promoter DNA methylation of several tumor suppressor and proto-oncogenes 
that exhibit aberrant DNA methylation patterns in ovarian cancer as well as global 
DNA methylation is worthy of further investigation. Provided a link exists, this may 
improve prevention, treatment, and prognosis of ovarian cancer through a DNA 
methylation-targeted approach using one-carbon nutrients.  
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   Prostate Cancer 

 Prostate cancer is one of the most common cancers in the western world, with an 
increasing prevalence in developing countries, and one of the leading causes of 
cancer-related death in the United States (Haas et al.  2008 ). Prostate cancer progres-
sion is very slow and therefore, neoplastic transformation occurs many years before 
diagnosis (Collin et al.  2010 ). Established risk factors include age, ethnicity, and 
family history; a few dietary risk factors have also been identifi ed including 
increased consumption of meat and animal fat (associated with an increased risk) 
and a diet rich in certain vegetables and other nutrients (associated with a decreased 
risk) (Stevens et al.  2006 ). Although traditionally thought of as an increased risk 
factor, endogenous sex hormone levels are not considered a risk factor for prostate 
cancer (Roddam et al.  2008 ). 

 An animal study investigating folate’s role in prostate cancer risk found mild 
folate depletion to be protective against tumor progression and aberrant DNA meth-
ylation patterns (Bistulfi  et al.  2011 ). Using the transgenic adenoma of mouse pros-
tate (TRAMP) model, this study demonstrated that mild folate depletion was able to 
strongly inhibit prostate cancer progression in 96 % of TRAMP mice (25 of 26 
animals) (Bistulfi  et al.  2011 ). This was measured through various parameters 
including reduced size and grade of tumor and marked reduction in proliferative 
and apoptotic indices. Furthermore, aberrant DNA methylation patterns in the pros-
tate tumors were less frequent in the folate-defi cient TRAMP mice compared 
with the folate-suffi cient controls (Bistulfi  et al.  2011 ). However, supplying high 
folate levels did not signifi cantly accelerate tumor growth or disease progression. 
With respect to aberrant DNA methylation patterns, a folate-depleted diet prevented 
methylation of four specifi c CpG sites and conversely, supplementation increased 
methylation at these four sites (Bistulfi  et al.  2011 ). In an athymic nu/nu mouse 
model using established DU-145 and PC-3 prostate cancer xenografts, the impor-
tance of the timing of folate exposure and its relationship with prostate cancer risk 
was demonstrated. The growth of established DU-145 and PC-3 prostate cancer 
xenografts was not affected by a diet fortifi ed with one-carbon nutrients (methio-
nine, choline chloride, betaine, folic acid, vitamin B 12 ), nor did these high levels of 
one-carbon nutrients demonstrate the ability to infl uence the demethylation capac-
ity of 5-aza-2′-deoxycytidine. However, the administration of this fortifi ed diet in 
utero was able to exert a protective effect in the offspring against the development 
of high-grade prostate tumors (Shabbeer et al.  2012 ). Collectively, these animal 
studies illustrate that the timing of exposure to folate/one-carbon nutrients plays an 
important role in prostate carcinogenesis. 

 In general, the majority of case–control studies have demonstrated a lack of effect 
of dietary and/or supplemental intakes (Shannon et al.  2009 ; Verhage et al.  2012 ; 
Vlajinac et al.  1997 ; Weinstein et al.  2006 ) and circulating levels of folate (Collin et al. 
 2010 ; Beilby et al.  2010 ; Johansson et al.  2008 ) on prostate cancer risk. Likewise, a 
null association was observed between serum folate and prostate cancer risk when the 
study population included only male smokers, which may partially be explained by the 
high prevalence of inadequate serum folate status in 92 % of this population (Weinstein 
et al.  2003 ). Although the majority of these studies were adjusted for smoking habits 
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and alcohol consumption, two risk factors postulated to affect prostate cancer (Collin 
et al.  2010 ; Beilby et al.  2010 ; Johansson et al.  2008 ; Shannon et al.  2009 ; Verhage 
et al.  2012 ), no effect of modifi cation was found by either of these factors. Similarly, a 
number of studies stratifi ed results by stage of cancer development (i.e., localized 
versus advanced stage) (Collin et al.  2010 ; Verhage et al.  2012 ; Weinstein et al.  2006 ; 
Johansson et al.  2008 ) and found no differences in prostate cancer risk with the excep-
tion of one study demonstrating that higher dietary folate intakes (from natural and 
fortifi ed sources) signifi cantly reduced the risk of high-grade prostate cancer when 
compared to controls and high- risk individuals (Shannon et al.  2009 ). Only a small 
number of case–control studies demonstrated the potential of folate to modulate pros-
tate cancer risk. Of these, one showed a nonsignifi cant trend of an increasing risk asso-
ciated with higher plasma folate concentrations (Hultdin et al.  2005 ) and another 
showed evidence of a signifi cant increased risk as demonstrated by a multiplicative 
interaction of the variant  MTHFR  677CT/TT genotype, higher folate intakes, and 
greater than fi ve alcoholic drinks per week (Kobayashi et al.  2012 ). A modest effect of 
risk reduction associated with higher intakes of dietary folate has been observed and 
this effect was more prominent when coupled with higher intakes of vitamin B 6  
(Pelucchi et al.  2005a ). Furthermore, the modulating effects of alcohol have also been 
observed such that higher intakes of folate and lower intakes of alcohol was more 
protective (Pelucchi et al.  2005a ) and conversely, lower intakes of folate and higher 
alcohol intakes were associated with a signifi cantly increased risk of prostate cancer 
(Kobayashi et al.  2012 ). The effect of dietary folate on prostate cancer risk modula-
tion ascertained through prospective studies is tenuous at best. In one study, the asso-
ciation between dietary folate intake and increased risk irrespective of disease stage 
did not exhibit a signifi cant linear relationship (Bassett et al.  2012 ). Similarly, another 
prospective study demonstrated a weak reduction, albeit not statistically signifi cant, 
in prostate cancer risk in advanced stage prostate cancer cases with higher dietary 
and total folate intakes (Stevens et al.  2006 ). Finally, a null association has been 
reported between dietary folate and prostate cancer risk, even after stratifying for 
disease stage in another study (Kasperzyk et al.  2009 ). 

 The Aspirin/Folate Polyp Prevention Study, designed to investigate the effects of 
folic acid and/or aspirin supplementation on colorectal neoplasms, found that aspirin 
had a protective effect whereas folic acid supplementation at 1 mg/day appeared to 
increase CRC risk (Cole et al.  2007 ). An investigation of secondary outcomes revealed 
that folic acid supplementation was associated with an increased risk of prostate can-
cer compared to placebo. However, high dietary folate intake at baseline was protec-
tive against prostate cancer (Figueiredo et al.  2009a ). This study also revealed that 
dietary and plasma vitamin B 6  and dietary vitamin B 12  were not associated with pros-
tate cancer risk (Figueiredo et al.  2009a ). 

 Vitamin B 6  demonstrated a lack of effect on prostate cancer risk with respect to 
dietary and/or supplemental intakes (Vlajinac et al.  1997 ; Pelucchi et al.  2005a ; Key 
et al.  1997 ). Furthermore, no signifi cant associations between vitamin B 6  intakes 
and prostate cancer emerged even after taking into consideration the  MTHFR  
C677T polymorphism (Kobayashi et al.  2012 ). Stratifi cation by histological tumor 
grade (Kobayashi et al.  2012 ) and adjustment for smoking habits (Pelucchi et al. 
 2005a ; Key et al.  1997 ) did not result in any signifi cant fi ndings. These null 
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fi ndings, after adjustment for stage of disease progression, were mirrored in a study 
which investigated the relationship between circulating vitamin B 6  concentrations 
and prostate cancer risk (Johansson et al.  2009 ). A similar null effect was noted in 
male smokers of which 55 % of the cases had an inadequate vitamin B 6  status 
(Weinstein et al.  2003 ). On the contrary, one case–control study found a signifi cant, 
albeit weak, reduction in prostate cancer risk in male smokers (Weinstein et al. 
 2006 ). Inconsistent results are also evident regarding dietary vitamin B 6  intakes and 
prostate cancer risk in prospective studies; a null association was reported after 
stratifi cation for disease stage in one study (Bassett et al.  2012 ) whereas another 
prospective study found a signifi cant protective effect of dietary vitamin B 6  intakes 
on localized prostate cancer (Kasperzyk et al.  2009 ). 

 A very different pattern of association was observed in case–control studies 
investigating the relationship between vitamin B 12  and prostate cancer risk. Whereas 
only two studies reported a lack of association between prostate cancer and serum 
vitamin B 12  concentrations in smokers (Weinstein et al.  2003 ) and dietary intakes 
after adjusting for the  MTHFR  C677T polymorphism (Kobayashi et al.  2012 ), the 
majority of the studies revealed a surprising increase in the risk of prostate cancer 
(Collin et al.  2010 ; Vlajinac et al.  1997 ; Weinstein et al.  2006 ; Johansson et al. 
 2008 ; Hultdin et al.  2005 ). Higher dietary intakes of vitamin B 12  have been associ-
ated with an increased risk of prostate cancer (Vlajinac et al.  1997 ). This was also 
observed in smokers (Weinstein et al.  2006 ). Moreover, studies investigating the 
circulating levels of vitamin B 12  also corroborate these fi ndings of an increased 
prostate cancer risk associated with higher circulating concentrations of vitamin 
B 12  (Collin et al.  2010 ; Johansson et al.  2008 ; Hultdin et al.  2005 ). Only two 
prospective studies investigated the relationship between dietary vitamin B 12  and 
prostate cancer risks, both of which showed a null association (Bassett et al.  2012 ; 
Kasperzyk et al.  2009 ). 

 The relationship between choline and betaine and prostate cancer risk has only 
been investigated in one case–control study to date, revealing surprising results of a 
signifi cant increasing trend in prostate cancer risk associated with plasma choline 
concentrations and a null association with plasma betaine concentrations (Johansson 
et al.  2009 ). Additionally, one prospective study investigated the effects of dietary 
choline on prostate cancer risk and found a signifi cant 70 % increased risk of lethal 
prostate cancer with individuals consuming high choline intake compared to those 
consuming less choline (Richman et al.  2012 ). Collectively, these studies provide 
evidence to support the role of both dietary and circulating concentrations of cho-
line in prostate carcinogenesis. 

 DNA hypo- and hypermethylation is associated with prostate carcinogenesis; 
global DNA hypomethylation has been implicated in metastatic prostate cancer and 
disease progression (Ho et al.  2011 ). On a gene-specifi c level, a few hypomethyl-
ated promoter regions have been identifi ed in prostate cancer compared to over 50 
hypermethylated and inactivated genes, all of which commonly occur in the early 
stages of prostate carcinogenesis (Ho et al.  2011 ). These genes include tumor sup-
pressor genes in addition to genes involved in many different cellular pathways 
such as hormonal responses, cell invasion and architecture, cell cycle control, and 
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DNA damage repair (Heichman and Warren  2012 ). A comprehensive review by 
Heichman and Warren identifi ed 14 cancer-specifi c hypermethylated genes in pros-
tate cancer (Heichman and Warren  2012 ). 

 Aberrant DNA hypermethylation is the best characterized epigenetic alteration in 
prostate cancer, which contributes to genomic instability and aberrant gene expres-
sion (Shabbeer et al.  2012 ; Jeronimo et al.  2011 ). Global hypomethylation, also 
detected as a contributing epigenetic mechanism to prostate cancer, has been linked 
to metastatic prostate cancer (Jeronimo et al.  2011 ). A recent study aimed at charac-
terizing the differences in the methylome of indolent versus aggressive prostate can-
cer led to the discovery of 13 CpG islands which are progressively hypermethylated 
with increasing disease severity (Lin et al.  2013 ). The identifi cation of these specifi c 
CpG islands can lead to improved diagnosis and hence prognosis by enabling 
the early identifi cation of more aggressive forms of prostate cancer (Lin et al.  2013 ). 
Of great value on a prognostic forefront, these DNA methylation alterations occur in 
the early stages of prostate cancer enabling early detection and prevention. Several 
factors have been shown to infl uence promoter DNA hypermethylation in the pros-
tate, such as age, diet, and environmental factors, with age having the most signi-
fi cant impact. Therefore, this provides the rationale for investigating the relationship 
between one-carbon nutrients and aberrant DNA methylation in prostate carcinogen-
esis. The discovery of commonly hypermethylated CpG islands and specifi c genes 
in prostate carcinogenesis provides a basis for the further investigation of the poten-
tial of one-carbon nutrients to modulate these epigenetic alterations. This would 
 provide a much more insightful understanding of the modifi able risk factors of 
 prostate cancer. 

  Prostate Cancer Summary . Collectively, these studies demonstrate a weak or null 
association between folate, vitamin B 6 , vitamin B 12,  and prostate carcinogenesis. 
Although a very limited amount of data is available to support the relationship between 
choline and prostate cancer risk, strong associations were found which were more 
conclusive than any of the other one-carbon nutrients discussed. This may be partly 
due to the fact that choline has been found to be highly concentrated in prostate cancer 
cells (Ackerstaff et al.  2001 ). In order to further elucidate the role of one-carbon nutri-
ents on prostate cancer risk, the joint interactive effect between one-carbon metaboliz-
ing genes and intakes and/or status of these nutrients needs to be investigated. 
Furthermore, the additive effects of these metabolically related nutrients should be 
investigated, considering that a signifi cant reduction in prostate cancer risk was 
observed comparing highest folate and vitamin B 6  intakes to the lowest intakes of 
both nutrients (Pelucchi et al.  2005a ). A recent meta-analysis has revealed that there is 
a signifi cant reduction in prostate cancer risk conferred by the  MTHFR  677T allele 
(Li and Xu  2012 ) and therefore, the joint interactive effect of nutrient intakes/status 
and the  MTHFR  C677T polymorphism should be investigated to elucidate if the rela-
tionship between the one-carbon nutrients and prostate cancer risk has been con-
founded by this risk-modifying factor. Similar to the dual modulatory effects of folate 
observed in CRC, the dose, timing of administration, and stage of cancer may also 
play an important role in the preventive and cancer- promoting effects of folate and 
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some of other one-carbon nutrients in prostate cancer (Ho et al.  2011 ). At present, 
there is no evidence that one-carbon nutrients may infl uence prostate carcinogenesis 
via their modulatory effects on DNA methylation implicated in prostate carcinogen-
esis. Future studies are warranted to clarify the role of one-carbon nutrients in DNA 
methylation changes and prostate cancer risk modifi cation.   

11.4.3     Trans-generational Studies 

 Recently, the potential role of maternal and early life nutrition on cancer risk in the 
offspring has been investigated. Defi nitive evidence linking perinatal folic acid 
supplementation and the prevention of neural tube defects confi rmed maternal diet 
has a signifi cant effect on the health of the fetus (MRC Vitamin Study Research Group 
 1991 ). Epigenetic modifi cations in utero and in early postnatal period have been 
postulated as one of the underlying mechanisms by which maternal and early post-
natal nutrition may modulate cancer risk in the offspring. In this regard, DNA meth-
ylation patterns are reprogrammed during embryogenesis by active and passive 
genome-wide demethylation, which erases large parts of the parental DNA meth-
ylation pattern (Fig.  11.4 ). After implantation of the blastocyst into the uterus, de 
novo methylation occurs, which establishes a new DNA methylation pattern for the 
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  Fig. 11.4    DNA methylation throughout the life cycle. DNA methylation patterns are reprogrammed 
during embryogenesis by genome-wide demethylation after fertilization. Active and passive 
demethylation erases signifi cant parts of the parental DNA methylation patterns, followed by de 
novo methylation, which establishes a new DNA methylation pattern soon after implantation when 
the blastocyst is formed. Maintenance methyltransferase (DNMT1) uses hemimethylated sites to 
ensure DNA methylation patterns, whereas de novo methyltransferases (DNMT3a, 3b) do not 
require preexisting methylation patterns. Later in life, factors such as aging, cancer, and environ-
mental exposures can cause epigenetic divergence with increased or decreased methylation levels       
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offspring, with methylation mostly limited to non-CpG island areas, which is main-
tained postnatally (Fig.  11.4 ) (Nafee et al.  2008 ). Therefore, DNA methylation dur-
ing the embryogenic stage, when DNA methylation patterns are reprogrammed, 
may be highly susceptible to the modulating effects of nutritional, hormonal, and 
metabolic factors. In particular, the one-carbon nutrient pool available during this 
critical time period of development can have a signifi cant effect on the DNA meth-
ylation patterns in the offspring, and subsequently on chronic disease risk, including 
cancer, later in life.

   Evidence for the potential cancer modulating effects of maternal environment in 
the offspring is largely demonstrated in animal studies, since cancer is an age-related 
disease and requires a lengthy follow-up period for diagnosis. Two animal studies 
have demonstrated the protective effects of maternal folic acid supplementation alone 
(Sie et al.  2011 ) or in combination with vitamins B 2 , B 6 , and B 12  (Ciappio et al.  2011a ) 
on colorectal and small intestinal tumorigenesis, respectively, in the offspring. 
In contrast, another animal study demonstrated that a maternal diet defi cient in folic 
acid had a protective effect on small intestinal cancer in the offspring (Sie et al.  2011 ), 
whereas another study found no effect of maternal folate depletion on small intes-
tinal tumorigenesis (McKay et al.  2011c ). Two animal studies have demonstrated 
confl icting effects of maternal folic acid supplementation on mammary tumorigen-
esis; maternal folic acid supplementation signifi cantly reduced a well-established 
intermediary biomarker of mammary tumors (i.e., terminal end buds) in the off-
spring at puberty in one study (Sie et al.  2009 ) but it signifi cantly increased the 
incidence of a carcinogen-induced mammary tumors and accelerated the tumor 
development in the offspring in another study (Ly et al.  2011 ). Kovacheva et al. 
demonstrated the relationship between maternal choline and mammary tumors in 
the offspring in a carcinogen rat model; choline supplementation during early 
embryogenesis resulted in slower tumor growth in the pups compared to pups born 
to dams fed a choline-defi cient diet (Kovacheva et al.  2009 ). It is important to pay 
heed to the fact that the experimental design and rodent models used in these stud-
ies may have contributed to disparate results observed in these animal models. For 
example, the proclivity and severity of the tumor phenotype of the rodent model 
may affect the protective ability of folate in carcinogenesis; folate has been shown 
to confer a protective effect in models with a relatively weak tumorigenic pheno-
type and this effect may be further bolstered in combination with other one-carbon 
nutrients (vitamins B 2 , B 6 , and B 12 ) whereas in models with an aggressive tumori-
genic capacity, the protective potential of one-carbon nutrients is inundated and 
supplementation with these nutrients may in fact promote the progression of estab-
lished (pre)neoplastic foci (Ciappio et al.  2011b ). 

 Epidemiological studies have generally shown an inverse relationship between 
periconceptional supplementation with a folic acid-containing multivitamin and a 
number of pediatric cancers including acute lymphoblastic leukemia (ALL) 
(Thompson et al.  2001 ; Wen et al.  2002 ; Ross et al.  2005 ), brain tumors (Bunin et al. 
 1993 ,  2006 ; Michalek et al.  1996 ; Olshan et al.  2002 ) and retinoblastoma (Bunin 
et al.  1989 ). A recent case–control study demonstrated with high dietary, not 
supplemental, folate, and vitamin B 12  intakes during pregnancy was associated with 
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lower ALL risk in offspring (Bailey et al.  2012 ). An unexpected outcome was an 
increased, albeit weak, ALL risk with high maternal vitamin B 6  intakes (Bailey 
et al.  2012 ). Another case–control study by Schuz et al. reported an increase in neu-
roblastoma incidence in children associated with maternal periconceptional folic 
acid supplementation (Schuz et al.  2007 ). Finally, some studies also reported a lack 
of a protective effect on ALL associated with maternal folic acid supplementation 
(Dockerty et al.  2007 ; Milne et al.  2010 ). 

 Proof-of-principle studies have shown that maternal methyl donor supplementa-
tion can signifi cantly change DNA methylation and associated phenotypes in the 
offspring (Waterland et al.  2006a ; Wolff et al.  1998 ; Yen et al.  1994 ; Sinclair et al. 
 2007 ). For example, the pioneering research using the agouti viable yellow (A vy /a) 
mouse showed that maternal supplementation of high levels of one-carbon nutri-
ents, including folic acid, B 12 , choline, and methionine, during pregnancy led to 
CpG DNA hypermethylation at the regulatory region of the A vy  gene which resulted 
in a change in offspring’s coat color from yellow to brown (Wolff et al.  1998 ; 
Waterland and Jirtle  2003 ). Furthermore, the brown coat mice were found to have 
lower obesity, hypertension, and insulin resistance (Yen et al.  1994 ), and when 
challenged with a chemical carcinogen, tumor multiplicity in the liver and tumor 
incidence in the lungs were reduced (Wolff et al.  1987 ) compared to their yellow 
coat color siblings. In addition, supplementation with one-carbon nutrients during 
pregnancy led to a “straight tail” phenotype compared to the “kinky tailed” pheno-
type in the offspring in the  Axin Fused  ( Axin   FU  ) mouse model. The “straight tail” 
phenotype was correlated with increased CpG promoter DNA methylation at the 
 Axin  gene (Waterland et al.  2006a ). These observations demonstrate that the maternal 
supplementation of one-carbon nutrients can infl uence the phenotype and disease 
susceptibility in the offspring via DNA methylation changes. 

 Several animal studies have investigated the effect of maternal and early life folate 
manipulation on DNA methylation in the offspring with confl icting results. In a 
mouse model, daily administration of folinic acid by gavage during the periconcep-
tional period until day 15.5 of gestation signifi cantly decreased global DNA meth-
ylation in both the liver and the brain of the embryo (Finnell et al.  2002 ). Generally, 
folate depletion imposed during the in utero and lactation stages, but not during the 
postweaning stage, appears to decrease global DNA methylation in the offspring in 
an organ-specifi c manner (McKay et al.  2011a ,  2011c ; Maloney et al.  2007 ; 
Lawrance et al.  2009 ). These studies used different protocols of folate manipulation 
in several different models and hence, defi nitive conclusions cannot be drawn 
(McKay et al.  2011a ,  2011c ; Wolff et al.  1998 ; Finnell et al.  2002 ; Maloney et al. 
 2007 ; Lillycrop et al.  2005 ). 

 Sie et al. have recently reported that maternal folic acid supplementation can 
signifi cantly decrease hepatic global DNA methylation in the offspring at weaning 
whereas at 14 weeks of age, a signifi cant decrease in global DNA methylation was 
associated with postweaning, but not maternal, folic acid supplementation (Sie et al. 
 2013 ). In contrast, a previous animal study by the same authors reported that maternal 
folic acid supplementation of the same magnitude signifi cantly increased global 
DNA methylation of the colon in the weanling rat offspring (Sie et al.  2011 ). This 
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prior study found that postweaning, but not maternal, folic acid supplementation 
signifi cantly decreased global DNA methylation of the colon in the rat at 14 weeks 
of age (Sie et al.  2011 ). However, the magnitude of change in global DNA methyla-
tion of the colon in the prior study (3–6.4 %) was quite modest, albeit signifi cant, 
compared with that of the liver (10–25 %). In another study of a similar design, 
maternal, but not postweaning, folic acid supplementation of the same magnitude 
signifi cantly decreased, by 7 %, global DNA methylation of the mammary glands in 
the offspring at 28 weeks of age (Ly et al.  2011 ). These observations collectively 
suggest that the effect of maternal and postweaning folic acid supplementation on 
global DNA methylation may be organ-specifi c. 

 Gene-specifi c DNA methylation has also been investigated in animal studies. 
Lillycrop et al. demonstrated that maternal folic acid supplementation (fi ve times 
the control) prevented the promoter DNA hypomethylation of the  Ppar - and  Gr  
genes and the decreased Dnmt1 expression induced by protein restriction in mater-
nal diet in the liver of adult rat offspring (Lillycrop et al.  2005 ,  2007 ). A recent study 
using pregnant CD1 mice found maternal folic acid supplementation followed by 
gestational arsenic exposure altered DNA methylation in CpG islands located in 
nearly 3,000 genes, including differentially methylated regions (DMRs) of imprinted 
genes involved in embryogenesis and cancer (Klaus and Birchmeier  2008 ). After 
identifi cation of various gene networks, the most affected pathway was the Wnt- 
signaling pathway, which plays a role in fetal development and regeneration of tis-
sues in adults (Klaus and Birchmeier  2008 ). Over 50 genes associated with this 
pathway were found to have altered DNA methylation patterns (e.g.,  Wnt3 ,  Fzd8 , 
 Fzd10 ,  Dvl1 ,  Dvl3 ,  Axin2 ,  Ctnnb1 ,  Cdkn2a ,  Rara ,  Tgf - β ) (Tsang et al.  2012 ). As 
previously mentioned, alterations in the Wnt-signaling pathway have been impli-
cated in the development of CRC; therefore these DNA methylation changes could 
have implications for the development of CRC in the offspring. A maternal diet 
deplete of folic acid fed to  Apc  +/ Min   and wild-type mice had no effect on gene- specifi c 
DNA methylation in weaning mice from both groups. However, decreased gene-
specifi c DNA methylation at  p53  in the small intestine of adult mice was seen with 
the depleted maternal folic acid diet (McKay et al.  2011b ). Furthermore, a low folic 
acid diet in the postweaning period increased DNA methylation at the  Apc  gene in 
the  Apc  +/ Min   mice but not in the wild-type mice (McKay et al.  2011b ). Sie et al. have 
recently reported signifi cant decreases in DNA methylation of the promoter regions 
of the  Pparγ  and  ERα  genes and in specifi c exons of the  p53  and  Apc  genes in the 
liver of offspring at weaning due to maternal folic acid supplementation (Sie et al. 
 2013 ). However, at 14 weeks of age, increased DNA methylation of the  Pparγ ,  p53 , 
and  p16  genes was observed due to maternal and postweaning folic acid supple-
mentation (Sie et al.  2013 ). In contrast, postweaning, but not maternal, folic acid 
supplementation signifi cantly increased DNA methylation of the  ERα  and  Apc  
genes in the offspring at 14 weeks of age (Sie et al.  2013 ).  Apc ,  p16 , and  p53  are 
tumor suppressor genes and mutations and/or aberrant DNA methylation of these 
genes have been implicated in CRC (Fearon  2011 ). Therefore, aberrant DNA meth-
ylation of the  Apc ,  p16 , and  p53  could contribute to colorectal carcinogenesis via 
gene silencing as well as gene instability. 
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 Maternal dietary choline intake has been directly associated with CpG promoter 
DNA methylation and decreased mRNA expression of the  Stratifi n  ( Sfn ) gene in 
mammary tumor tissues of rat offspring (Kovacheva et al.  2009 ).  Sfn , a tumor 
suppressor gene with cell cycle regulator function, has previously been shown to be 
hypermethylated in the CpG promoter region, and silenced, in breast cancer 
(Kovacheva et al.  2007 ). 

 Although not specifi cally tied to cancer risk, several human studies have inves-
tigated changes in LINE-1 DNA methylation patterns, a surrogate for global DNA 
methylation, with maternal folic acid. A study from the UK found LINE-1 meth-
ylation in 24 offspring was inversely associated with plasma homocysteine in 
umbilical cord blood; however, cord blood LINE-1 methylation was not signifi -
cantly associated with maternal or cord serum folate concentrations (Fryer et al. 
 2009 ). As highlighted in Fig.  11.1 , homocysteine is considered a nonspecifi c 
inverse indicator of folate status since 5-methylTHF is required for remethylation 
of homocysteine to methionine. A recent prospective study of 913 pregnancies did 
fi nd LINE-1 methylation was lower in children born to mothers who reported folic 
acid supplementation after 12 weeks gestation but not with mothers who stopped 
folic acid supplementation at 12 weeks (Haggarty et al.  2013 ). Finally, Boeke et al. 
found a sex-specifi c effect where LINE-1 methylation was inversely associated 
with maternal choline intake in early pregnancy in male offspring only (Boeke et al. 
 2012 ). Although these studies do highlight how one-carbon nutrients can modulate 
LINE-1 methylation patterns in the offspring, functional ramifi cations of LINE-1 
methylation changes and how they correlate with global DNA methylation status in 
specifi c target organs remain elusive. Furthermore, how changes in LINE-1 meth-
ylation can affect the offspring’s chronic disease risk including cancer is still 
unclear. McKay et al. have recently reported maternal vitamin B 12  status to be 
inversely correlated with global DNA methylation in the offspring determined by 
another surrogate measure of global DNA methylation, LUMA (McKay et al.  2012 ). 

 Human studies investigating maternal folic acid supplementation on DNA meth-
ylation patterns at specifi c genes in the offspring have either taken a candidate gene 
approach or an epigenomic approach using CpG island DNA methylation microar-
ray. Fryer et al. found CpG DNA methylation patterns at over 27,000 loci in cord 
blood, using a CpG island DNA methylation microarray, that were signifi cantly 
correlated with cord plasma homocysteine concentrations and infant birth weight 
percentile in 12 mother–child pairs; however, no association was found with mater-
nal or cord serum folate concentrations (Fryer et al.  2011 ). Several studies that have 
investigated DNA methylation patterns of specifi c candidate genes have focused on 
the  IGF2  gene, likely because IGF2 acts as a growth-promoting hormone during 
fetal development.  IGF2  is an imprinted gene requiring DNA methylation to sup-
press either paternal or maternal allelic expression. Aberrant biallelic  IGF2  expres-
sion has been linked to the development of certain cancers including CRC (Cheng 
et al.  2010 ; Honda et al.  2008 ). Four studies investigating the effect of maternal 
folic acid supplementation on  IGF2 -specifi c DNA methylation in the infant found 
confl icting results;  IGF2  DNA methylation was increased with maternal folic acid 
supplementation (Steegers-Theunissen et al.  2009 ; Haggarty et al.  2013 ) and was 
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positively associated with RBC folate concentrations in cord blood (Haggarty et al. 
 2013 ). The other two studies, however, demonstrated that DNA methylation of 
 IGF2  was decreased (Hoyo et al.  2011 ) or had no association (Ba et al.  2011 ) with 
maternal folic acid supplementation. Interestingly, Ba et al. found an inverse asso-
ciation between  IGF2  DNA methylation and maternal B 12  levels (Ba et al.  2011 ). 
Furthermore, maternal  MTHFR  677T variant allele was associated with an increase in 
 IGF2  methylation in the infant (McKay et al.  2012 ). There is also some evidence that 
one-carbon nutrients can affect DNA methylation of another related gene in the IGF 
pathway. For example, McKay et al. found that infant vitamin B 12  concentrations were 
inversely correlated with Insulin-like Growth Factor- binding Protein 3 ( IGFBP3 ) 
DNA methylation (McKay et al.  2012 ). Both  IGF2  and  IGFBP3  are members of the 
IGF system and therefore play a role in intrauterine growth (McKay et al.  2012 ). 

 Another candidate gene of interest is the imprinted gene  paternally expressed 3  
( PEG3 ). Haggarty et al. found that women reporting folic acid supplementation at 
12 weeks of gestation had offspring with lower  PEG3  DNA methylation compared 
to those stopping folic acid supplementation at 12 weeks gestation (Haggarty et al. 
 2013 ). Similar to  p53  and  APC ,  PEG3  is a tumor suppressor gene, which inhibits 
the Wnt-signaling pathway and regulates tumor growth (Otsuka et al.  2009 ). 
Therefore, the lower  PEG3  DNA methylation observed with folic acid supplemen-
tation at 12 weeks gestation could cause improper gene imprinting required for 
normal  PEG3  function and tumor growth regulation. 

 A gap in the knowledge still exists with the lack of information on how changes 
in the maternal diet can infl uence epigenetics and/or disease risk in the mothers 
themselves. Studies to date have generally focused on the health outcomes of the 
offspring but we need to still consider these effects on the mother. For example, in 
mice fed folate-defi cient diets from preconception through lactation, average post-
partum DNA methylation across three tissues at  Igf2 , DMR1, and  Slc39a4  was 
lower compared to mice fed folate-adequate diets (McKay et al.  2011a ). In humans, 
Krishnaveni et al. found at 5 years postpartum, gestational vitamin B 12  defi ciency 
was positively associated with greater insulin resistance and skinfold thickness 
measurements in mothers at follow-up (Krishnaveni et al.  2009 ). Investigating the 
effects of the perinatal diet on the mother herself is especially important considering 
diseases such as diabetes and cancer are age-related diseases and exposure to vari-
ous levels of one-carbon nutrients, even for a select period of time (preconception, 
pregnancy, and lactation), may have a long-lasting and potentially, adverse effect 
later in life. Furthermore, the effect of paternal dietary status on epigenetic changes 
in the offspring is an emerging important area of research as some studies have sug-
gested that paternal diet may modulate health outcomes of the offspring, indepen-
dent of the maternal diet. Kim et al. reported fetuses from male mice fed 
folate-defi cient diets prior to and during mating were associated with a lower per-
centage of fetal whole brain DNA methylation and Igf2 protein expression com-
pared with fetuses from folic    acid-supplemented males (Kim et al.  2013 ). Therefore, 
in future studies, it may be benefi cial to investigate both parties involved in fetal 
development, as well as the offspring. 

11 One-Carbon Metabolism Nutrients and Epigenetics…



330

 Whether or not DNA methylation changes are transmitted to future generations 
(i.e., trans-generational epigenetic inheritance) is a highly controversial topic (Cropley 
et al.  2006 ; Waterland et al.  2007 ). Overall interpretation of the available evidence 
does not provide unequivocal support for the transmission of epigenetic changes in 
the F1 generation induced by maternal or paternal diets to the F3-4 generations. 
Elucidating the mechanisms of epigenetic inheritance is particularly challenging, 
especially due to the phenomenon of passive genome-wide demethylation that occurs 
post-conception in mammalian embryogenesis. This is an important factor that needs 
to be taken into consideration when determining the heritability of parental DNA 
methylation patterns (Fisher and Brockdorff  2012 ). Epigenetic inheritance of 
histone modifi cation, chromatin remodeling, and DNA methylation is an area of 
growing interest. To date, preliminary research has been conducted to establish 
proof-of-principle of the mechanisms behind trans-generational epigenetic inheritance 
in plants, worms, and fl ies (Fisher and Brockdorff  2012 ). 

  Trans - generational Studies Summary . Overall, the preconceptional to postweaning 
environment, including maternal supplementation of one-carbon nutrients, has been 
shown to have an effect on cancer risk in the offspring. Some of these studies have 
investigated epigenetic modulation as the underlying mechanism for this relation-
ship. The body of evidence for trans-generational studies is found in animal models 
and therefore translation of outcomes to humans is questionable. More investigation 
is needed to clarify whether maternal one-carbon nutrient exposure has an effect on 
adult cancers in the offspring (Ciappio et al.  2011b ). Studies differ quite signifi -
cantly in the duration and amount of one-carbon nutrient exposure during preg-
nancy. Since it has been demonstrated that timing and dose are important factors in 
modulating cancer risk (Kim  2005 ), this may explain some of the differences seen 
in cancer risk in the offspring (Ciappio et al.  2011b ). It has been suggested that read-
dressing recommendations of perinatal nutrient intakes, including folate, vitamin B 6  
and B 12 , and choline, could help minimize chronic disease, including cancer, in the 
offspring (Ciappio et al.  2011b ). Overall, the available body of evidence from ani-
mal and human studies, although not uniformly consistent, provides considerable 
evidence that global and gene-specifi c DNA methylation can be modulated by 
maternal dietary and supplemental intakes of one-carbon nutrients, in particular 
folate/folic acid, as well as maternal genotype of critical enzymes involved in the 
folate pathway. Whether these DNA methylation changes resulting from maternal 
one-carbon nutrition play a mechanistic role in cancer development and progression 
in the offspring needs further exploration.   

11.5     Summary and Conclusions 

 Genetic changes in cancer are abrupt in onset, their effects are often all-or-nothing, 
the loss of function occurs at a fi xed level, and they are not reversible in most cases. 
In contrast, epigenetic changes are gradual in onset and progressive, their effects are 
dose-dependent, and are potentially reversible. These observations present new 
opportunities in cancer risk modifi cation and prevention using dietary and lifestyle 
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factors and potential chemopreventive drugs. In this regard, folate and related one- 
carbon metabolism nutrients have been a focus of intense interest because of their 
potential modulatory effects on cancer development observed in animal studies, 
epidemiological observations, and intervention trials in humans and their potential 
ability to modulate DNA methylation. 

 We have exclusively focused on DNA methylation in this chapter. However, one- 
carbon nutrients will likely infl uence other epigenetic mechanisms such as histone 
modifi cations, chromatin remodeling, and microRNA. Indeed, studies investigating 
these complex interactions have begun to emerge. Furthermore, investigating the 
effects of one-carbon nutrients on different methylation products beyond 
5- methylcytosine (5-mC) such as 5-hydroxymethylcytosine (5-hmC) are of great 
interest. While 5-mC in the CpG promoter region of genes is generally linked to 
gene silencing, 5-hmC has been shown to be associated with gene activation 
(Mellen et al.  2012 ). 

 The portfolio of evidence from in vitro, animal, and human studies collectively 
suggests that the effects of defi ciency and supplementation of one-carbon nutrients 
on DNA methylation are highly complex and appear to depend on cell type, target 
organ and stage of transformation and furthermore, these effects appear to be gene- 
and site-specifi c. These studies also suggest that changes in DNA methylation 
depend on the magnitude and duration of dietary manipulations of one-carbon nutri-
ents, on interactions with one another and with other dietary factors, and on genetic 
variants of critical genes in the folate-metabolic and one-carbon transfer pathways. 
Consequently, linking DNA methylation changes resulting from dietary manipula-
tions of one-carbon nutrients to cancer development and progression in specifi c 
organ sites remains a very diffi cult task. Nevertheless, a considerable amount of 
evidence supports that one-carbon nutrients may modulate the risk of cancer in 
certain sites via aberrant global and gene-specifi c DNA methylation. An emerging 
body of evidence suggests that the status of one-carbon nutrients during pregnancy 
and early postnatal life may play a critical role in the development of cancer of the 
offspring later in adult life because of their potential modulatory effects on DNA 
methylation reprogramming during this highly critical and susceptible period of 
epigenetic programming. Although the jury is still out, the potential for one-carbon 
metabolism nutrients to modulate DNA methylation and thus modify the risk of 
chronic diseases including cancer in humans across the lifespan remains provoca-
tive and is worthy of further studies.     
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    Abstract     The implication of cancer metabolism is gaining recent interest in cancer 
research after nearly nine decades since Dr. Otto Warburg fi rst discovered the differ-
ing metabolic pathway of cancer cells. His early observations established that in 
contrast to normal cellular metabolism, most cancer cells rely on aerobic glycolysis. 
Although aerobic glycolysis is ineffi cient with respect to production of ATP it may 
provide a selective advantage for cancer cells producing glycolytic intermediates to 
support cell growth and division. It is becoming evident that genetic alterations asso-
ciated with cancer have a role to play in aberrant cellular metabolism. In this chapter 
we discuss the current concepts of cancer metabolism and the relationship to tumor 
suppressor genes and oncogenes. The widespread recognition of the complex inter-
play between genetic alterations, cellular metabolism, and the tumor microenviron-
ment could establish a framework for exploitable cancer therapies and potential 
targets of therapeutic intervention. In this chapter we outline these prospects.  

  Keywords     Warburg effect   •   Cancer metabolism   •   Cellular proliferation   •   Aerobic 
glycolysis   •   Oncogenes   •   Tumor suppressor genes  

  Abbreviations 

   AKT      A serine/threonine protein kinase named AKT   
  AMPK      5′ AMP-activated protein kinase   
  ATP      Adenosine triphosphate   
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  EPO    Erythropoietin   
  GADD45A    Growth arrest and DNA-damage-inducible protein   
  GsH    Glutathione   
  HIF-1    Hypoxia-inducible factor 1   
  IGF-IBP-3    Insulin-like growth factor binding protein 3   
  LDHA    Lactate dehydrogenase A   
  mTOR    Mammalian target of rapamycin   
     NADPH    Nicotinamide adenine dinucleotide phosphate   
  p53    Tumor protein 53   
  PDGFB    Platelet-derived growth factor subunit B   
  PI3K    Phosphoinositide-3-kinase   
  PKM2    Pyruvate kinase isozyme M2   
  PTEN    Phosphatase and tensin homolog   
  RAS    Reticular activating system   
  SCO2    Synthesis of cytochrome c oxidase subunit 2   
  TCA    Tricarboxylic acid   
  TSC-2    Tuberous sclerosis complex 2   
  VEGF-A    Vascular endothelial growth factor A   

12.1           Introduction 

 In the early 1920s Dr. Otto Warburg pioneered an investigation of cancer cell 
metabolism and made a prominent discovery. Warburg found that unlike normal 
adult differentiated cells that catabolize glucose through glycolysis and the 
citric acid cycle, most cancer cells, even in the presence of ample oxygen, rely 
on aerobic glycolysis (Warburg  1924 ,  1956 ). Whilst Warburg’s observations 
were revolutionary, his fi ndings were largely disregarded (Koppenol  2011 ). This 
was primarily due to inadequacies in molecular biology at the time. It was 
unclear why it would be advantageous for cancer cells to mediate a switch from 
high-energy mitochondrial oxidative phosphorylation to an energetically insuf-
fi cient pathway (Hanahan and Weinberg  2011 ). Further, the biological mecha-
nisms and signalling pathways to enable this switch were poorly understood 
(Levine and Puzio Kuter  2010 ). With our increased understanding of the link 
between genetic mutations and metabolic processes, attention has been revisited 
to the Warburg phenomenon. 

 Cancer is a multifaceted and complex disease with each tumor composed of 
heterogeneous cell types that have acquired biological capabilities to enable growth 
and metastatic dissemination. The hallmarks of cancer comprise six biological 
capabilities, namely to sustain proliferation, evade tumor suppressors, resist cell 
death, enable replicative immortality, induce angiogenesis, and activate invasion 
and metastasis (Hanahan and Weinberg  2011 ). Whilst these hallmarks of cancer 
continue to provide a solid framework for cancer biology, the recurrence of the 

N. Molino et al.



357

Warburg effect has added the reprogramming of energy metabolism as an emerging 
hallmark to this list (Hanahan and Weinberg  2011 ). The uncontrolled growth and 
proliferation of cancer cells represents the essence of neoplastic disease (Hanahan 
and Weinberg  2011 ). As this proliferation is facilitated by changes in metabolism, 
the reliance of cancer cells on specifi c metabolic pathways represents an ideal set of 
possible targets for cancer therapy. Cancer involves not only deregulated control of 
oncogenes and tumor suppressor genes but also adjustments of energy metabolism 
to fuel cell proliferation and tumorigenesis.  

12.2     Metabolism of Glucose by Normal and Cancer Cells 

 Normal differentiated cells display a low division rate and predominantly metabo-
lize glucose through glycolysis and oxidative phosphorylation (Levine and Puzio 
Kuter  2010 ). During glycolysis, glucose is transported into the cell by a facilitative 
transporter. Glycolysis then involves a ten-step reaction, which produces a series of 
intermediates catalyzed by different enzymes. At its completion, a glucose mole-
cule is converted into two molecules of pyruvate, with a net gain of two molecules 
of adenosine triphosphate (ATP) and two molecules of NADH (Boyle 2008). 
Oxidative phosphorylation then involves an oxygen-dependent process coupling the 
oxidation of macromolecules and the electron transport chain with ATP synthesis 
(Cairns  2011 ) generating 36 ATP. 

 According to Schrödinger ( 1992 ) proliferating cells have a high requirement for 
energy and mass to replicate and hence must be adapted to facilitate the uptake and 
incorporation of nutrients into biomass. This metabolic switch places emphasis on 
producing intermediates for cell growth and division such as synthesis of substrates 
for membranes, nucleic acids, and proteins (Vander Heiden et al.  2009 ) instead of 
excess ATP production. Glucose and glutamine supply most of the carbon skeleton, 
nitrogen, free energy, and nicotinamide adenine dinucleotide phosphate (NADPH) 
to support cell growth and division of new cancer cells. Hence, the bulk of glucose 
cannot be committed to carbon catabolism for ATP production when the cell must 
instead accumulate biomass, produce glycolytic intermediates, and replicate DNA 
(Vander Heiden et al.  2009 ). Increased glycolysis to allow for the conversion of 
glycolytic intermediates into biosynthetic pathways has been seen in many rapidly 
dividing embryonic tissues and in the retina of the frog  Xenopus laevis . Proliferating 
cells of the  Xenopus laevis  retina in vivo depend on glycogen to fuel aerobic gly-
colysis. These proliferating cells exhibited high lactate levels and decreased oxygen 
consumption regardless of adequate oxygen. It was only after terminal differentia-
tion to non-proliferating cells that the transition from glycolysis to oxidative phos-
phorylation occurred (Fiske and Vander Heiden  2012 ; Agathocleous et al.  2012 ). 
This once again supports the hypothesis that large-scale biosynthetic programs and 
conversion to aerobic glycolysis are required for active cell proliferation (Hanahan 
and Weinberg  2011 ). Indeed, the marked increase of glucose uptake in cancer cells 
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has been documented in many tumor types. This is most readily visualized by non-
invasive positron emission tomography (PET) scans with a radiolabeled analog of 
glucose ( 18 F-fl uorodeoxyglucose, FDG) (Hanahan and Weinberg  2011 ).  

12.3     Building Blocks for Growing Cells 

 It is clear that there are fundamental differences in the central metabolic pathways 
operating in malignant cancer cells. The proliferating cancer cell provides increased 
intermediates for cell growth and accumulated biomass by favoring alternative 
pathways of glucose metabolism. This is accomplished, in part, by slowing the 
entry of pyruvate into the mitochondria, inhibiting the conversion of pyruvate to 
acetyl-CoA to begin the tricarboxylic acid (TCA) cycle, redirecting glucose metab-
olites into the pentose phosphate shunt, as well as promoting nucleic acid and lipid 
synthesis. 

 The delayed entry of pyruvate into mitochondria is facilitated by tyrosine kinase 
signalling which negatively regulates fl ux of the late step of glycolysis (Vander 
Heiden et al.  2009 ). This delay enables phosphorylated glycolytic intermediates to 
be used in anabolic synthesis as well as supports NADPH production (Christofk 
et al.  2008 ). The normal conversion of pyruvate to acetyl-CoA by the enzyme pyru-
vate dehydrogenase is inhibited by the activation of hypoxia-inducible factor 1 
(HIF-1). HIF-1 activates pyruvate dehydrogenase kinase which subsequently shunts 
pyruvate to lactate formation (Kim  2006 ) and causes the redirection of glucose 
metabolites into the pentose phosphate shunt (Vander Heiden et al.  2009 ). The pen-
tose phosphate pathway generates ribose for nucleic acid synthesis as well as sup-
ports NADPH production (Dang  2012 ). Whilst citrate is a key component in the 
TCA cycle, during proliferation of cancer cells it can be extruded into the cytosol to 
form the intermediates acetyl-CoA and oxaloacetate. Acetyl-CoA is utilized in the 
formation of lipid synthesis and oxaloacetate is used for amino acid synthesis (Dang 
 2012 ). However, it is not only glucose that provides the major substrates for the 
proliferating cell. Glutamine serves as a major bioenergetic substrate (Deberardinis 
and DeBerardinis  2010 ) and is a nitrogen donor for the synthesis of purines, pyrimi-
dines, and nonessential amino acids (Levine and Puzio Kuter  2010 ) whilst also sup-
porting NADPH production.  

12.4     Key Regulators of Altered Metabolism in Cancer Cells 

 Activated oncogenes and loss of tumor suppressor genes have been found to be key 
regulators in altered metabolism of cancer cells. Detailed bioinformatics and high- 
throughput sequencing data suggest cancer-related driver mutations—oncogenes 
and downregulated tumor suppressor genes—largely affect the central metabolic 
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pathways responsible for cancer cell proliferation (Parsons et al.  2008 ). Whilst key 
oncogenes have been identifi ed as driver mutations, we still know relatively little 
regarding the signalling controls of these pathways. This is largely due to the com-
plex nature of the signalling. Oncogenic signalling strength may be the product of a 
concession between maximum proliferative signals and avoidance of the antiprolif-
erative tumor suppressor defenses. Alternatively, as seen in many human cancers, 
the cancer may adapt to high levels of oncogenic signalling by disabling apoptotic 
mechanisms (Hanahan and Weinberg  2011 ). Oncogenic mutations have diverse 
effects on multiple hallmark capabilities. Concerning the reprogramming of cell 
metabolism, oncogenic mutations result in the facilitated uptake of glucose and 
glucose metabolism. These mutations allow uptake of nutrients that may exceed the 
bioenergetic demands of the proliferating cancer cell (Vander Heiden et al.  2009 ). 
Conversely, loss of tumor suppressor genes results in loss of inhibition of cell 
growth, an increase in the Warburg effect, and an increase in the cancer phenotype 
(Levine and Puzio Kuter  2010 ). These fi ndings present strong evidence that meta-
bolic transformation may be a key step in the development of cancer. The mecha-
nism of action of each oncogene and tumor suppressor gene driving cancer cell 
metabolism will be examined in more detail in this chapter. 

12.4.1     PI3K 

 The phosphoinositide-3-kinase (PI3K) pathway is one of the most commonly altered 
signalling pathways in human cancers. The pathway can be altered by several mech-
anisms including a defect in the PI3K component, deregulation of the tumor sup-
pressor gene that acts on PI3K, phosphatase and tensin homolog (PTEN), or aberrant 
signalling from tyrosine kinases (Wong et al.  2010 ; Cairns  2011 ). Mutations in the 
catalytic subunit of PI3K or in PTEN are now being detected in an array of human 
cancers and these mutations have been found to hyperactivate the PI3K circuitry. 
Once expressed PI3K activates many growth signals for the proliferating cell and its 
metabolism (Cairns  2011 ). PIK3 not only regulates glucose transporter expression 
but also enhances glucose capture by hexokinase, thereby rendering cells dependent 
on high levels of glucose fl ux (Vander Heiden et al.  2009 ).  

12.4.2     AKT 

 PI3K is the upstream activator of AKT, a known driver of the glycolytic phenotype. 
The effect of constitutively active AKT is a common oncogenic perturbation in 
cancer cells and is often due to the hyper-amplifi cation of PI3K or deletion of 
PTEN (Vivanco and Sawyers  2002 ). AKT has been found to increase the expres-
sion and membrane translocation of GLUT transporters and phosphorylates key 
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glycolytic enzymes (Cairns  2011 ; Elstrom et al.  2004 ). The stimulation of key 
 glycolytic enzymes, hexokinase and phosphofructokinase 2, renders cells depen-
dent on aerobic glycolysis for continued growth and survival (Elstrom et al.  2004 ) 
and enhances glucose capture. AKT also stimulates ATP generation (Elstrom et al. 
 2004 ) ensuring that the cells have the bioenergetic scope to utilize the increased 
glycolytic fl ux. Although a major stimulator of glucose metabolism, AKT may also 
contribute to tumor cell malignancy. Recent studies suggest that AKT may be able 
to generate apoptotic resistance in vitro (Elstrom et al.  2004 ), driving an antiapop-
totic phenotype.  

12.4.3     mTOR 

 A well-studied downstream effector of AKT is mammalian target of rapamycin 
(mTOR). Regulating cellular metabolism mTOR directs available amino acids into 
protein synthesis via mRNA translation and ribosome biogenesis, whilst also cou-
pling nutrient availability with growth signals (Elstrom et al.  2004 ). This aids to 
balance biomass growth with proliferation. Activated mTOR not only stimulates 
protein synthesis but also promotes lipid biosynthesis, thereby ensuring adequate 
nutrients to accumulate biomass and facilitate the proliferation of cells during 
tumorigenesis (Guertin and Sabatini  2007 ).  

12.4.4     AMPK 

 5′ AMP-activated protein kinase (AMPK) is a crucial energy sensor in cellular 
homeostasis and responds to metabolic stress. As a potent inhibitor of both AKT 
and mTOR, AMPK couples energy status with growth signalling thereby reducing 
the proliferative potential of the cell to respond to growth signals. Several oncogenic 
mutations have been identifi ed that suppress the AMPK signalling pathway, enabling 
cells to divide under abnormal energy status, supporting a shift towards glycolytic 
metabolism (Shackelford and Shaw  2009 ; Cairns  2011 ).  

12.4.5     RAS 

 The oncogenic potential of reticular activating system (RAS) is complex, as muta-
tions in RAS compromise its intrinsic negative feedback mechanism in cellular 
metabolism (Hanahan and Weinberg  2011 ). As a consequence, the mechanism that 
normally ensures transitory signal transmission is undermined. Subsequently, RAS 
upregulates the GLUT 1 transporter, increasing both glucose uptake and its reten-
tion inside the cell (Levine and Puzio Kuter  2010 ).  
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12.4.6     Myc 

 Myc is an essential oncogene for the activation of glutaminolysis as well as gly-
colysis and affects a number of diverse cellular processes involved in cell growth, 
proliferation, apoptosis, and metabolism (Boxer and Dang  2001 ). The primary role 
of Myc in cellular metabolism is to regulate the expression of several components 
of the protein synthetic machinery (Barna  2008 ). Its induction to stimulate genes 
involved in ribosomal biogenesis, including ribosomal proteins and ribosomal 
DNA, has proven to be essential for proliferating cancer cells (Barna  2008 ). 
According to Barna ( 2008 ), the ability of a cancer cell to deregulate Myc and 
increase protein synthesis directly augments cell size and accelerates cell cycle 
production. In fact, the ability to deregulate Myc activity is one of the most fre-
quent oncogenic mutations underlying human cancers (Boxer and Dang  2001 ). 
These results confer that the oncogenic potential of Myc is dependent on its ability 
to regulate protein synthesis (Barna  2008 ). Molecular developments have impli-
cated downstream Myc signalling events—decreased IRES-dependent translation 
of Cdk11 p58 —to be an early sign of tumorigenesis (Barna  2008 ), supporting the 
oncogenic potential of Myc. Further, studies have identifi ed an unrecognized 
molecular connection between aberrant control of protein synthesis downstream of 
Myc and chromosomal abnormalities (Barna  2008 ; Boxer and Dang  2001 ). This 
suggests that increased downstream protein synthesis of Myc is a rate-limiting 
determinant in cancer. 

 Myc not only increases the rate of protein synthesis but is also involved in paral-
lel pathways that involve all phases of cell growth and metabolism. Myc has been 
implicated in the transition of cells from G0 into G1 phase, in which cells accumu-
late mass in preparation for DNA synthesis (Boxer and Dang  2001 ). Myc has also 
been found to interact with transcription factors driving proliferating cells to S phase 
for DNA replication and nucleotide synthesis (Dang  2012 ). In both in vivo and in 
vitro studies over-expression of Myc has resulted in increased lymphocytosis (Iritani 
and Eisenman  1999 ). With respect to glycolysis, highly expressed Myc has been 
found to increase the rate of some of the GLUT transporters, increasing glycolytic 
metabolism of the cell. Myc not only activates the expression of GLUT transporters 
but also collaboratively with HIF-1 regulates lactate dehydrogenase A (LDHA), 
phosphofructokinase, and enolase A (Boxer and Dang  2001 ; Cairns  2011 ). 

 Myc has also been proven to have a major role in driving glutamine metabolism. 
Not only does Myc-induced glutaminolysis support NADPH production, but it also 
produces antioxidants that are required for cell growth (Cairns  2011 ). Myc increases 
glutamine uptake by inducing the sIC5A1 and sIC7A1, glutamine transporters. 
After glutamine enters the cell it is converted into glutamate and has several fates. 
One fate is that it is converted into glutathione (GsH), a vital antioxidant controlling 
reactive oxygen species (ROS) levels and cellular homeostasis (Vaughn and 
Deshmukh  2008 ). It is becoming clear that perturbations in translational control of 
protein synthesis by Myc have a profound effect on gene expression, genomic 
 stability, and cancer initiation.   
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12.5     The Tumor Microenvironment and Hypoxia 

 It has also been postulated that glycolytic metabolism arises as an adaptation to 
hypoxic conditions in the tumor microenvironment (Huang et al.  1998 ). The tumor 
microenvironment is highly irregular comprising abnormal tumor vasculature, 
excess lactate production, and modifi ed metabolism. These cell conditions create 
both spatial and temporal heterogeneity (Cairns  2011 ). This heterogeneity across 
the tumor was explored by Thomlinson and Gray in a study in 1955 (Thomlinson 
and Gray  1955 ). Examining histological specimens of human lung tumors 
Thomlinson and Gray found that tumors were exposed to varying oxygen concen-
trations. From near-effi cient oxygenation at the stroma, the oxygen gradient gradu-
ally decreased after 170 μm to near anoxia at the necrotic regions (Dang and 
Semenza  1999 ). It has since been shown that the hypoxic environment has signifi -
cant effects on cellular processes (Bertout  2008 ). These hypoxic regions within 
solid tumors are largely due to atypical vasculature. Blood vessels in tumors are 
often the product of chronic angiogenesis driven by vascular endothelial growth 
factor A (VEGF-A). Unbalanced angiogenic signalling and upregulated VEGF-A 
expression orchestrate aberrant blood vessel formation, anomalous blood fl ow, 
leakiness, and an increased homeostatic survival of endothelial cells (Hanahan and 
Weinberg  2011 ).    Other genes regulating the vasculature and haematopoiesis 
induced by hypoxia include IL1A, PDGFB (platelet-derived growth factor subunit 
B), EPO (erythropoietin), and GADD45A (growth arrest and DNA-damage-
inducible protein) (Bertout  2008 ). Cancer cells must respond to this tumor cell 
stress and subsequently those that adapt to hypoxia convey a selective advantage 
for survival. Not only the hypoxic regions are associated with altered vasculature 
and metabolism, but they also display an increased resistance to radiotherapy and 
chemotherapy (Cairns  2011 ). Interestingly the multidrug resistance (MDR1) gene 
product P-glycoprotein is induced by hypoxia and is associated with increased 
tumor resistance to chemotherapeutics (Comerford et al.  2002 ). Upon examina-
tion, studies have identifi ed a binding site on the MDR1 gene for HIF-1, the pri-
mary catalyst of hypoxia (Comerford et al.  2002 ). This indicates that adaptations 
to hypoxic conditions may represent a crucial step in tumorigenesis (Dang and 
Semenza  1999 ). 

 Adaptation to excess lactate production and an acidic environment may further 
drive the development of the glycolytic phenotype (Cairns  2011 ; Gatenby and 
Gillies  2004 ). Consequently, hypoxia and the tumor microenvironment pleiotropi-
cally act to enhance the glycolytic pathway of cancer cells to accumulate biomass 
and proliferate. The discovery of the transcription factor, HIF-1, was a landmark 
discovery that enabled scientists to understand how the cell sensed oxygen depriva-
tion and consequently how it regulated gene transcription under hypoxia (Bertout 
 2008 ). Semenza and Wang were the fi rst to biochemically purify and clone HIF-1 in 
1993, heralding a new era of interest in hypoxia and the tumor microenvironment 
(Wang and Semenza  1993 ). 
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12.5.1     HIF-1 

 HIF-1 is a heterodimeric transcription factor that is rapidly induced by hypoxia. 
Oxygen-deprived cells inhibit the hydroxylation of HIF-1, leading to accumulation 
of HIF-1, translocation to the nucleus, and target gene activation (Bertout  2008 ). 
Hence, it is the absence of oxygen that stabilizes HIF-1. HIF-1 can activate the tran-
scription of >100 genes, infl uencing key components of proliferating cancer cells 
such as cell survival, energy metabolism, angiogenesis, and cell migration (Levine 
and Puzio Kuter  2010 ). Increasing energy metabolism and cell proliferation, HIF-1 
encodes aldolase A, enolase 1, phosphofructokinase L, phosphoglycerate kinase 1, 
and pyruvate kinase M (Bertout  2008 ). All of these stimulate the glycolytic pathway 
and foster cell proliferation. Increasing the capacity for the cell to carry out glycoly-
sis, HIF-1 has been found to regulate nine out of the ten enzymes that function in 
glycolysis (Semenza  2003 ; Kim  2006 ). Glycolysis is further promoted as high AKT 
and mTOR activities have downstream effects on HIF-1, upregulating its activity 
(Levine and Puzio Kuter  2010 ). HIF-1 further infl uences cell metabolism by tran-
scriptionally regulating LDHA and pyruvate dehydrogenase which both shunt glu-
cose from entering the mitochondria and thereby reduce the fl ow of glucose into 
oxidative phosphorylation (Semenza  2003 ). 

 HIF-1 is also associated with targeted expression of genes that are crucial to 
hypoxic responses, such as angiogenesis and erythropoiesis. For example, VEGF is 
a target gene of HIF-1. Alternate systemic responses to hypoxia include autophagy. 
It has been substantiated that hypoxia and induction of HIF-1 may be one of the key 
mechanisms that activate autophagy. Autophagy is a catabolic mechanism that 
enables cells to break down organelles, allowing catabolites to be recycled and thus 
used for energy metabolism and biomass synthesis and accumulation (Hanahan and 
Weinberg  2011 ). A recent study (Liao et al.  2007 ) has found that in addition to HIF- 
1’s role in cellular metabolism and proliferation, HIF-1 may have a pivotal role in 
promoting metastatic potential. When HIF-1 was ablated in the mammary epithe-
lium of mice there was decreased tumor growth, delayed tumor onset, and a 
 signifi cant decrease in metastases (Liao et al.  2007 ).  

12.5.2     Pyruvate Kinase 

 The M2 isoform of pyruvate kinase is selectively advantageous for the metabolic 
requirements of a cancer cell. As the cancer cell must obtain biomass accumulation 
for the synthesis of lipids, proteins, and nucleotides, pyruvate kinase isozyme M2 
(PKM2) aids this development by diverting pyruvate away from the mitochondria 
and creating a build-up of glycolytic intermediates (Cairns  2011 ). In cancer cells 
PKM1 may be replaced by the splice variant PKM2. The induction of PKM2 
 interacts with HIF-1 inducing an inactivated state (Vander Heiden et al.  2009 ; 
Christofk et al.  2008 ). Inhibition of PKM2 slows glycolysis, allowing a build-up of 
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carbohydrate metabolites to enter the pentose phosphate pathway, the hexosamine 
pathway, uridine diphosphate (uDP)-glucose synthesis, and glycerol synthesis path-
ways (Cairns  2011 ). These pathways generate macromolecular biosynthetic precur-
sors necessary to support tumorigenesis (Vander Heiden et al.  2009 ). 

 In addition to stimulating macromolecular biosynthesis, PKM2 also bolsters 
redox control that is pivotal in a cancer cell that has eliminated many of its apoptotic 
mechanisms regulating cellular ROS homeostasis as described below. A conse-
quence of cellular metabolism is the production of ROS, which evoke an abundance 
of destructive downstream effects. Cells oppose the effects of excessive ROS by 
producing antioxidant molecules. Key antioxidant mechanisms include the mole-
cules    GsH and thioredoxin (TRX), both of which depend on the redox buffering 
capacity of NADPH (Hamanaka and Chandel  2011 ). NADPH contributes to proper 
redox control and detoxifi es ROS. NADPH is a crucial source of reducing equiva-
lents for both lipid synthesis and GsH protecting damage mediated by ROS. NADPH 
is produced as a result of the inhibition of PKM2. As PKM2 shunts glucose to the 
pentose phosphate pathway, the result is increased NADPH levels.  

12.5.3     p53 

 Inactivation of p53 is a hallmark of many human cancers (Vousden and Lu  2002 ). 
Deregulated or eliminated p53 in many cancers leads to an increase in the Warburg 
effect and glycolysis (Levine and Puzio Kuter  2010 ). p53 possesses many crucial 
roles for cellular homeostasis. One such role is to regulate cell cycle damage. p53 
receives inputs from stress and abnormality sensors within the cell’s intracellular 
machinery, managing levels of nucleotide pools, degree of genomic damage, 
double- stranded DNA breaks, growth-promoting signals, and glucose and oxygen-
ation levels (Hanahan and Weinberg  2011 ). If any of these are suboptimal for cel-
lular homeostasis, p53 can mediate arrest of the cell cycle or induce apoptosis until 
the erroneous conditions have been stabilized. As p53 is deregulated in many cancer 
cells this critical damage sensor control pathway is obliterated from the apoptosis- 
circuitry. In addition to the role of p53 in cell cycle damage control, it also directly 
stimulates genes that inhibit glycolysis and induce senescence and apoptosis. 

 It is now increasingly clear that p53 is an important regulator of metabolism 
(Cairns  2011 ). Expression of TIGAR is activated by p53. TIGAR lowers fructose- 
2,6-biphosphate levels in cells, shunting glucose into the pentose phosphate path-
way and thus decreasing glycolysis (Vander Heiden et al.  2009 ). The decrease of 
intracellular ROS levels is thought to decrease sensitivity to p53 and aid the ability 
of p53 to protect cells from genomic instability (Bensaad  2006 ).    p53 also regulates 
metabolism by enhancing utilization of mitochondrial oxidative phosphorylation, 
transcribing the gene SCO2 (synthesis of cytochrome c oxidase subunit 2) which 
assembles into oxidative phosphorylation complexes (Levine and Puzio Kuter 
 2010 ). A key function of p53 is as a transcription factor (Vogelstein et al.  2000 ). 
Stress induction leads to the activation of a large number of target genes, four of 
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which are PTEN, insulin-like growth factor binding protein 3 (IGF-1BP-3),  tuberous 
sclerosis complex 2 (TSC-2), and AMPK, which function to inhibit the activities of 
PI3K, AKT, and mTOR. p53 fundamentally protects cells from the potential out-
growth of malignant alterations (Bensaad  2006 ) and the activities of p53 are designed 
to regulate and control aberrant cell growth and induce apoptosis if necessary.   

12.6     Potential Therapeutics 

    In the metabolic milieu of the tumor environment many metabolic pathways have 
been identifi ed as potential therapeutic targets and targeting cancer metabolism has 
emerged as an area of drug discovery (Jones  2012 ). Blocking or restoring these 
altered pathways could ultimately lead to new drug targets and novel approaches to 
antitumor treatments. Whilst there is an in-depth understanding of the biological 
mechanisms of cellular metabolism, the knowledge of how pathways are affi liated 
and regulated to facilitate cell proliferation is incomplete (Vander Heiden  2011 ). 
Hence research to discover the extent to which integrated signalling pathways play 
a role in metabolic tumorigenesis is a key therapeutic avenue. 

 One potential therapeutic target of tumor cell metabolism is related to the exces-
sive nutrient demand that cancer cells exhibit. This increased requirement of cancer 
cells addicts them to downstream metabolic signalling events (Vander Heiden 
 2011 ). Glucose withdrawal is seen to induce cell death in the same manner as 
growth factor signalling withdrawal. As a result, blood glucose lowering drugs, 
such as the antidiabetic drug Metformin, are being explored as potential antitumori-
genic drugs (Vander Heiden  2011 ). In a study conducted in diabetic patients, those 
that were treated with Metformin were less likely to develop cancer than those on 
other treatment regimes (Tennant et al.  2010 ). 

 One major metabolic target that has become a key interest for antitumor drugs is 
HIF-1. Targeting the actions of HIF-1 is an important research direction as HIF-1 
regulates many factors that are pivotal for tumorigenesis, particularly, angiogenesis, 
cellular metabolism, and metastasis (Bertout  2008 ). A hypoxia-activated drug, tira-
pazamine, has been found to be promising, with its reduction in a hypoxic environ-
ment inducing double-stranded breaks in the DNA of cancer cells (Bertout  2008 ). 
However, as direct targeting of transcription factors and signalling molecules proves 
to be challenging for drug development, scientists are now looking towards strate-
gies that may inhibit or block the target signalling pathways. Strategies to oppose 
HIF-1 accumulation include addressing transcription and translation of the gene. 
This approach could reduce the potent downstream effects of HIF-1 subsequently 
curbing elaborate angiogenesis, reducing the build-up of carbohydrate metabolites, 
and depreciating the high levels of glucose entering the cancer cell. 

 An additional strategy has been to target expression of key genes that are central 
for the oncogenic potential of HIF-1. A drug that has already been trialled and 
approved for clinical use is Bevacizumab. Bevacizumab is a monoclonal antibody 
against VEGF-A, the potent angiogenic gene involved in aberrant tumor 
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angiogenesis (Bertout  2008 ; Ferrara et al.  2004 ). As mutations in RAS, PI3K, AKT, 
and mTOR have been found to upregulate HIF-1, drugs focusing on these metabolic 
pathways could also diminish the overall net effect of irregular cellular metabolism 
in cancer cells. Targeting the key areas of metabolism is thought to slow growth and 
ultimately alter the Warburg effect and its consequences. As a major effector down-
stream of PI3K, mTOR is a target of new drug treatments. mTOR inhibitors are 
increasingly being studied in preclinical and clinical trials and have been shown to 
have a promising effect on renal cell carcinoma (Tennant et al.  2010 ). However, 
more effective advances could focus on combining mTOR inhibitors with other 
signalling pathway inhibitors to maximize their antitumorigenic potential (Tennant 
et al.  2010 ). 

 Glutamine targeting is also becoming a key drug target designed to capitalize on 
the cells’ dependence on cellular metabolism. Glutamine is the amino acid found at 
highest concentrations in the plasma and several studies have identifi ed the depen-
dence of the cancer cell on this bioenergetic substrate (Tennant et al.  2010 ). 
Phenylacetate is a drug that reduces the availability of glutamine in the blood and 
thereby has been thought to reduce the proliferative potential of cancer cells. 
Inhibiting lactate production or transport has also been proposed as a potential drug 
therapeutic. Inhibiting LDHA has been shown to slow the growth of xenograft 
tumors in mice (Vander Heiden  2011 ). Inhibiting the removal of lactate from the 
cell could also acidify the intracellular environmental, killing the tumor cells (Jones 
 2012 ). Whilst this represents a highly attractive drug target, potential negative side 
effects on muscle metabolism must also be avoided (Jones  2012 ). 

 Other metabolic stress conditions that are altered in cancer such as the impor-
tance of NADPH to control cellular redox homeostasis have been implicated as 
potential drug targets. Inhibiting NADPH production through the mitigation of the 
pentose phosphate pathway could lead to increased ROS levels. With decreased 
antioxidant reducing molecules, increasing ROS could lead to radical-mediated 
damage (Cairns  2011 ). Preclinical studies have shown that this could be a potential 
therapeutic avenue with drugs inhibiting G6PD, the enzyme that initiates the  pentose 
phosphate pathway, demonstrating antitumorigenic effects (Cairns  2011 ).  

12.7     Therapeutic Challenges 

 Whilst the direct targeting of specifi c molecular signalling pathways, oncogenes, 
and their downstream effects has been fundamental ambition of cancer research, it 
has been put forward that such a specifi city of action may not always be benefi cial 
(Hanahan and Weinberg  2011 ). In principle, a selective drug target is ideal to target 
cancer, producing only low side effects and lessened toxicity. However, in reality 
such a selective drug target may not be the exemplar solution. Many principle mech-
anisms of cancer, such as cellular metabolism, angiogenesis, cellular invasion, and 
metastasis, are regulated by partially redundant signalling pathways (Hanahan and 
Weinberg  2011 ). Consequently, inhibiting just one aspect of the signalling pathway 
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may not completely oppose a principle mechanism. Switching off one aspect of a 
pathway may potentially allow cancer cells to strengthen their selective adaptability 
and oppose the therapeutic being treated. In certain preclinical studies, potent anti- 
angiogenic inhibitors were taken to oppose the crucial role of aberrant angiogenesis 
in the cancer cell (Azam et al.  2010 ; Ebos et al.  2009 ; Bergers and Hanahan  2008 ). 
Instead of seeing reduced tumor growth, the researchers identifi ed a shift in depen-
dence from angiogenesis to heightened invasion and metastasis. This evasive 
response of the cancer provided a selective and aggressive advantage, as invasion of 
nearby tissue enabled access to preexisting vasculature (Hanahan and Weinberg 
 2011 ). This adaptive response illustrates the complex pathways regulating cancer. 
In addition to adopting new selective pressures under specifi c targeted therapeutics, 
cancer cells can also develop acquired drug resistance to selective drug targets. In a 
study on the effects of B-RAF inhibition in human melanomas, it was demonstrated 
that there was an unprecedented 80 % reduction in tumor response following treat-
ment (Nazarian et al.  2010 ). However, acquired drug resistance and recovery of 
ERK phosphorylation were observed in many patients. It was later observed that the 
melanoma escaped B-RAF targeting not through secondary drug mutations, but 
through receptor tyrosine kinase-mediated activation of alternative survival path-
ways (Nazarian et al.  2010 ).    Highlighting that clinical responses to specifi c drug 
targets have often been transitory in nature suggests that additional combination 
therapeutics must be involved in targeting cancer (Hanahan and Weinberg  2011 ). 
Given that the network of signalling pathways must be limited for principle capa-
bilities of tumorigenesis, it may become possible to target all of these additional 
pathways, thereby reducing the cancer cells’ ability to adapt and confer resistance 
to treatment (Hanahan and Weinberg  2011 ).  

12.8     Conclusion 

 As the fruitions of cancer research continue to provide new, exciting directions for 
drug developments it is clear that incorporating the principal mechanisms of cancer 
hallmarks and their biochemical networks in an integrated approach is fundamental. 
Whilst these advances in the regulation of signalling pathways and cellular metabo-
lism remain at the forefront of cancer research development, epigenetic alterations 
have also been identifi ed as signifi cant for tumorigenesis. The components of these 
epigenetic mechanisms and their infl uence on cellular metabolism and the Warburg 
effect may provide new insights into the regulatory circuitry defi ning the cancer cell 
(Hanahan and Weinberg  2011 ). Furthermore the discovery of microRNAs may also 
provide unknown advances in the genetic sphere regarding cancer phenotypes. 
Nearly a century after Otto Warburg’s pioneering studies, the relationship between 
aerobic glycolysis and cellular metabolism in cancer is as contemporary as ever 
before. Specifi cally the complex network regulating the hypoxic tumor environment 
and subsequent interaction with deregulated oncogene and tumor suppressor genes 
will defi nitely be a focal aspect for further research.     
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    Abstract        The Warburg effect is a quality of cancer cells which is so defi ning of 
them that it is considered an important emerging hallmark of disease. Discovered by 
Dr. Otto Warburg in the 1920s, it was not until the last decade that the importance 
of this phenomenon was more widely realised and exploited in medical research, 
and its future possibilities conceived, largely due to an increase in our understanding 
of cellular metabolism. The Warburg effect itself is an observed change in the 
metabolism of cancer cells, where they metabolise a much larger amount of glucose 
than normal cells, utilising aerobic glycolysis rather than oxidative phosphoryla-
tion. While aerobic glycolysis creates less ATP energy for the cell it creates meta-
bolic products, which allows the tumour to increase its biomass, important for the 
growth of the tumour and its ability to metastasize. Although it is still unknown why 
this metabolic change occurs, it is driven, at least in part, by the actions of activated 
oncogenes, in particular HIF-1α, and suppression of tumour suppressor proteins, 
such as p53. This quality provides the basis for the cancer monitoring technique of 
positron emission tomography, and there are emerging drugs which take advantage 
of this change from normal cells for potential therapeutic benefi ts.    For example, 
metabolic drugs such as the type II diabetes drug metformin are being investigated 
and trialled as tools to starve cancer cells of their large energy requirements. In this 
chapter we provide an outline of the molecular characteristics of the Warburg effect 
and discuss related potential therapeutic developments.  
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13.1         Introduction to the Warburg Effect 

 The Warburg effect is a metabolic condition observed in cancerous cells, which is 
so defi ning of their physiology that now it can be classifi ed as a hallmark of cancer 
(Resendis-Antonio et al.  2010 ; Hsu and Sabatini  2008 ). Originally the fi ndings were 
published in 1924 by the German biochemist Otto Warburg, when he noticed that 
cancer cells metabolised glucose at a far more rapid rate than healthy cells, and 
produced lactate as a metabolic by-product (Warburg  1924 ). This led him to dis-
cover that instead of using the typical method of metabolism, mitochondrial oxida-
tive phosphorylation, cancer cells largely used aerobic glycolysis, even in the 
presence of abundant oxygen (Warburg  1924 ). Since early in his career, Otto 
Warburg had been interested in metabolism, respiration and the role of the con-
sumption of oxygen in cellular expansion. Early in his career he investigated respi-
ration in sea urchin eggs, where he noticed that at fertilisation, the cells had a rapid 
increase in the intake of oxygen and then rapid increase in division. He believed that 
this scenario may be similar in cancer cells (Koppenol et al.  2011 ). Later in his 
career, Otto Warburg published a paper in 1924 entitled “Über den Stoffwechsel der 
Carcinomzelle”. In this paper he outlined the changes in metabolism he noted in 
tumour cells compared to healthy cells, importantly the change from relying mainly 
on oxidative phosphorylation to aerobic glycolysis (Warburg  1924 ). Warburg’s 
research has only recently become of interest again, attributed largely to the discovery 
of the relationship between oncogenes and metabolism (Pedersen  2007 ). Apart 
from a few dedicated research groups, this discovery was largely ignored for many 
decades due to lack of knowledge in areas of metabolism and cancer cell biology 
(Levine and Puzio-Kuter  2010 ), but has recently been the focus of considerable 
work. This is especially so with the return of metabolism to the forefront of cancer 
research, for example, for its potential in tumour growth inhibition (Bayley and 
Devilee  2012 ), cancer prevention and treatment as well as its importance for com-
bating multiple drug resistance (MDR) (Xu et al.  2005 ). 

 There is accumulating evidence that the Warburg effect may provide advanta-
geous features for cancer cells. The fi rst factor, which is theorised to be an advanta-
geous quality, involves energy utilisation. Aerobic glycolysis produces far less 
energy compared to oxidative phosphorylation; however, instead of producing ATP 
energy, aerobic glycolysis produces metabolic intermediates for the production of 
essential cell products, such as nucleotides, fatty acids and lipids (Vander Heiden 
et al.  2009 ; DeBerardinis  2008 ). Therefore, the change in metabolic pathway leads 
to an increase in metabolic intermediates, which are used to increase the biomass, 
necessary for the tumour’s expansion. This is important for the rapid growth of the 
cancer biomass (Vander Heiden et al.  2009 ). Proliferating cancer cells which have 
an adequate blood supply, as is often the case, have a continual supply of oxygen 
and nutrients, perhaps making it not necessary to have such an effi cient ATP pro-
duction method (Vander Heiden et al.  2009 ). The second hypothesis for an advan-
tage of the Warburg effect for cancer is also related to detoxifi cation from reactive 
oxygen species (ROS). ROS, such as superoxide, are important mediators in key 
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cellular processes in cancerous (and other) cells such as adhesion, immune response, 
cell growth and differentiation (Boonstra and Post  2004 ; Droge  2002 ). The synthesis 
of many NADPH molecules through the change in metabolism may operate to 
detoxify cancer cells from ROS production. 

 There is no known reason for the change from oxidative phosphorylation to aero-
bic glycolysis, but there are some theories. One theory, which is contentious, is that 
aerobic glycolysis is, selected for, due to tumour hypoxia (Vander Heiden et al. 
 2009 ). This has been rebutted by two main arguments. The fi rst being that even 
before they experience hypoxic conditions, tumour cells seem to use aerobic glyco-
lytic metabolism (Vander Heiden et al.  2009 ). The second major argument is that 
even tumours which have an abundant access to oxygen, such as those in lung can-
cers, still exhibit aerobic glycolysis (Vander Heiden et al.  2009 ).    It is more likely, 
then, that the hypothesis that the change in metabolism is caused by mutations in the 
oncogenes and tumour suppressor genes which drive the metabolic pathways to 
increase proliferation. Whether this is due to the reversion to embryonic modes, or 
due to evolutionary advances in cell growth for the cancer, is still unknown (Vander 
Heiden et al.  2009 ). It is noteworthy that the metabolic change to oxidative glycoly-
sis utilised by cancer cells is not displayed by them alone, but also by developing 
cells. This may lead to an explanation of how the Warburg effect originated, and it 
has been hypothesised by some that it may be due, at least in part, to the reversion 
to foetal forms of metabolism.  

13.2     Altered Metabolism and Biochemical Pathways 

 Instead of following the usual mitochondrial oxidative phosphorylation pathway 
from glucose, as in normal cells, cancer cells metabolise via aerobic glycolysis, 
even in the presence of abundant oxygen (Vander Heiden et al.  2009 ). This seems 
detrimental for the cell because it leads to the production of only four ATP mole-
cules compared to the 36 molecules if undergoing oxidative phosphorylation. As 
discussed earlier, cancer cells have much larger macromolecule requirements than 
healthy cells, due to their rapid growth and frequent divisions (Vander Heiden et al. 
 2009 ). Aerobic glycolysis leads to the production of nucleotides, fatty acids, mem-
brane lipids and proteins (Hsu and Sabatini  2008 ), as well as NADPH molecules to 
assist in detoxifying the cell from the large ROS levels caused by such rapid expan-
sion (Hamanaka and Chandel  2011 ). This change in metabolism is stimulated by 
signalling pathways controlled by oncogenes and tumour suppressor genes, which 
promote the use of other metabolic side shunts (Levine and Puzio-Kuter  2010 ). This 
includes changes to GLUT transporters, the use of the pentose phosphate pathway 
(PPP) and glutaminolysis. One of the ways that cancer cells satisfy their energy 
needs is through the uptake of much larger amounts of glucose than healthy cells 
(Ganapathy et al.  2009 ). It is through the facilitated GLUT transporters that glucose 
is taken up into the cell (Locasale et al.  2009 ). There are 14 different GLUT 
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transporters, of which GLUT 1, 2, 3, 4 and, the more recently discovered, GLUT 12 
are related to the high uptake of glucose in cancer (Macheda  2005 ; Rogers et al. 
 2003 ). These transporters are over-expressed in cancer cells compared to healthy 
epithelial cells (Barron et al.  2012 ; Krzeslak et al.  2012b ). However, some cancers 
express GLUT transporters which would not normally be expressed in that tissue 
type (Medina and Owen  2002 ). This may be due to the large energy requirements of 
the cancer leading to changes in GLUT expression, and expression may be impacted 
by other molecules such as lactate, which is known to increase GLUT 1 and GLUT 
4 expression (   Medina et al.  2002 ). Further, GLUT transporters are regulated by p53, 
which is frequently mutated in many cancers. Loss of functional p53 leads to unreg-
ulated glucose uptake into the cell (Levine and Puzio-Kuter  2010 ). Also the onco-
genes,    MYC and HIF-1, increase the transcription of certain GLUT transporters, 
facilitating glucose uptake and retention in the cancer cell (Levine and Puzio-Kuter 
 2010 ). Modifi ers of GLUT transporters have been explored as anticancer agents 
because of the hypothesis that they may represent the rate controlling step of gly-
colysis, as indicated in hepatocarcinoma and HeLa cell lines (   Rodríguez-Enríquez 
et al.  2009 ; Diaz-Ruiz et al.  2011 ). 

 An important metabolic pathway related to the Warburg effect, that is being 
actively explored, is the PPP. This pathway involves partially shunting glucose-6- 
phosphate for use in nucleotide synthesis, and NADPH for redox control and fatty 
acid synthesis (Vander Heiden et al.  2009 ). Production of nucleotides, fatty acids 
and amino acids is also due to the increased utilisation of glutamine by cancer cells. 
Similar to glucose, cancer cells uptake much larger levels of glutamine, which is 
involved in fuelling the tricarboxylic acid (TCA) cycle for energy, NADPH mole-
cules and glycolytic intermediates (Dang  2012 ; Vander Heiden et al.  2009 ). The 
TCA cycle produces malate and citrate, both producing more NADPH as part of 
their conversions. Citrate is also converted to acetyl-CoA and oxaloacetate for fatty 
acid and amino acid synthesis. The pyruvate generated from these reactions may 
undergo reverse glycolysis and shunted to the PPP to produce more NADPH and 
nucleotides. Excess glutamate is converted to aspartate, which also contributes to 
nucleotide synthesis (Levine and Puzio-Kuter  2010 ). Further, there is support for 
the idea that the production of excess carbons as the by-product of lactate allows for 
the carbon to be taken up more rapidly into the biomass (Vander Heiden et al.  2009 ). 
It has also been observed that excess lactate enters the Cori cycle in the liver, where 
it is converted into glucose. There is a similar pathway for the conversion of the by- 
product alanine, from glutamine metabolism (Vander Heiden et al.  2009 ). TCA 
cycle enzymes have also been linked with the development of cancer. Mutated 
genes encoding for the enzymes IDH1 (isocitrate dehydrogenase 1), SDH (succi-
nate dehydrogenase) and FH (fumarate hydratase) can lead to the development of 
cancer (Chen and Russo  2012 ). The enzyme lactate dehydrogenase (LDH) is 
involved in the conversion of both glutamine and glucose into lactate, and is under 
the effect of HIF-1α and  c -MYC. The oncogene  c -MYC induces LDH-A expression 
(Shim et al.  1997 ; Yeung et al.  2008 ). If LDH activity is inhibited it impairs the 
cells’ ability to proliferate (Vander Heiden et al.  2009 ).  
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13.3     Oncogenes and Tumour Suppressor Genes 

 In most cancer cells, sustained aerobic glycolysis is associated with the activation of 
oncogenes and deactivation or mutation of tumour suppressors (Dang  2012 ), which 
in turn directly control the metabolic pathways and rate being followed in the pro-
liferating cells (Vander Heiden et al.  2009 ). The rate of glycolysis can vary by more 
than a 100-fold (Levine and Puzio-Kuter  2010 ), and is usually linked to the action 
of HIF-1α and  c -MYC, as they are key drivers in energy producing pathways 
(Zawacka-Pankau et al.  2011 ). The oncogenic pathways involving phosphoinositide 
3-kinase (PI3K),    AKT, mammalian target of rapamycin (mTor), hexokinase,  c -MYC 
and HIF-1α all infl uence the metabolic change, as well as promote cell proliferation 
and growth (Zawacka-Pankau et al.  2011 ). The p53 tumour suppressor gene is also 
infl uential in the Warburg effect, and the VHL tumour suppressor gene is also 
important. HIF is a transcription factor which is stabilised under situations of 
hypoxia, activating numerous pathways by upregulating target genes which pro-
mote tumour growth. HIF is stabilised in conditions of hypoxia aided by the inhibi-
tion of the tumour suppressor VHL to bind with HIF-1α. When there is adequate 
oxygen HIF subunits are unstable and are swiftly degraded in the ubiquitin–protea-
some pathway (Maxwell et al.  1999 ; Kaelin  2002 ; Harris  2002 ). The activation of 
HIF is quite different in areas of a tumour which differ in oxygen content (Harris 
 2002 ; Yijun et al.  2009 ). HIF-1α is most commonly found in human tumours com-
parative to normal healthy tissue (Harris  2002 ; Zhong et al.  1999 ). HIF activation is 
clinically signifi cant and is associated with poor outcome, although whether HIF 
activation is the causal factor or a result of tumour aggression is as yet unknown. 
High AKT and mTOR activity leads to high HIF-1 activity, and HIF-1 is activated 
and stabilised in cancer by mitochondrial dysfunction (Levine and Puzio-Kuter 
 2010 ). In support of this data, multiple studies have shown that the knockdown of 
HIF-1α in tumour cells suppresses tumour growth (Gao et al.  2007 ; Li et al.  2006 ; 
Mendez et al.  2010 ). 

 HIF-1 upregulates the transcription of many genes; in fact 9 of the 10 enzymes 
that function in glycolysis are regulated by HIF-1 (Macheda  2005 ; Semenza  2003 ). 
HIF was fi rst identifi ed as a regulator of erythropoietin, a haemopoietic growth fac-
tor. One of the relevant roles of HIF-1 is its role in increasing the transcription of 
GLUT transporters 1 and 3 (Stubbs and Griffi ths  2010 ; Levine and Puzio-Kuter 
 2010 ). As previously mentioned, increasing the transcription of GLUT transporters 
is critical in the high glucose uptake seen in cancer cells (Levine and Puzio-Kuter 
 2010 ; Adekola et al.  2012 ). Another key role HIF-1 plays in cancer is via encoding 
glycolytic enzymes. In fact HIF-1 encodes nearly all of the key glycolytic enzymes 
involved in the Warburg effect (Stubbs and Griffi ths  2010 ; Semenza  2001 ; Maxwell 
et al.  2001 ). HIF has been shown to affect mitochondrial respiration through the 
action of PDK-1 and COX-4, which are downstream targets. There are two main 
forms of hexokinase that we are interested in for the Warburg effect, hexokinase 1 
(HK1) and hexokinase 2 (HK2). HK2 expression is linked with increased malig-
nancy, and worse overall survival rates, for example, in human glioblastoma 
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multiforme (Wolf et al.  2011 ). In terms of the Warburg effect, it is linked with 
increased aerobic glycolysis rates and decreased sensitivity to radiation, temozolo-
mide and other inducers of cell death. HK2 levels are often refl ected in HIF-1α 
levels (Wolf et al.  2011 ). 

 The oncogene MYC encodes for an important transcription factor,  c -MYC (Dang 
 2010 ).  c -MYC is very important for the Warburg effect, and cancer proliferation, 
because of its role in regulating glucose metabolism and the cell cycle, as well as 
promoting glutamine catabolism, HK2 and PDK1 (Kroemer and Pouyssegur  2008 ; 
Dang  2010 ; Dang et al.  2008 ). The expression of the MYC oncogene is dysregulated 
in approximately 30 % of human cancers (Dang et al.  2008 ). It controls these func-
tions through the regulation and importantly repression of many microRNAs (Dang 
 2010 ).  c -MYC also induces LDH-A expression (Shim et al.  1997 ; Yeung et al.  2008 ). 
However, sustained elevated levels of  c -MYC are directly linked to increased mito-
chondrial ROS, which can cause mitochondrial DNA mutations, contributing to mito-
chondrial dysfunction (Kim and Dang  2006 ; Vander Heiden et al.  2009 ). The AKT 
(protein kinase B) pathway has been shown to promote cell growth as well as have a 
role in the glycolytic pathways promoting glycolysis, and promoting glucose uptake 
by the cell (Yeung et al.  2008 ). It activates mTor which regulates functions such as cell 
growth, cycle progression and autophagy (Guertin and Sabatini  2007 ; Falasca  2010 ). 

 PI3K is one of the most important intracellular signalling pathway regulators 
(Falasca  2010 ). Important for the Warburg effect, it regulates the AKT/mTOR path-
way, which is key in the increased rate of metabolism (Bayley and Devilee  2012 ). If 
PI3K is disrupted, it leads to the tumour having decreased glucose uptake, and then 
glucose withdrawal (Levine and Puzio-Kuter  2010 ). Glucose withdrawal shows 
similar physiological conditions to growth factor withdrawal in healthy tissues, and 
induces cell death in the tumour (Vander Heiden et al.  2009 ). There are two impor-
tant isoforms of pyruvate kinase (which are oncogenic tyrosine kinases), PKM1 and 
PKM2 (Vander Heiden et al.  2009 ). The M2 isoform is present in rapidly proliferat-
ing foetal cells, and during development it is slowly replaced by the M1 isoform 
(Bayley and Devilee  2012 ; Chaneton and Gottlieb  2012 ; Yacovan et al.  2012 ). It has 
been discovered however that tumour cells re-express PKM2 (Hamanaka and 
Chandel  2011 ; Ferguson and Rathmell  2009 ; Luo and Semenza  2012 ). This sup-
ports the idea that the Warburg effect is essentially a reversion back to foetal rates of 
metabolism. The activated Ras oncogene promotes cell growth and differentiation, 
as well as the cancer cell’s survival from apoptosis (Diaz-Ruiz et al.  2011 ). Ras 
promotes glycolysis by controlling MAPK and PI3K regulation of HIF-1α. It also 
promotes angiogenesis through its interaction with host-mediated immune responses. 
Ras also promotes invasive and metastatic behaviour in cancer cells through its role 
in the alteration of motility and cellular adhesion (Pylayeva-Gupta et al.  2011 ). 

 p53 is a prominent tumour suppressor in the Warburg effect due to its vast regula-
tory effect on the cell (Yeung et al.  2008 ). p53 is suppressed in many cancer cells, 
which generally has a large impact on the rapid growth of the cancer (Dang  2012 ). 
With respect to the Warburg effect, p53 inhibits glycolysis (Zawacka-Pankau et al. 
 2011 ). p53 directly activates the TIGAR gene, which shunts glycolysis through the 
PPP (Bayley and Devilee  2012 ). It also inhibits PGM, inhibiting the conversion of 
fructose 1,6-bisphosphate into pyruvate and the travel of glycolysis (Levine and 
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Puzio-Kuter  2010 ). p53 also represses GLUT transporters 1 and 4, inhibiting gly-
colysis through the inhibition of glucose uptake into the cell (Vander Heiden et al. 
 2009 ). p53 also activates SCO2 and GLS2, which enhances mitochondrial respira-
tion effi ciency via increasing the use of the TCA cycle (Dang  2012 ; Zhang et al. 
 2010 ). p53 also inhibits the action of many genes (such as PI3K, AKT/mTOR path-
ways and IGF) which results in the shutdown of cell growth, decrease in the Warburg 
effect and lower HIF levels, and thus a reversal of the development of cancer (Vander 
Heiden et al.  2009 ; Levine  1997 ). If the cell is too damaged, then p53 can also direct 
apoptosis (Levine and Puzio-Kuter  2010 ). This is evidence supporting the idea that 
inactivation or suppression of p53 may, either independently or cooperatively with 
other tumour suppressors or oncogenes, directly contribute to the Warburg effect 
(Kim and Dang  2006 ). The von Hippel–Lindau tumour suppressor protein interacts 
closely with HIF-1α. In environments with abundant oxygen, VHL binds to HIF-1α 
and targets it for protein degradation. However, in hypoxic environments HIF-1α 
and VHL protein binding is inhibited due to the absence of prolyl hydroxylation. 
This leads to its stabilisation, allowing it to increase the transcription of many genes 
as outlined in the above section (Stubbs and Griffi ths  2010 ).  

13.4     Mitochondrial Dysfunction 

 The mitochondria are not only the major place of cellular ATP production but also 
have an important role in regulation through their role in apoptotic regulation (Alirol 
and Martinou  2006 ). This role involves their position as a central checkpoint of 
apoptosis via integrating endogenous and exogenous cellular signals (Chiaradonna 
et al.  2012 ). It is believed that mutations in mitochondrial DNA can also contribute 
to tumourigenesis (Vander Heiden et al.  2009 ). An important mitochondrial altera-
tion involves metabolic genes which change to work as cancer genes (Dang  2012 ). 
Mutations in FH and SDH disrupt the TCA cycle in the mitochondria, leading to the 
accumulation of fumarate or succinate, which can inhibit enzymes such as dioxy-
genases, which control the degradation of HIF proteins (Dang  2012 ). HIF is also 
elevated due to the activation of other oncogenes and enzymes in the dysfunctional 
mitochondria (Dang  2012 ). Elevation of HIF proteins is pro-oncogenic (Dang  2012 ). 
Until the identifi cation of mutant TCA cycle enzymes associated with familial 
 cancer syndromes, alterations of metabolic genes that could provide a direct genetic 
link to altered metabolism were not known (Dang  2012 ).  

13.5     Practical Applications, Future Directions 
and Conclusions 

 The Warburg effect has been an underestimated discovery until the last 10 years, 
when its importance and potential for cancer treatment have been recognised. It may 
hold the key for utilising the link between metabolism and proliferation, in the 
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context of tumour suppression. New advances in treatment methods can be forged 
by targeting the physiological changes exhibited in the Warburg effect to create new 
therapeutic and diagnostic tools. Some important areas of research include drugs 
targeting key points in the control of cellular metabolism, especially for aerobic 
glycolysis. This includes PKM2 and LDH, as well as the PI3K/AKT pathway (Vander 
Heiden et al.  2009 ). There is also research into the link between drugs already used 
to treat metabolic diseases and their potential role in cancer treatment. There have 
been clinical studies into the use of metformin, used currently in the treatment of 
diabetes type II, which have found links with positive benefi ts for cancer patient 
outcomes, as well as help with cancer prevention (Vander Heiden et al.  2009 ). Most 
of these drugs or strategies are used or have the potential to be used as combination 
drugs with currently used anticancer drugs, as is the case with metformin (Milane 
et al.  2011b ; Wenger et al.  2011 ). Another area is in combating MDR, with evidence 
emerging that cancer treatment strategies may be less susceptible to MDR if they 
take advantage of the cancer cell’s distinctive metabolic needs (Locasale et al.  2009 ). 

 One of the most important and widely used technologies that is directly linked to 
the Warburg effect is PET imaging. Radioactively tagged glucose analogues are 
being used to track the rate of glucose utilisation. The high rate of glucose intake in 
cancers leads to this imaging being successfully used to diagnose, monitor and 
determine the stage of many cancers. The most common glucose tracer used in the 
clinic is  18 F-fl uoro-2-deoxy- d -glucose (FDG) (Kwee et al.  2011 ; Gallagher et al.  1978 ; 
Lucignani and Larson  2010 ). It is taken into the cell through GLUT transporters, and 
while it can be phosphorylated by hexokinase as with glucose, it cannot travel any 
further through the metabolic pathway, trapping it inside the cell. This allows the 
measurement of the accumulated FDG in tissues, with higher amounts being 
observed in areas of higher metabolism (Yanagawa et al.  2010 ; van Ginkel et al. 
 1996 ; Busk et al.  2008 ). 

 Glucose restriction has been explored in the recent years due to its key role in the 
Warburg effect, with the same information as that used to develop PET imaging but 
used in an entirely different way. Glucose restriction during chemotherapy has been 
shown to promote survival free from cancer in experiments with mice with certain 
cancer types (breast cancer, melanoma and neuroblastoma) by reducing the toxicity 
to healthy tissues and by promoting tumour growth inhibition (Adekola et al.  2012 ; 
Lee et al.  2012 ). The over-expression of GLUT transporters has also been explored 
as a possible diagnostic indicator for cancer. One study has found that the expres-
sion of GLUT 3 in the urine of postmenopausal women with bladder cancer can 
potentially be used diagnostically (Krzeslak et al.  2012a ). 

 MDR occurs when a cancer becomes resilient to certain drugs, usually chemo-
therapeutic agents, and it is a signifi cant challenge for patients who are treated for 
recurrent disease, such as many cancers, because the dosage levels and changes in 
usual chemotherapy courses cultivate acquired MDR (Milane et al.  2011b ). One 
important factor, however, is that even MDR cancer cells are susceptible to the inhi-
bition of aerobic glycolysis (Xu et al.  2005 ; Milane et al.  2011a ). This is a very 
important area for therapeutic target for aggressive and resistant cancers. Due to this 
information, therapeutics are being trialled to target the metabolic requirements of 
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cancer, to combat and potentially reverse the Warburg effect (Fiske  2012 ). In fact, 
many new drugs are at clinical trial stage, culminating 20 years of research in this 
area, such as agents that target PI3K and other downstream signalling molecules 
and targeting HIF and hypoxia-related changes in cancer cells (Dang  2012 ; Yeoa 
et al.  2004 ). An example of the Warburg effect’s role in combating MDR is Taxol 
resistance. Taxol (paclitaxel) is one of the most successful treatments of breast can-
cer currently used; however, it has a high rate of patients developing drug resistance. 
It was discovered that LDH-A activity was increased in cancers with this Taxol 
resistance (Zhou et al.  2010 ). Oxamate is known to decrease LDH activity leading 
to re-sensitisation of the breast cancer to Taxol (Zhou et al.  2010 ). 

 Overall, the Warburg effect is a metabolic characteristic of cancer cells, which 
although has been known for nearly 90 years, many molecular aspects are still 
poorly understood. Further characterisation of the aetiology of the metabolic switch 
and the molecular characteristics will aid in the development of new anti-metabolic 
therapy for cancer. Following the resurrection of research in the fi eld in the past 
decade, there are already new compounds undergoing preclinical and early phase 
clinical trials. Further, it is emerging that various nutrients may infl uence the meta-
bolic predisposition of cancer and this may provide another means for intervention.     
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    Abstract     Since 1950, a large number of models tried to represent the  tumorigenesis 
process; numerous theories have overlapped and have been changed or improved 
along the way. Recently the signifi cant role of epigenetics has emerged. These dynamic 
modifi cations are strongly linked to genetic and environmental factors and are involved 
in cancer development. The chapter highlights the contribution of the epigenetics in 
the multi-hit process of carcinogenesis, focusing on tumors with the highest incidence 
and mortality. Moreover the complex interplay between genetics and epigenetics will 
be discussed, such as the link between  DNMT  mutations and aberrant promoter meth-
ylation in several critical genes. Lifestyle factors such as smoking, alcohol and fat 
consumption, and stress have defi nitely an important role in carcinogenesis, and may 
act through epigenetic mechanisms. However numerous questions remain still unre-
solved, and continuous experimental researches are required.  

  Keywords     Epigenetics   •   Carcinogenesis   •   Multi-hit process  

14.1         Carcinogenesis Models Toward Epigenetics 

 Several observations during the past years permitted to divide carcinogenesis in 
three main steps: initiation, promotion, and progression. However to identify the 
temporal sequence of the molecular events involved in tumor development could be 
very hard, considering the large amount of possibilities that the different tumor types 
could undertake. In 2010 Vineis et al. reported fi ve models that, since 1950, “have 
roughly represented” tumorigenesis; however, these theories have overlapped during 
time and have been changed or ameliorated along the way (Vineis et al.  2010 ). 
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 The fi rst models intended the multistage hypothesis as “few changes, each 
 heritable when somatic cells divide in the tissues, needed to alter an ordinary epithe-
lial cell into the progenitor of a carcinoma.” Multistage models that gave importance 
on aging were developing, as well as the Armitage and Doll model (Armitage and 
Doll  1954 ). Moreover researchers were studying the effect of smoke on tumor pro-
gression and its probable involvement in the early stages (Doll and Peto  1978 ); 
other papers dealt with the interaction between some compounds such as polycyclic 
aromatic hydrocarbons (PAH) and macromolecules (DNA adducts), to evaluate 
irreversible alterations in the differentiation capacity of the target cells (Slaga  1984 ). 
Another model regarded the “two-hit” theory hypothesis developed by Alfred and 
Knudson ( 1971 ). Analyzing 48 cases of retinoblastoma and basing on published 
reports, Knudson formulated the hypothesis that retinoblastoma is caused by two 
mutations, each of which occurs at a rate of the order of 2 × 10 −7  per year. “In the 
inherited form, one mutational event is inherited via the germinal cells and the sec-
ond occurs in somatic cells. In the nonhereditary form, both mutations occur in 
somatic cells” (Alfred and Knudson  1971 ). The  RB1  gene was the fi rst hereditary 
cancer gene and the fi rst tumor suppressor gene (TSG) to be cloned;    following this 
gene several hereditary cancer genes have been investigated including familial ade-
nomatous polyposis (FAP) gene ( APC ) (Knudson  2005 ). The investigation about 
familial colorectal cancer has then led to the study of DNA mismatch repair (MMR) 
genes focusing on genomic instability. In effect mutations, e.g., in h MLH1 ,  MSH2  
genes may cause the acceleration of tumor development. HNPCC or Lynch 
Syndrome is a common hereditary disorder caused by germline mutations of MMR 
genes. Together with the somatic loss of the other normal allele, MMR mutations 
lead to a “mutator phenotype,” that means a high percent of mutations in repetitive 
sequences (Whitehouse et al.  1998 ). Fearon and Vogelstein ( 1990 ) proposed a 
model of colorectal carcinogenesis according to which cancer arises from the acti-
vation of oncogenes and the inactivation of TSGs; mutations in four or fi ve genes 
need to form a malignant tumor and the total accumulation of changes, rather than 
their order, is important to determine the tumor biologic properties. According to 
their model, patients with FAP inherit a mutation on chromosome 5q, where resides 
the  APC  gene, that may be responsible of the hyperproliferative epithelium; the 
same might happen in patients without polyposis. Hypomethylation is present in 
adenomas and may cause aneuploidy with consequent loss of TSGs correlated with 
the colorectal cancer (CRC) progression (Fearon and Vogelstein  1990 ). Beyond the 
concept of global hypomethylation linked to genomic instability, the importance of 
the different possible roles of epigenetics in the multistage carcinogenesis was 
emerging. It was postulated that the inactivation of suppressor genes or activation of 
oncogenes could be caused by altered methylation. 

 It was becoming clear that methylation of cytosines in CpGs or CpNpGs was 
associated with a “gene-off” signal repression with implications in gene regulation 
and in the aetiology of the diseases (Clark et al.  1995 ). Moreover the researchers 
referred to chemical compounds which can infl uence the epigenotype of eukaryotic 
cells (MacPhee  1998 ). In carcinogenesis a great role to clonal expansion (selection) 
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of cells was always given; that is, their capacity to acquire selective advantage over 
cells not having a particular mutation, causing loss of cell-cycle control, lack of 
response to external signals, and uncontrolled proliferation. This Darwinian model 
of carcinogenesis is not new, having been proposed by several authors since the 
1970s (see review of Vineis et al.  2010 ). Darwinian paradigm could become a uni-
fying theory that explains several biologic phenomena, giving also a great impor-
tance to the environment (both macro and micro) in selecting cells that have some 
acquired advantage. 

 Vineis and co-workers ( 2010 ) reported some examples of environmental factors 
that can infl uence clonal selection such as the infl uence of beta-carotene supple-
mentation in smokers on lung cancer; in effect the mutated cells (after tobacco 
smoke exposure) could have a greater advantage because the agent beta-carotene 
suppresses the replication of normal cells but not of cells with “specifi c” muta-
tions. A good example to unifying the different theories developed could be, 
according to our opinion, the relationship between folic acid and colon cancer. 
Folic acid metabolism is involved in both DNA synthesis and methylation. 
Restricted folate diet or SNPs in one-carbon metabolism genes might result in 
hypomethylation of repetitive DNA sequences, contributing to the origin of cancer 
cells by generating chromosomal instability, reactivation of transposable elements, 
and loss of imprinting; moreover, hypomethylation may activate proto-oncogenes. 
The misincorporation of uracil into human DNA, favored when thymidylate avail-
ability is restricted, might also increase the frequency of chromosome breakage. 
On the other hand, TSGs could undergo CpG island methylation, resulting in the 
inactivation of these protecting proteins (Beetstra et al.  2005 ; Coppedè  2014 ; 
Crider et al.  2012 ; Kim  2005 ). 

 In this way epigenetics contributes to integrate the previous models about carci-
nogenesis consisting in several dynamic modifi cations strongly linked to genetic 
and environmental factors, affecting together the clonal cell selection.  

14.2     Focusing on Epigenetics 

14.2.1     Epigenetic Marks and Their Role in Carcinogenesis 

 Epigenetics is “the transmitted inherited genome activity that does not depend on 
the naked DNA sequence” and consists of different chemical modifi cations as well 
as DNA methylation, histone modifi cations, chromatin remodelling, nucleosome 
positioning, and noncoding RNA (ncRNA) modulation. They in turn affect tran-
scriptional gene activation/silencing (Baylin and Jones  2011 ; Esteller  2012 ; 
Sandoval and Esteller  2012 ). To date no cancer or other pathologies have been iden-
tifi ed with only genetic or epigenetic background; but rather genetics and epi-
genetics could interact and infl uence themselves during carcinogenesis (   van 
Engeland et al.  2011 ). 
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 A good example of the interplay between genetic and epigenetic alterations is the 
early involvement of an epigenetic event such as the altered methylation of a DNA 
repair gene. MGMT removes carcinogen-induced O6-methylguanine adducts from 
DNA, resulting in G to A transition. Cancers with the  MGMT  gene precociously 
hypermethylated/silenced are associated in the late stages to mutations in genes 
such as p53 or KRAS (Baylin and Jones  2011 ; Ogino et al.  2007 ). Moreover loss of 
 MGMT  expression seems to interfere with the development of  PIK3CA  G>A muta-
tion, interfering with cell growth in various cancers, such as CRC (Nosho et al. 
 2008 ). At the same time genetic alterations (mutations) of one of the DNA methyl-
transferases (DNMTs) or histone deacetylases (HDACs), etc. may cause epigenetic 
changes such as DNA methylation and histone modifi cations.  DNMT3A  mutations 
have been effectively associated to methylation changes in acute myeloid leukemia 
(Ley et al.  2010 ). In the same way, mutations of  CREBBP ,  EP300 , or  MEF2B  may 
affect expression of  MEF2  target genes infl uencing the acetylation of nucleosomes 
near these genes, and then playing a role in the development of non-Hodgkin lym-
phoma (Morin et al.  2011 ). 

 Hence both these genetic and epigenetic alterations can determine abnormal 
gene expression and/or genomic instability, infl uencing tumor development 
(Rodríguez-Paredes and Esteller  2011 ; You and Jones  2012 ). 

 Gene-specifi c methylation in h MLH1  and  MGMT  has been associated with aging 
in some type of cancers (Menigatti et al.  2009 ; Tserga et al.  2012 ). Both genes are 
involved in DNA repair processes and their methylation might refl ect an age-related 
decline of DNA repair capabilities. It is well known that global hypomethylation 
and CpG island hypermethylation are accumulated during aging and could  contribute 
to tumor progression (Fraga et al.  2007 ). These changes might then depend on 
genetic, environmental, or “stochastic” factors occurring during senescence 
(Calvanese et al.  2009 ). During aging also oxidative stress and damage are enhanced 
due to an increase of reactive oxygen species (ROS) generation and tissue suscepti-
bility to oxidative damage. By inducing cellular oxidative stress O’Hagan et al. 
showed that DNMTs and HDAC complexes are recruited at damaged DNA. The 
authors suggest that the delocalization of epigenetic key enzymes as consequence of 
cellular stress might be one cause of global or local epigenetic alterations of cancer 
cells (O’Hagan et al.  2011 ). 

 In cancer the increased epigenetic heterogeneity/expression variability could 
represent the capacity of tumor cells to adapt rapidly to changing environments, 
such as augmented oxygen with neovascularization or decreased oxygen with 
necrosis (Hansen et al.  2011 ).  

14.2.2     DNA Methylation and Human Malignancies 

 Below is a list of tumors with the highest incidence and mortality, for which 
 methylation studies have been reported. 
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    Colon Cancer 

 In contrast to the widely accepted genetic model of    CRC development, few CRCs 
were found to embody mutations in all of the  APC ,  K-ras , and  p53  genes (Imai and 
Yamamoto  2008 ). Issa revised the model of CRC development and proposed three 
distinct multiple pathways, each based on different molecular mechanisms, instead 
of a linear progression of single events (Issa  2008 ; Pancione et al.  2012 ). In effect it 
is not so simple to defi ne the way that the tumor undertakes since three molecular 
subtypes have been reported: MIN (or MSI, for “microsatellite instability”), CIN (for 
“chromosomal instability”), and CIMP (for “CpG island methylator phenotype”). 
   The CIN phenotype is found in 85 % of sporadic CRCs and is characterized by aneu-
ploidy, chromosomal rearrangements, and accumulation of mutations in oncogenes 
and TSGs such as  K-ras ,  APC , and  p53 . The age-dependent accumulation of DNA 
hypomethylation is also associated to genomic instability in several types of cancers. 
The MSI phenotype is found in 15 % of sporadic CRCs and is associated with inser-
tions and deletions particularly in repetitive sequences (microsatellites). Therefore 
CIMP consists in a gene silencing due to hypermethylation of CpG islands involving 
several CRC key genes (Centelles  2012 ; Grady and Carethers  2008 ; Imai and 
Yamamoto  2008 ). An important overlap between CIMP and MSI-H has been 
observed, since CIMP could explain silencing of the h MLH1  gene in cancers with 
MSI-High. In the review of Imai and Yamamoto ( 2008 ) it is clarifi ed the extensive 
interaction between CIMP-H and MSI in colorectal carcinogenesis. Numerous 
papers are investigating the DNA methylation’s contribution in colorectal carcino-
genesis; until now a large amount of genes, including cell-cycle control, DNA repair, 
growth and differentiation, and infl ammation genes, has been identifi ed during the 
multistage process of colorectal tumorigenesis (Migheli and Migliore  2012 ). 

 Figure  14.1  is a scheme, adapted from Lao and Grady ( 2011 ), representing the 
most common genes (and loci) found methylated during the steps of the colorectal 
cancer polyp–adenoma–carcinoma sequence.

  Fig. 14.1    Methylated genes during the colorectal cancer polyp–adenoma–carcinoma sequence. 
Adapted from Lao and Grady ( 2011 )       
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       Lung Cancer 

 During the multistep carcinogenesis model of peripheral lung cancer, the CpG 
islands methylation was found signifi cantly higher in peripheral pulmonary adeno-
carcinoma (ADC) than in atypical adenomatous hyperplasia (AAH) and adenocar-
cinoma in situ (AIS). However aberrant methylation of  HOXA1 ,  TMEFF2 , and 
 RARB  was observed in preinvasive lesions. Moreover methylation of  PENK ,  BCL2 , 
 RUNX3 ,  DLEC1 ,  MT1G ,  GRIN2B ,  CDH13 , CCND2, and HOXA10 was principally 
observed in invasive ADC (Chung et al.  2011 ). 

 Liu and colleagues observed that  MLH1  hypermethylation was frequent during 
the chemical-induced multistep development of rat lung squamous cell carcinoma 
and it appeared during the early stages. Alterations in methylation of  BRCA1  were 
found in the infi ltrating carcinoma, showing lacked expression of the  BRCA1  pro-
tein. However several tumors with unmethylated  BRCA1  did not express  BRCA1 ; 
that means other mechanisms, such as somatic mutations, may refl ect the reduced 
expression of  BRCA1  (Liu et al.  2011a ). A large number of genes found methylated 
in lung cancer are well documented in Liloglou and co-workers review (Liloglou 
et al.  2014 ).  

   Prostate Cancer 

  PTEN ,  RB1 , and  TP53  genes, frequently altered in several human cancers, are not 
generally hypermethylated in prostate cancer (PC); however, point mutations or 
allelic loss is observed in the late stages. A large variety of genes involved in the 
regulation of the cell cycle and cell adhesion or DNA repair and hormone signal-
ling genes present an altered methylation during the development of PC. For exam-
ple, CpG islands hypermethylation of  GSTP1  or  MGMT  plays an important role in 
development of prostate carcinoma.    Moreover  ERα ,  ERβ , and  RASSF1A  genes 
such as other relevant TSGs were found hypermethylated in PC (see review of 
Albany et al.  2011 ). Methylation of  ER1  and  ER2  promoters was also observed in 
benign prostatic hyperplasia (BPH); however, this epigenetic modifi cation was 
signifi cantly higher in prostatic tumors than in BPH (Majumdar et al.  2011 ). It 
could mean that prostate carcinogenesis induces ER gene hypermethylation or 
vice versa. Hypomethylation might contribute to carcinogenesis involving the acti-
vation of oncogenes such as  c - MYC ,  K - ras , or latent retrotransposons and in turn 
to affect chromosome instability. A strong association between  MYC  over-expres-
sion in PC and clinical progression was observed. At the same time the  PLAU  gene 
was found over-expressed in several PC tissues and able to promote metastasis in 
most human tumors (Albany et al.  2011 ; Bernard et al.  2003 ; Helenius et al.  2001 ; 
Li et al.  2005 ). 

 Moreover DNMTs activity has been found higher in primary cell lines derived 
from PC compared with the nonneoplastic counterparts, and was associated with 
altered methylation levels (Gravina et al.  2012 ).  
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   Breast Cancer 

 Some alterations in DNA methylation do not occur in promoters, nor in CpG islands 
but in sequences up to 2 kb distant termed “CpG island shores” that strongly cor-
relate with gene expression. In breast cancer, with respect to hypomethylation of 
Cav1 promoter CpG island, hypermethylation of CpG island shores was associated 
with low expression of the same gene (Rao et al.  2012 ). Some of the most frequently 
methylated genes involving cell-cycle regulation, apoptosis, DNA repair, cellular 
homeostasis, cell adhesion and invasion in breast cancer (BC) are summarized in 
Jovanovic and co-workers review ( 2010 ). 

 Esteller and co-workers, analyzing samples from BC tissues, observed  BRCA1  
inactivation as consequence of one allele loss (generally deletions) and of the hyper-
methylation of the other, resulting in a decreased capacity of DNA repair (Catteau 
and Morris  2002 ; Esteller et al.  2000 ). Catteau and colleagues observed that since 
BRCA1 hypermethylation occurs preferentially in the same tumor types of BRCA1 
families, it could not be a random event, but might result by the selection in specifi c 
tissues, as well as it happens for genetic mutations (Catteau and Morris  2002 ). 
However contrasting results have been observed; in effect a small study did not 
report  BRCA1  and  BRCA2  promoter hypermethylation as a frequent “second-hit” in 
tumors in  BRCA1  or  BRCA2  carriers (Dworkin et al.  2009 ). 

 Methylation of the  CST6  (cystatin M) gene occurs in noninvasive ductal 
 carcinoma in situ (DCIS), suggesting its role in affecting disease progression 
and contributing to the invasive cellular phenotype of breast carcinoma (IBC) 
(Ai et al.  2006 ). 

 As previously described, global DNA hypomethylation was reported in the fi rst 
studies about epigenetics and cancer; thereafter, authors focused their attention 
principally on gene-specifi c hypermethylation. Nevertheless genome-wide hypo-
methylation, generally identifi ed as the loss of methylation at normally heavily 
methylated repeat elements including long interspersed nuclear element (LINE-1), 
has also a critical role during carcinogenesis. Global hypomethylation phenomenon 
has been observed at the earliest stages of epithelial carcinogenesis (Alvarez et al. 
 2011 ). Generally genome-wide hypomethylation occurs in the fi rst stages of most 
cancers and might induce a cascade effect with direct implications in the determina-
tion of tumor progression (Kitkumthorn and Mutirangura  2011 ).  

   NcRNAs and Cancer 

 MicroRNAs (miRNAs) are small ncRNAs that regulate up to 30 % of human genes 
(Liloglou et al.  2014 ), by affecting mRNA stability. Several studies show evidence 
that altered miRNAs expression contributes to the initiation and progression of 
human cancers (Croce  2009 ; Esquela-Kerscher and Slack  2006 ). 

 Tumor cells reprogramming provides signifi cant changes in miRNA profi les 
(Lopez-Serra and Esteller  2012 ). Chromosomal loci can be lost, giving rise to 
miRNA down-regulation such as in case of miR-204; it acts as a potent tumor 
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growth and metastasis suppressor and its lower expression appears in multiple 
 cancers (Imam et al.  2012 ). 

 Moreover epigenetic mechanisms could play a critical role in the regulation of 
miRNA expression. Hypermethylation of miRNAs and their functional conse-
quences such as cell proliferation, gene transcription alteration, and invasive capac-
ity are discussed in Lopez-Serra and Esteller ( 2012 ) and Suzuki et al. ( 2012 ) 
reviews. Therefore some of the most deregulated miRNAs which have a central role 
in carcinogenesis are well documented in Harquail et al. review ( 2012 ). 

 miR-10b is highly expressed and correlates with metastatic breast cancer, induc-
ing migration and invasion targeting HOXD10, a repressor of genes involved in cell 
migration and extracellular matrix remodelling (Ma et al.  2007 ). It was observed 
that the miR-204 over-expression signifi cantly reduced the migratory and invasive 
capabilities of BS and ovarian cancer cells in vitro (Imam et al.  2012 ). Figure  14.2  
(adapted from    Leite et al.  2013 ) is an example of the PC progression focused on the 
contribution of miRNA in the multistep process from normal epithelium to 
metastasis.

   Several papers reported a critical involvement of miRNAs in colorectal carcino-
genesis. A pivotal role of miR-499-5p, whose expression frequently increases in 
CRC, has been noticed; in fact it seems to promote cell migration and invasion in 
human CRC cell lines, by affecting FOXO4 and PDCD4 mRNA expression (Liu 
et al.  2011b ). 

 miR-31, miR-1, miR-9, miR-99a, miR-137, and miR-135b, that are involved in 
critical pathways of CRC, including APC/WNT signalling or cMYC, presented a 
differential expression in adenomas compared to normal colon tissue. Moreover 
miRNA changes observed in the early stages of tumor seem to have a critical role 
in both profi cient MMR and defective MMR tumors. Since these two types of 
tumors present molecular differences between them, these results underline the 
involvement of shared pathways as well as differences at the miRNA level as 
consequence of altered methylation (Oberg et al.  2011 ). Therefore miR-218 seems 
to have an important role in CRC development through inhibiting cell prolifera-
tion and cycle progression and promoting apoptosis by down-regulating BMI-1 
(He et al.  2012 ).    

  Fig. 14.2    Representation of microRNAs involved in the progression of prostate carcinogenesis. 
Adapted from Leite et al. ( 2013 )       
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14.3     Histone Tail Modifi cations and Examples in Tumors 

 Histones are subject to several posttranslational covalent modifi cations such as 
phosphorylation, acetylation, methylation, ubiquitination, and citrulation (Nair 
and Kumar  2012 ). Histone modifi cations may change the accessibility of chroma-
tin; for example, acetylation of histone tail consents the access of transcription 
factors, resulting in gene activation; instead deacetylation of histones causes a 
repressive chromatin state (Tyler and Kadonaga  1999 ). Aberrant patterns of his-
tone modifi cations are another hallmark of cancer.    The histone acetyltransferases 
(HATs) and the counterpart called HDACs are the enzymes involved in the process 
of acetylation. Alterations of HDAC and    HAT proteins result in aberrant expres-
sion of TSGs (Glozak and Seto  2007 ). An exhaustive table with the most histone 
modifi cation genes found altered in several types of cancer is available in Kanwal 
and Gupta ( 2012 ) review. 

 Expression of histone lysine demethylases (KDMs) is elevated in BC. 
Amplifi cation/mutations of KDMs have been associated to histone methyl modifi -
cations and to many types of cancer. KDM1, through the demethylation of H3K4, 
seems to affect the expression of several genes involved in early-stage breast carci-
nogenesis (Paolicchi et al.  2013 ). The expression of histone demethylase JMJD2C 
is correlated with the expression of  GLUT1 ,  LDHA ,  PDK1 ,  LOX ,  LOXL2 , and 
 L1CAM  in BS tissues; the JMJD2C knockdown on the other hand seems to inhibit 
BS growth and metastasis to the lungs of mice (Luo et al.  2012 ). An aberrant pattern 
of H4K20 modifi cations was found during PC progression, compared to normal 
prostate tissue; particularly a general hypomethylation of H4K20me1 and 
H4K20me2 was observed (Behbahani et al.  2012 ). 

 Another paper reported that an increased H3K4me3 in PS tissues, compared with 
normal tissues, correlated with the expression of genes involved in cell proliferation 
and survival, therefore affecting tumorigenesis (Chen et al.  2010 ). The HATs 
CREBBP and EP300, the histone methyltransferase CARM1, and several HDACs 
involved in PC were expressed at signifi cantly higher levels in metastatic lesions 
with respect to primary tumors suggesting their role in PC tumorigenesis (Bianco- 
Miotto et al.  2010 ). Aberrant histone modifi cation marks implicated in CRC patho-
genesis are well documented in Gargalionis et al. ( 2012 ).  

14.4     Epigenetics and Environment Interplay 

 Besides genetic background, which confers susceptibility to certain diseases, epi-
genetic changes might represent the contributions of environmental insults occur-
ring during life, starting even from prenatal period. Aging is one of the major risk 
factors for the development of cancers, since the environment can exert its infl uence 
during all the life-span. This also refl ects the well-founded correlation between age 
and tumor incidence, and the consequent cancer heterogeneity strongly infl uenced 
by environmental factors. 
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 Lifestyle factors such as smoking, alcohol consumption, excess exposure to 
 sunlight, fat consumption, and stress may contribute to cancer development. 
Exposure to environmental agents therefore to carcinogens, infectious agents, and 
lifestyle causes epigenetic changes leading to transformation and consequently to 
cancer (Herceg and Vaissière  2011 ). Diet has a great infl uence on human health 
and numerous studies take in account its important role. An interesting work 
reported that a severe energy restriction during puberty is inversely correlated with 
CIMP tumor in older age, suggesting that the adolescence is a critical period 
involving epigenetic changes with consequent increased CRC risk in adults 
(Hughes et al.  2009 ). 

 Folate metabolism is fundamental for the synthesis of DNA and RNA precursors 
or for the conversion of homocysteine to methionine, which is then used to form the 
main DNA methylating agent or SAM. Low dietary folate intake (<200 μg/day) has 
also been associated with an increased frequency of hypomethylated long inter-
spersed nucleotide element/LINE (a marker of genome-wide DNA methylation) 
repeats in human colon tumors (Schernhammer et al.  2010 ).    Folic acid supplemen-
tation may protect from the development of colorectal cancer because of its critical 
role in maintaining DNA stability. However in the normal colorectum, folate defi -
ciency appears to enhance, whereas folic acid supplementation suppresses, the 
development of CRC. In contrast, once aberrant crypt foci are established, folate 
defi ciency inhibits the progression and induces regression of these established pre- 
neoplastic foci (Kim  2007 ,  2008 ). An interesting study showed that folate defi -
ciency signifi cantly increased hepatic OGG-1 and MGMT repair activity. Probably 
the up-regulation of these two proteins indicates the occurrence of DNA damage 
corroborating the hypothesis that increased DNA damage (including DNA strand 
breaks, uracil misincorporation, and oxidized bases) is a consequence of folate defi -
ciency. Low folate intake signifi cantly increased 8-oxo-7,8-dihydroguanine levels 
in DNA in lymphocytes from rats fed the folate-defi cient diet. Although there were 
highly signifi cant changes in  OGG - 1  and  MGMT  expression in rat liver in response 
to folate depletion, no such effects were seen in colon, indicating that the ability of 
the liver to respond to folate defi ciency is not shared by the colon. The colon cannot 
respond as the liver to damage and would therefore be more susceptible to the geno-
toxic effects induced by folate defi ciency (Duthie et al.  2010 ). It was also observed 
a trend for the association between serum folate/vitamin B12 levels and gene pro-
moter methylation: higher serum folate/vitamin B12 levels were strongly associated 
with promoter methylation of p16 and had an association trend with promoter meth-
ylation of  MLH1  and  MLH2  genes (Mokarram et al.  2009 ). The effect of interven-
tion with folic acid on DNA methylation is thereby confl icting and highly dependent 
on initial folate status, level and duration of supplementation, tissues examined, 
stage of malignant transformation, and polymorphisms in folate metabolizing genes 
(Sie et al.  2011 ). 

 Air pollutants can infl uence epigenetic changes, including DNA methylation as 
well as up- or down-regulation of miRNAs (Jardim  2011 ). The effects of particulate 
matter (PM) exposure on Alu, LINE-1, and gene-specifi c methylation were exam-
ined in steel plant workers. Long-term exposure to PM10 was negatively associated 
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with methylation in both Alu and LINE-1. Exposure to black carbon, a marker of 
traffi c particles, was also associated with decreased DNA methylation in LINE-1. 
NOS2 promoter methylation was signifi cantly lower in post-exposure blood sam-
ples compared to baseline (Madrigano et al.  2011 ; Tarantini et al.  2009 ). 

 Fetal exposure to maternal smoking during pregnancy is associated with 
increased DNA methylation in  AXL  and  PTPRO  and  IGF2  genes and, in adult lung 
cancer patients, quantity and duration of smoking are correlated with increased 
DNA methylation of  p16 ,  MGMT , and  DAPK  genes. Tobacco smoke might also 
induce epigenetic changes in esophageal squamous cell carcinoma (see review by 
Cortessis et al.  2012 ). Modifi cations due to exposures to smoking have been widely 
investigated and include DNA adducts, gene mutations, micronuclei, chromosome 
aberrations, and DNA strand breaks. DNMTs seem to bind DNA damage sites, giv-
ing rise to altered methylation patterns on these regions; it suggests a molecular 
mechanism for the generation of aberrant DNA methylation by exposure to chemi-
cals such as those present in cigarettes (Terry et al.  2011 ). Alcohol consumption 
was found to be a risk factor for cancer, including CRC. In an in vivo study (male 
rats), it was observed that a decrease in RFC1 (reduced folate carrier) mRNA and 
protein expression correlates with alcoholism. That is a possible reason of lower 
blood folate levels commonly found in chronic alcoholics (Hamid et al.  2009 ). 
Alcohol in murine studies appears to reduce methionine synthase (MTR) levels; 
MTR is an enzyme involved in folate pathway; thus, its aberrant expression can 
interfere with SAM availability, and in turn induce DNA hypomethylation 
(Arasaradnam et al.  2008 ). 

 Exposure to metals such as cadmium and chromium is associated with altered 
miRNAs expression (Bollati et al.  2010 );    moreover, occupational exposure to nickel 
is correlated with H3K4me3 and H3K9me2 modifi cations (Arita et al.  2011 ). Other 
examples of the role of environmental agents in inducing epigenetic modifi cations 
are reported in the exhaustive review by Cortessis et al. ( 2012 ).  

14.5     Concluding Remarks 

 For several years cancer has been defi ned just as a “genetic disease,” and the multi- 
hit hypothesis of carcinogenesis was based on the accumulation of genetic muta-
tions after a “fi rst event,” spontaneous or induced by environmental mutagenic 
carcinogens. Now it is quite clear that epigenetic modifi cations play a critical role 
in tumorigenesis, acting as the dynamic link between the environment and the 
genome. At present an extensive network, having as “engine” the environment and 
including both the infl uence of genetics on epigenetics and the epigenetic effects on 
genetics, might better represent a plausible carcinogenesis model. The effect of both 
types of factors depends probably on the cell type and on the specifi c locus (Huidobro 
et al.  2012 ). 

 Figure  14.3  represents some of the numerous and complex interactions occurring 
during the carcinogenesis processes.
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   The coevolution of genetic and epigenetic changes may determine tumor 
 heterogeneity, giving selective advantages for the tumor evolution (Sadikovic et al. 
 2008 ). 

 To partially explain or understand the tumor complexity and the individual sus-
ceptibility, an interesting tumorigenesis theory was recently proposed by Berger and 
co-workers ( 2011 ). These authors suggest a model that arises from a continuum 
variation of TSG expression, rather than from discrete changes in DNA copy num-
ber. In fact in the classical “discrete model,” tumorigenesis is induced either by 
complete loss of a TSG or after single-copy loss of a TSG (haploinsuffi ciency). 
Instead differences in gene expression may be caused by polymorphisms in TSG 
promoter regions or in miRNA binding sites and may also be induced by environ-
mental factors through epigenetic regulation of critical genes (Berger et al.  2011 ). 
Analysis of numerous human cancer cell lines, by whole exome sequencing, showed 
a great amount of potential mutations in genes of enzymes involved in epigenetic 
modifi cations (Barretina et al.  2012 ). Germline mutations in these “epigenetic 
enzymes” may contribute to development of several human diseases. Therefore 
altered epigenetic profi les seem to be the consequence of a defective epigenetic 
machinery, generally observed in cancer initiation and progression (Berdasco and 
Esteller  2013 ). 

 It could be interesting to identify networks of interaction among different types 
of cancer and multiple genes to clarify the involvement of specifi c genes in cancer 
progression. Data showed by Frey and colleagues demonstrated that causal 
genetic mutations correlate with high multiplicity. Consequently other mutations 
with high multiplicity might have a causal role in the multistep process of carci-
nogenesis. The same concept of multiplicity can also be generalized to epigenetic 
modifi cations (Frey et al.  2011 ). Recent experiments highlighted the importance 

  Fig. 14.3    Interplay between genetics and epigenetics in the multi-hit carcinogenesis processes       
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of 5- hydroxymethylcytosine modifi cations and the existence of critical regulatory 
regions outside the promoter, such as CpG island shores and enhancer that might 
also infl uence gene expression. Thus epigenetic fi eld is constantly in expansion, 
and continuous investigations are needed to clarify all the possible complex interac-
tions among all these molecular mechanisms; indeed since epigenetic marks are 
erasable it is possible to intervene, they being good targets for anticancer drugs 
(Esteller  2012 ). Standardization of terminology and testing protocols might help to 
enlarge knowledge and to develop useful networks to better understand the cancer 
complexity. 

 Numerous theories have followed one another until now, without a specifi c, rep-
resentative, unique cause–effect relationship between genetics, epigenetics, and 
environmental factors.    Only by the contribution of numerous questions, formulation 
of hypotheses, and continuous experimental researches, new interesting theories 
may emerge, each of which will try to get closer to a process that is constantly 
evolving.     
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    Abstract     Colon cancer is the fourth most common cause of death from cancer 
worldwide. Colon cancer occurs as a consequence of the accumulation of abnormal 
DNA methylation and the disruption of the histone code. The present review sum-
marizes etiology and risk factors of colon cancer and the potential of nutrition to 
counteract these cancer-related epigenetic alterations. Unlike the genome, epigen-
etic structure can be reshaped, which has the potential to offer access for the preven-
tion and treatment of cancer by any compounds that directly target the epigenome 
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by infl uencing the activity or expression of DNA methyltransferases (DNMTs) and 
histone modifying enzymes. Epigenetic processes are detailed thoroughly and the 
molecular details of carcinogenesis and colon cancer prevention are reviewed com-
prehensively. The review also includes specifi c dietary components, including chro-
matin modifi ers and anti-infl ammatory agents, that can directly infl uence cancer 
cell growth. Overall, information is still mainly derived from in vitro investigations, 
and data from animal models or human intervention studies that demonstrate the 
functional relevance of epigenetic mechanisms for health promoting or cancer pre-
ventive effi cacy are limited.    With the emergence of novel technologies, future 
research exploring epigenomics will help to better understand the importance of 
epigenetic mechanisms for nutrition in cancer prevention.  

  Keywords     Diet   •   Chromatin   •   Histone modifi cations   •   miRNA   •   Transcription 
 factor   •   Bioactive   •   Infl ammation   •   Signal pathway  

15.1         Introduction 

15.1.1     Prevalence and Severity of Colon Cancer 

 Colon cancer is the fourth most common cause of death from cancer worldwide 
(Ferlay et al.  2010 ). On top of an individual’s genetic background, environmental 
factors, including diet, are additional risk factors for cancer development. More 
importantly, unlike the former, the latter can be modifi ed, and is thus of great inter-
est for the study of cancer prevention. It is estimated by the American Institute for 
Cancer Research (AICR) that 45 % of colon cancer cases could be preventable 
(Colorectal Cancer Report 2010 Summary, 2011,    AICR). This recent report empha-
sized the importance of dietary alterations, such as decreasing the intake of red and 
processed meat and increasing the intake of dietary fi ber and calcium, in the preven-
tion of colon cancer. As the importance of diet in cancer prevention becomes 
increasingly evident, it is critical to understand the underlying mechanisms by 
which dietary factors contribute to colon cancer prevention.  

15.1.2     What Is Epigenetics? 

 The term “epigenetics” refers to heritable changes that alter gene expression and 
cell phenotype without changing the DNA sequence itself, and was coined by C.H. 
Waddington in 1942. Since then, tremendous work has been done to illustrate the 
fascinating role of this “layer above the genome” in controlling cellular gene expres-
sion in different life stages and environments. Epigenetic regulations, including 
DNA methylation, histone modifi cations, and micro-RNA (miR) regulation, closely 
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orchestrate the transcriptional activity of genes by switching gene on and off  without 
altering the DNA sequence. Furthermore, epigenome is essential for keeping genetic 
activity stabilized and organized, and consequentially maintaining normal physio-
logical functions.  

15.1.3     Epigenetic Shifts During Colon Cancer Development 

 An aberrant epigenome structure activates genes that promote cancer development 
and progression, while suppressing tumor suppressor genes, leading to the devel-
opment of various cancers (Esteller  2007 ). Colon cancer occurs as a consequence 
of the accumulation of abnormal DNA methylation and the disruption of the his-
tone code (Kim et al.  2010 ). Dysregulated DNA methylation occurs at the earliest 
stages of colon cancer development in normal-appearing colon mucosa. Global 
DNA hypomethylation is a general indicator of a cancer epigenome, and causes 
chromosome instability and activates cancer-promoting genes (Salhia et al.  2010 ; 
Strathdee and Brown  2002 ). However, increased methylation intensity at regula-
tory regions of genes, such as promoter CpG-rich regions, which are normally 
unmethylated and facilitate transcription activation, results in the silencing of 
tumor suppressor genes (Jones and Takai  2001 ). In addition to the DNA methyla-
tion status, the histone code is another regulator of gene expression. The majority 
of histone modifi cations occur at specifi c residues on the tails of histone H3 and 
H4, including acetylation, biotinylation, mono-, di-, and tri-methylation, phos-
phorylation, ubiquitination, and sumoylation (Jenuwein and Allis  2001 ). In gen-
eral, histone acetylation creates a loose, active chromatin structure, which allows 
the transcription machinery to bind to the DNA sequence, promoting gene expres-
sion. In contrast, histone methylation leads to a tight, repressive chromatin struc-
ture, which obstructs the initiation of transcription, thus suppressing gene 
expression. miRs are 21- to 23-nucleotide RNAs that negatively regulate gene 
expression by binding to the 3′ untranslated regions (3UTRs) of target transcripts, 
leading to mRNA degradation or the inhibition of protein translation. In normal 
tissues, miR-induced regulation contributes to maintaining a normal state of cell 
growth, proliferation, differentiation, and apoptosis. The deregulation of miRs’ 
expression leads to abnormal activity of miR target genes. For instance, over-
expression of an oncogenic miR may cause excessive repression of a targeted 
tumor suppressor gene, and conversely, silencing of a tumor-suppressive miR may 
give rise to ectopic levels of a target onco-protein. Consequently, deregulation of 
certain miRs may result in cells with selective advantages such as increased prolif-
eration or survival (Iorio and Croce  2012 ). In addition to their individual impact on 
the genetic accessibility, DNA methylation, histone modifi cations, and miRs cross 
talk with each other, thereby determining the overall chromatin structure and tran-
scriptional activity.  
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15.1.4     How Diet Affects Epigenetic Structure of Gene 
in Relation to Disease Prevention or Attenuation 

 As one of the primary environmental factors that modify cancer risk, dietary prefer-
ences and intakes and their associations with cancer are constantly evaluated in 
epidemiologic investigations. Through numerous cohort studies, researchers have 
reached the consensus that a diet high in fat increases colon cancer risk, while a diet 
rich in fruits and vegetables helps to lower the risk of developing colon cancer. 
Unlike genetic predisposition, one’s diet is modifi able. Therefore, more and more 
efforts have been devoted to elucidate the impact of dietary factor on attenuating 
colon cancer development and progression. Food-derived natural compounds have 
been reported to prevent epigenetic dysregulation and facilitate in reestablishing an 
organized epigenetic network. However, the other side of the coin is that cytotoxic-
ity and other side effects were also observed in response to natural compounds. In 
order to take the most advantage of the anticancer properties of natural products, it 
is necessary to understand the mechanisms of how these different bioactive dietary 
components affect the epigenome in different conditions. Here, we discuss the etiol-
ogy of colon cancer, summarize the diet-induced epigenetic modifi cations and 
molecular signaling pathways involved in colon cancer development, review what is 
known about the colon cancer preventive diet, and propose strategies for optimizing 
our diet to promote colon health.   

15.2     Etiology and Risk Factors of Colon Cancer 

 Colon cancer is a disease that develops over a relatively long period of time com-
pared to other acute diseases (Kelloff et al.  2004 ). It can take up to 20 years for a 
normal colon epithelium to transform into an adenoma, and it takes an additional 
10 years to develop carcinoma. The development of colon cancer can be attributed 
to numerous factors (Fig.  15.1 ). Uncontrollable factors include gender, ethnicity, 
and family medical history. Specifi cally, it was recently reported that colon cancer 
occurs more often in men than in women (Colorectal Cancer Report 2010 
Summary, 2011, AICR), is less common in Africa and the majority of Asia, and 
the incidence and death rate climb with age. Only 20 % of colon cancer cases are 
categorized as inherited, while the other 80 % are considered sporadic cancers, 
which means that they develop naturally, probably caused by factors other than 
genetic susceptibility. Besides the above-mentioned factors that an individual can-
not control, there are modifi able factors that can lower the chance of developing 
colon cancer. Convincing evidence shows that increased tobacco use strongly cor-
relates with an elevation of colon cancer (Secretan et al.  2009 ). Furthermore, the 
type and amount of ingested food and drink impact greatly on colon health (Milner 
 2006 ; Berlau et al.  2004 ).    At the end of the gastrointestinal tract, the luminal side 
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of the colon is directly exposed to and therefore is easily disturbed by pathogenic 
remnant or metabolites from the daily diet. Keeping this in mind, experts in the 
fi eld and medical professionals agree that it is much easier and less painful to 
change one’s lifestyle to include a healthier diet and prevent colon cancer than to 
treat the disease after its development. Therefore, elucidating the colon cancer 
preventive potential of different diets and dietary compounds becomes critical. To 
do so, we fi rst must understand the molecular mechanisms that drive colon cancer 
development and progression.

   As was discussed in the above introduction, epigenetic instability greatly dys-
regulates gene expression networks and causes pathogenic activity, and therefore 
has the ability to initiate and promote cancer development. Like genetic informa-
tion, the epigenetic code is heritable. However, unlike the genome, epigenetic struc-
ture can be reshaped, which has the potential to offer access for the prevention and 
treatment of cancer by any compounds that directly target the epigenome. Therefore, 
for the past 15 years, the involvement of epigenetics in cancer has been intensively 
investigated. The three major epigenetic regulations that attract cancer researchers 
the most are DNA methylation, histone modifi cations, and miR-mediated regula-
tions, and dietary component could interfere with all of these, thereby preventing or 
attenuating cancer development. 

  Fig. 15.1    Driving forces 
of colon cancer. There are 
various contributing factors 
of colon cancer development. 
Some of them are 
uncontrollable factors 
(in  red circles ), such as 
one’s family medical history, 
ethnicity, gender, and ages. 
Some of them are 
controllable factors 
(in  green circles ), such as 
one’s food choices  and 
lifestyles, including physical 
activity, smoking, and 
drinking status       
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15.2.1     Dysregulated Cell Growth 

    Growth Factors 

 Cells that have naturally enhanced rates of division and proliferation, such as those 
found in the colon, are predisposed to the development of cancer (Preston-Martin 
et al.  1990 ), and several key signaling pathways are known to regulate this process. 
The insulin-like growth factor (IGF) system plays a vital role in controlling apopto-
sis, differentiation, proliferation, and transformation by working together with the 
IGF receptors on the cell membrane. The interaction between IGFs and their recep-
tors is also controlled by IGF binding proteins (i.e., IGFBP-1 to IGFBP-6) 
(Marshman and Streuli  2002 ). Additionally, a group of IGFBP proteases indirectly 
regulate the action of IGFs by degrading IGFBPs, causing the discharge of bound 
IGFs that will regain their interactions with IGF receptors (Lelbach et al.  2005 ). 

 High levels of IGFs are associated with increased risk for several common can-
cers, including colon cancer (Park  2008 ). The level of IGFBP-3, a major IGF-I- 
binding protein in serum that suppresses the action of IGF-I, is inversely associated 
with the risk of these cancers (Kansra et al.  2000 ). IGF-I has both instant and endur-
ing effects on cellular activities mediated through IGF-I receptor. IGF-I increases 
cellular uptake of amino acids and glucose and stimulates glycogen and protein 
synthesis (Jones and Clemmons  1995 ). IGF-I also has a lasting effect on apoptosis, 
differentiation, and cell proliferation (Clemmons et al.  1995 ) through inducing 
DNA synthesis and increasing the expression of cyclin D1, which in turn speed up 
progression of the cell cycle from G1 to S phase (Ren et al.  2009 ). In addition to 
controlling cell cycle advancement, IGF-I also affects apoptosis by reducing the 
expression of Bax and inducing the expression of Bcl proteins. This change causes 
an increase in the Bcl/Bax heterodimer, which stops the initiation of the apoptotic 
pathway (Yang et al.  2008 ). 

 Energy restriction in animals can reduce the risk of cancer and inhibit tumor 
growth (Kritchevsky  2002 ) and this effect can be attributed in part to IGFs (Berrigan 
et al.  2005 ). In humans, dietary energy intake and nutritional status are key control-
lers of IGF level. Malnutrition causes reduction of IGF-I levels, and increase in 
energy intake reverts the level back to normal (Soliman et al.  1986 ). Over-nutrition 
results in an increase in IGF-I level (Shimizu et al.  2006 ), while fasting decreases 
IGF-I level, but the effect is less evident in obese subjects who are less dependent 
on energy intake to maintain IGF-I levels (Svensson et al.  1998 ). Studies in adults 
have demonstrated a positive correlation between protein intake and serum IGF-I 
levels (Castaneda et al.  2000 ), and a 50 % reduction in calorie intake or a 30 % 
reduction in protein intake results in a decline in serum IGF-I and IGFBP-3 levels 
and an increase in IGFBP-2 level (Smith et al.  1995 ). The fi nding is consistent with 
animal experiments (Chujo et al.  2013 ) showing that restriction of nutrients has 
diverse effects on IGF-I gene transcription (Nogueira et al.  2012 ). Although all of 
these studies show a signifi cant infl uence of food intake on the IGF family, the pre-
cise nature of the relationships between energy and protein intake and levels of IGFs 
in circulation and colon cancer remains to be determined (Qu et al.  1997 ).  
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   Wnt Signaling: Dysregulated Motility, Cytostasis and Differentiation 

 During normal development, the colon epithelium is organized to maintain a 
 homeostatic renewal status. Many signaling pathways are required to maintain this 
complexity, including the Wnt signaling pathway. The importance of Wnt in colon 
cancer development did not become clear until the discovery of mutated adenoma-
tous polyposis coli (APC) in many sporadic colon cancer cases 20 years ago 
(Jenuwein and Allis  2001 ). Suppression of APC was shown to lead to constitutive 
activation of Wnt signaling, which was later found to be a robust stimulator of can-
cerous growth in the colon (Morin et al.  1997 ). Wnt signaling is categorized as 
either canonical, which is    Tcf/β-catenin dependent, or noncanonical, which is cal-
cium related but Tcf/β-catenin independent (Groden et al.  1991 ). In general, the 
former one has been of more interest in the fi eld of colon cancer research. Wnt 
signaling is initiated when a ligand protein, such as    WNT1, binds to its frizzle 
receptor (FZ), and forms a complex with co-receptor LRP on the cell membrane. 
After associating and disassociating with several cytoplasmid components, includ-
ing Dishevelled (Dvl), GSK3β, and Axin1, the signal is passed down to β-catenin, 
which then dissociates from APC, and translocates into the nucleus. After forming 
a complex with TCF/LEF in the nucleus, β-catenin then stimulates the expression of 
Wnt target genes, including those that are critical for cell cycle control, such as 
 Cyclin D1  and  c - Myc  (Moon  2005 ). Wnt signaling also interplays with other cellu-
lar signaling pathways, thereby supervising cancer cell growth (FGF and BMP) 
(Klapholz-Brown et al.  2007 ), migration (matrix metalloproteases, MMPs) 
(Arozarena et al.  2011 ), viability (Bcl9) (Deka et al.  2010 ), and adhesion (CD44 and 
LGR5) (Saigusa et al.  2012 ). As the colon develops during normal physiological 
conditions, Wnt signaling is supervised and maintained at a normal active level by 
its antagonists, such as secreted frizzled-related protein sFRP1, sFRP2, and sFRP5 
(Bovolenta et al.  2008 ). By restraining Wnt proteins, such as WNT1, in the cyto-
plasm, Sfrps obstruct the initial binding of Wnt ligand protein to FZ, thus prevent-
ing the signal transduction to the nucleus. Another Wnt antagonist, Dikkopf-1 
(DKK-1), is a secretary protein that competitively binds to LRP with Wnt ligand 
and prevents downstream signaling (Gonzalez-Sancho et al.  2005 ) (   Fig.  15.2 ).

   Silencing of Wnt antagonist leads to uncontrolled Wnt signaling, which is closely 
associated with pathogenic events, thus promoting colon carcinogenesis (Gregorieff 
and Clevers  2005 ), and this process is likely strongly regulated by epigenetic events. 
Abnormal Wnt signaling was observed in approximately 90 % of colorectal cancer 
cases (Fevr et al.  2007 ), and an increasing body of evidence has shown that silencing 
of Wnt antagonists results from epigenetic dysregulation. Hypermethylation at the 
promoter region of Sfrp1, Sfrp2, Sfrp4, Sfrp5, and Wif was reported in various 
colon cancer cell lines and occurs from the earliest stages through the whole span of 
colon caner development. After treating colon cancer cells with a demethylating 
agent, such as 5-aza-cytidine (5-aza-C) and 5-aza-2′-deoxycytidine (5-aza-2dC), the 
gene expression of Sfrps and Wif was restored, resulting in attenuation of constitu-
tively activated Wnt signaling (Suzuki et al.  2004 ; Taniguchi et al.  2005 ; Zhang and 
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Chen  2011a ). Treating with a histone deacetylase (HDAC) inhibitor, which pro-
motes histone acetylation, restored the expression of sFRP1 and sFRP2 in gastric 
cancer cells (Shin et al.  2012 ). To date, however, there is little evidence showing the 
impact of histone modifi cations on reestablishing sFRPs expression in colon can-
cers. Another Wnt inhibitor, DKK-1, was not as effective as Sfrps in attenuating 
aberrant Wnt signaling, but the re-expression of this gene suppressed colon cancer 
growth (Aguilera et al.  2006 ; Sato et al.  2007 ). Decreased DNA methylation was 
shown to upregulate the expression of DKKs (Maehata et al.  2008 ), and methylation 
at the promoter CpG island of DKK-1 was identifi ed in multiple colon cancer cell 
lines and it is proposed that epigenetic silencing of DKK-1 happens more often in 
higher stage colon carcinomas. Besides DNA methylation, histone modifi cation 
also plays a role in regulating DKK-1 expression. It has been reported that DKK-1 
expression was restored by histone acetylation at histone H3, and this was associ-
ated with decreased cell proliferation in colon cancer cell lines SW480 and HCT15 

  Fig. 15.2    Wnt signaling during colon cancer development. Colon cancer is a chronic disease, 
which composes of several steps. When normal crypts are disturbed, they may develop into aber-
rant crypt foci (ACF), a group of pre-neoplastic lesions in colon. Over a period of time, adenoma 
will form and deteriorate, and eventually becomes carcinoma. In normal colon crypts, Wnt signal-
ing is closely controlled by its antagonists and keeps a balanced activity. β-Catenin, the hallmarker 
of Wnt, either translocates into nucleus and triggers downstream gene activation, or enters depre-
dation process initiated by phosphorylation. During the early stage of colon cancer development, 
when ACF initially occur, the balance of Wnt signaling is often disturbed. The degradation process 
of β-catenin is impaired; thereby, β-catenin accumulates excessively in nucleus, accelerating cell 
cycle progression. Constitutively activated Wnt signaling drives colon cancer progression. Wnt 
antagonists are normally silenced in colon tumor tissues, and the repression of Wnt antagonist may 
occur at the initiation part of colon cancer.  Green text boxes  indicate active steps.  Red text boxes  
indicate inactive steps       
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(Wang et al.  2012 ). In addition to the regulation that occurs at the initial steps of Wnt 
signaling, the pathway is also mediated at other levels. DACT3, which interferes 
with Dvl during signal transduction and thereby antagonizes Wnt signaling, has 
been reported to be repressed in colorectal cancer through histone alteration but not 
promoter methylation. Using a combination of inhibitors of histone methylation and 
acetylation, the depression on DACT3 expression was rescued (Jiang et al.  2008 ). 

 In addition to its control by DNA methylation and histone modifi cations, emerg-
ing studies have shown that Wnt signaling is also regulated through miR-mediated 
mechanisms in colon cancer. miR-34, a downstream target of p53, was reported to 
be a Wnt suppressor by interacting with the UTR of Wnt1, LRP6, and β-catenin 
genes (Kim et al.  2011 ). Tumor-suppressive miR-101 showed a gradient decrease 
from normal mucosa, to the cancerous epithelium, and to the invasive front of can-
cerous tissues (Strillacci et al.  2013 ). Silencing of miR-101 increased Wnt signaling 
by upregulating β-catenin nuclear accumulation. On the contrary, over-expression 
of miR-101 resulted in a decrease of β-catenin in the nucleus. miR-1290 was 
increasingly expressed in colon cancer tissues, and has been proposed to promote 
tumor development (Wu et al.  2013 ). Stabilized expression of miR-1290 promoted 
colon cancer cell SW620 reprogramming by silencing DKK-3, upregulating Wnt 
signaling, and thereby activating c-Myc. Overall, appropriate Wnt signaling has 
been shown to be critical for maintaining colonic homeostasis, making it critical to 
unravel the epigenetic modifi cations that occur when this pathway is dysregulated 
during colon cancer development.  

    Cell Cycle Control 

 The expression of cyclin-dependent kinase (CDK) inhibitors is the primary molecu-
lar indicator of aging and senescence in cells and tissues (Campisi and Di Dda 
 2007 ).    p16 INK4a  (inhibitor of CDK4a) is a cell cycle control gene that inhibits the 
formation of the CDK4/cyclin D complex (Serrano et al.  1993 ), which controls the 
arrest of the progression from the fi rst gap phase (G1) to DNA synthesis (S) (Sherr 
 1994 ; Hunter and Pines  1994 ; Morgan  1995 ), while p21 Cip1  (cell cycle inhibitory 
protein 1) affects the activities of cyclin D-, E-, and A-dependent kinases (Sherr and 
Roberts  1999 ). Both p16 INK4a  and p21 Cip1  inhibit the formation of CDK/cyclin com-
plexes, thereby decreasing the phosphorylation of downstream Rb (Mittnacht  1998 ). 
Hypophosphorylation of Rb increases its binding to transcription factor E2F, which 
causes a decrease of E2F-regulated transcription of downstream DNA synthesis- 
related genes responsible for cell progression from G1 to S phase (Sherr and Roberts 
 1999 ; Dyson  1998 ). Long-term changes in p21 Cip1  expression were reported in 
response to DNA damage, and in association with change in p53 and Rb protein 
(Almasan et al.  1995 ). Senescence stress was also shown to affect p16 INK4a  expres-
sion, which further led to cellular senescence in cells (Campisi and Di Dda  2007 ; 
Krishnamurthy et al.  2004 ). p16 INK4a  and p21 Cip1  can bind to CDK and inhibit the 
phosphorylation of retinoblastoma protein (Rb protein) by CDK (Mittnacht  1998 ; 
Liggett and Sidransky  1998 ). Oncogenic Ras/Raf may induce p16 INK4a  expression 
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by activating ETS family transcription factors (Graves and Petersen  1998 ), which 
interact with ID transcription factors (Ohtani et al.  2001 ), and these are repressed 
during senescence (Hara et al.  1994 ). Other studies have shown that p16 INK4a  was 
regulated by chromatin state (Jung et al.  2010 ; Feng et al.  2009 ). 

 As a critical regulator in the cell cycle control system, p16 INK4a  has been proposed 
to be a tumor suppressor gene. Inactivation of the p16 INK4a  gene, which often occurs 
through promoter hypermethylation of CpG islands, results in carcinogenesis in 
many types of cancers (Taghavi et al.  2010 ; Hinshelwood et al.  2009 ). In a study of 
326 sporadic colorectal cancer patients, it was found that the p16 INK4a  gene was 
methylated in about 25 % of tumor tissues and this occurrence depended on the dif-
ferentiation grade of tumors and the location of the cancerous tissue. Promoter 
hypermethylation was observed more often in poorly differentiated tumors, and the 
distal colon had a low incidence of p16 INK4a  hypermethylation (Veganzones-de- 
Castro et al.  2012 ). Contrary to this study, in a recent report, it was shown that both 
the gene expression and the promoter methylation level of p16 INK4a  were higher in 
tumor tissues compared with the normal counterparts, but there was no correlation 
between these two (Yoruker et al.  2012 ). Furthermore, the level of methylation was 
not associated with the stage or tumor location in these patients. The methylation 
level of histone H3 lysine9 (H3K9) was similar in tumor and normal tissues, and 
there was no association between mono-, di-, and tri-methylation at histone H3K9 
and the expression of p16 INK4a . This controversial observation might be due to the 
small sample size in each colon cancer stage category. While studies in humans are 
limited, the role of cell cycle control genes in colon cancer progression warrants 
further investigation, with a focus on the epigenetic marks that regulate the dysregu-
lated expression of these genes.   

15.2.2     Promotion of Cell Viability 

    Tumor-Promoting Infl ammation 

 Infl ammation is associated with all types of malignant tumors, and has been shown 
to promote tumor proliferation, angiogenesis, and metastasis, and increase resis-
tance to hormonal- or chemotherapies (Wagner et al.  2012 ). Infl ammation is driven 
by cytokines and chemokines, which are produced by tumor cells themselves and by 
the cells recruited to the tumor microenvironment, such as macrophages and mast 
cells (Fridman et al.  2011 ). Monocyte/macrophage cells are usually the major com-
ponents of the infl ammatory infi ltrate in the microenvironment of most malignant 
tumors. The infi ltration begins early in the noninvasive stage of the tumor, and con-
tinues progressively, with an eventual switch from the M1 pro-infl ammatory pheno-
type to the M2 cancer-promoting phenotype (McClellan et al.  2012 ; Vendramini-Costa 
and Carvalho  2012 ). These changes directly infl uence tumor cells, and stimulate 
tissue remodeling, immunomodulation, angiogenesis, and tumor progression 
(Mantovani and Sica  2010 ). In colorectal cancer cells, stimulation by preexisting 
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infl ammation activates the local stromal cells to secrete a variety of cytokines 
(Oshima and Oshima  2012 ). Among the cytokines involved in infl ammation- 
associated tumorigenesis, interleukin-6 (IL-6) and interleukin-8 (IL- 8) play an 
important role. Both IL-6 and IL-8 were over-expressed in colon cancer with 
increased angiogenic and metastatic potential (Wilkening et al.  2008 ; Gunter et al. 
 2006 ). Tumor-associated macrophages are the most likely source of these cytokines, 
but colon cancer cells themselves were reported to synthesize IL-8, under infl amma-
tory conditions (Rubie et al.  2007 ). Therefore, the IL-6- and IL-8- associated infl am-
matory networks are thought to signifi cantly contribute to oncogene- induced cellular 
senescence with tumor progression (Kuilman et al.  2008 ). 

 Transforming growth factor b1 (TGFb1), MMPs, and vascular endothelial 
growth factor (VEGF) are infl ammation-related molecules that become predomi-
nant during advanced tumor stages (Mantovani and Sica  2010 ). TGFb1 plays a 
major role in the relationship between infl ammation and carcinogenesis. Under 
physiological conditions, TGFb1 is involved in regulating cell processes, including 
apoptosis, differentiation, proliferation, and survival. TGFb1 inhibits the growth of 
intestinal epithelial cells by increasing differentiation and apoptotic pathways, 
while promoting the proliferation of fi broblasts and myofi broblasts, and deposition 
of the extracellular matrix (Hawinkels et al.  2014 ). TGFb1 is an immunosuppres-
sive factor that inhibits activation and differentiation of immune effector cells; thus, 
its over-expression might contribute to promoting the invasive and metastatic prop-
erties of tumor cells (Bellam and Pasche  2010 ). Disruption of the TGFb1 signal 
transduction pathway by mutations or polymorphisms of its receptors and/or of the 
transduction molecules (SMADs) contributes to the development and progression 
of several types of cancers, including colon cancer (Bellam and Pasche  2010 ). 
Disorder of TGFb1 receptors (TGFb1RI or TGFb1RII) does not only contribute to 
colon cancer initiation but also increase metastasis (Munoz et al.  2006 ; Zhang et al. 
 2009 ), and mutations in the TGFb1RII are estimated to occur in approximately 
30 % of colon cancer cases (Biasi et al.  2002 ). Infl ammatory cytokines are also 
activators of MMPs, which are enzymes that demolish the extracellular matrix and 
are involved in all steps of colorectal carcinogenesis (Lee et al.  2012 ). However, the 
actual pattern and relevance of their serum levels during both benign and malignant 
phases of colorectal carcinogenesis are less clear.  

    miRNAs as Survival Factors 

 The involvement of oncogenes and tumor suppressor genes in the control of cell 
proliferation and survival pathways is well established for protein-coding genes 
(Corvinus et al.  2005 ). miRs are important regulators of cancer survival genes 
because approximately half of the protein-coding genes are related to miR-mediated 
regulation (Chekulaeva and Filipowicz  2009 ). miRs are reported to play an impor-
tant role in the pathogenesis of human cancers with dysregulated genomic signa-
tures (Galasso et al.  2012 ). In colon cancer, a subset of miRs was aberrantly 
expressed in colon cancer, and most of the miRs are related to cell proliferation, 
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apoptosis, and tumor metastasis (Wu et al.  2011 ; Schetter et al.  2012 ; Vickers et al. 
 2012 ). Because individual miRs can regulate multiple targets, their function may 
differ between cell types, depending on which of their target genes are being 
expressed (Ross and Davis  2011 ). Several miRs are described to be dysregulated in 
colon cancer, correlated with poor patient prognosis, and are proposed to be cancer 
biomarkers or important factors in cancer development and progression (Lu et al. 
 2005 ). Importantly, miR expression profi ling of colon cancer cell lines revealed that 
fairly low number of the miRs were expressed, which is consistent with the hypoth-
esis that the miR expression is tissue specifi c (Cummins et al.  2006 ). Investigating 
the involvement of miRs will reveal new information related to multistage colon 
cancer development, which may help us to identify novel potential biomarkers and 
therapeutic targets.    

15.3     Dietary Adjustment to Prevent and Repress 
Colon Cancer: What We Do Not Know 

15.3.1     Growth Suppressors 

 Uncontrolled cell growth is a major characteristic of cancer, and overconsumption 
of dietary energy boosts excessive cell growth. Additionally, loss of cell cycle con-
trol results in constitutive cell proliferation. Therefore, dietary modifi cations that 
could attenuate either of these two events may have roles in cancer prevention or 
anticancer treatment. 

    Reducing Excessive Energy Intake 

 Caloric restriction may reduce cancer risk by decreasing levels of plasma insulin 
and IGF-I, inhibiting cell proliferation, increasing cell death due to apoptosis, 
increasing activities of antioxidant enzymes, enhancing DNA repair, reducing onco-
gene expression, and infl uencing the levels of immunological responsiveness 
(Hursting et al.  2003 ). These studies suggest the importance of energy balance as a 
determinant for cancer risk. Although animal models clearly demonstrated a protec-
tive effect of energy restriction on cancer risk, it is less clear that such a protective 
effect exists in humans. A study in normal-weight humans found that a 20 % energy 
restriction for 10 weeks did not reduce oxidative DNA damage (Loft et al.  1995 ). 
Study of the 1944–1945 Dutch famine and subsequent overall cancer incidence 
found no evidence that the short famine affected overall cancer risk (Elias et al. 
 2005 ). However, another study found that higher energy intake in childhood may 
increase the risk of developing cancer in adult life (Uauy and Solomons  2005 ). 
Case–control studies suggested an increased risk of colon cancer associated with 
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high energy intake (Howe et al.  1997 ), but the relationship could not be confi rmed 
in a later study (Dahm et al.  2010 ), indicating that the precise relationships between 
energy intake and risk of colon cancer remains to be determined. 

 Obesity increases the risk of colorectal cancer in men and women (Vanamala 
et al.  2008 ), and the association is generally more consistent and stronger for men 
than for women (Robsahm et al.  2013 ; Xiao et al.  2014 ; Renehan et al.  2012 ), and 
for cancer of the distal colon than the proximal colon (Laake et al.  2010 ; MacInnis 
et al.  2004 ). Age, menopausal status, and HRT use may modify the association 
between BMI and colorectal cancer (Hou et al.  2006 ). Some studies reported a 
nearly twofold increase in colorectal cancer risk in people with a BMI ≥ 30 kg/m 2  
compared with those with a BMI < 23 kg/m 2  (Calle and Kaaks  2004 ). Approximately 
35.4 and 20.8 % of colorectal cancer cases in the US men and women as well as 
27.5 and 14.2 % in European men and women could be attributed to overweight and 
obesity (Hull and Lagergren  2013 ; Bardou et al.  2013 ; Ma et al.  2013 ; Aleksandrova 
et al.  2013 ; Gribovskaja-Rupp et al.  2011 ). Waist circumference and waist–hip ratio 
are strong indicators of colorectal cancer risk in both sexes (Moore et al.  2004 ), sug-
gesting that fat distribution may be more important than BMI for colorectal cancer 
risk. Furthermore, a positive relationship between body fatness and colorectal ade-
nomas, and the association with colorectal cancer may imply that obesity may affect 
progression from adenoma to cancer (Chung et al.  2006 ; Sedjo et al.  2007 ).  

    Food Components That Inhibit Cancer Cell Growth 

 Dietary compounds have long been of interest for their anticancer potentials. As 
established epigenome modifi ers, numerous dietary components can switch gene 
expression on and off, inducing or suppressing carcinogenesis. Functional dietary 
components are categorized into DNA methylation modulators, histone code modu-
lators, and miR modulators (Chen and Xu  2010 ; Parasramka et al.  2012 ). Inside the 
nucleus, DNA methylation is regulated by a group of enzymes called DNMTs. 
DNMTs play different roles in the DNA methylation process. DNMT1 mainly plays 
a role in maintaining methylation, while DNMT3a and 3b are responsible for de 
novo DNA methylation (Okano et al.  1999 ; Rhee et al.  2002 ). In cancer cells, tumor 
suppressor genes are commonly repressed by DNA methylation, and DNMT inhibi-
tors such as 5-aza-C and 5-aza-2dC suppress DNA methylation, thereby restoring 
the expression of genes that are silenced by promoter methylation in cancer cells. 
HDAC inhibitors such as trichostatin A (TSA) and Vorinostat (suberoylanilide 
hydroxamic acid, SAHA) repress histone acetylation at lysine residues,    and natural 
dietary products have been shown to be epigenetic modifi ers, acting as DNMT 
inhibitors, HDAC inhibitors, or both (Table  15.1 ).

   Sulforaphane (SFN), one of the isothiocyanates extracted from cruciferous veg-
etables, such as broccoli, was reported to reduce tumor formation in colon of APC min  
mice (Shen et al.  2007 ). It was also shown to suppress DNMT1 expression in colon 
cancer cell CaCo2 (Traka et al.  2005 ). Treatment of these cells with a physiologi-
cally relevant dose of SFN increased the gene expression pattern of genes that were 
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critical in increasing cell differentiation and decreasing cell proliferation (KLF4, a 
gut transcription factor), and regulating cell cycle arrest (p21). Additionally, SFN 
was shown to impact HDAC activity (Nian et al.  2009 ), and colon cancer cells 
treated with SFN underwent G2/M arrest, which coincided with depletion of 
HDACs, including HDAC1, selected HDAC2, and HDAC3 (Rajendran et al.  2011 ). 
Removal of SFN after SFN treatment resulted in recovery of HDAC expression and 
activity and a rescue of cell arrest from G2/M phase. The effect of SFN on miRs, 
however, currently remains unclear. 

 Epigallocatechin gallate (EGCG) is a natural polyphenol from green tea. It has 
been shown that EGCG was able to inhibit colon cancer cell growth by suppressing 
the activation of endothelial growth factor-mediated signaling (Shimizu et al.  2010 ). 
EGCG has also been reported as a DNMT inhibitor (Fang et al.  2007 ). By decreasing 
DNA methylation and elevating histone acetylation, EGCG treatment induced the re-
expression of silenced tumor suppressor genes, p16 and p21, in human skin cancer 
cells (Nandakumar et al.  2011 ). In colon cancer cells, EGCG restored the expression 
of tumor suppressive p15 and p16 by decreasing their promoter methylation, and 
repressed colon cancer cell proliferation (Berner et al.  2010 ). In addition to regulating 
DNMTs and causing direct changes in DNA methylation, EGCG has been reported to 
impact the level of  S -adenosylmethionine (SAM), the universal methyl donor, thereby 
indirectly mediating DNA methylation (Park et al.  2012 ). After treatment with EGCG, 
pancreatic cancer cell showed decreased invasive metastatic activity (Kim and Kim 
 2013 ), and this was potentially due to EGCG’s action as an HDAC inhibitor, thereby 
inducing the expression of a Raf kinase inhibitor protein, which was important for 
repressing tumor invasion. EGCG was also shown to regulate miR expression in sev-
eral cancers. It was shown to increase the expression of miR-16, which played a criti-
cal role in apoptotic activity of hepatoma cells (Tsang and Kwok  2010 ). Another 
study suggested that EGCG reduced the growth of lung cancer cells by promoting the 
expression of miR-210 (Wang et al.  2011 ). More studies have to be conducted to 
illustrate the specifi c mechanisms by which EGCG modulates miRs in colon cancer. 

 Genistein, a major isofl avone derived from soybeans, has been reported to be an 
epigenome modifi er, and exerts anticancer effects (Zhang and Chen  2011b ). 
Recently, Zhang et al. reported that feeding genistein-containing diets decreased the 

   Table 15.1    Example of dietary epigenetic modifi ers   

 Bioactive compound  Food source  Epigenetic impacts  References 

 Sulforaphane  Broccoli  Inhibits DNMT1; inhibits 
HDAC 

 Shen et al. ( 2007 ) and 
Traka et al. ( 2005 ) 

 Epigallocatechin gallate  Green tea  Inhibits DNMT; affects 
SAM; promotes 
miR-16, miR-210 

 Fang et al. ( 2007 ), Park 
et al. ( 2012 ), Tsang and 
Kwok ( 2010 ), and 
Wang et al. ( 2011 ) 

 Genistein  Soybean  Inhibits DNMT; promotes 
histone acetylation; 
promotes miR-200, 
miRNA 

 Li et al. ( 2009a ), Wang 
et al. ( 2012 ), Wang and 
Chen ( 2010 ), and Zhang 
and Chen ( 2011a ) 
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formation and severity of aberrant crypt foci, which were pre-neoplastic lesions 
after carcinogen-induction in rat descending colons (Zhang et al.  2013 ). Wnt signal-
ing was protected from carcinogen-induced over-activation by the genistein diets. 
Furthermore, in vitro studies suggest that after genistein treatment, colon cancer 
cells show increased apoptotic activity and decreased cell proliferation. Genistein 
treatment restored the expression of Wnt5a and sFRP2 by increasing promoter 
demethylation and acting as a DNMT inhibitor, thereby attenuating aberrant Wnt 
signaling in colon cancer cells (Zhang and Chen  2011a ; Wang and Chen  2010 ). 
Genistein has also been reported as a histone modifi er. It induced the expression of 
DKK-1 through upregulating histone H3 acetylation at gene promoter (Wang et al. 
 2012 ). Although genistein had been reported to regulate miRs in several types of 
cancers (Li et al.  2009b ), little is known about miR action in colon cancer.   

15.3.2     Anti-infl ammatory Dietary Agent 

 Numerous natural products have received signifi cant interest over the years for their 
health promoting properties, especially those characterized as having anti- 
infl ammatory (Poeckel et al.  2008 ), neuroprotective (Kim et al.  2006 ), antioxidant 
(Satoh et al.  2008 ), and anticancer properties (Johnson et al.  2010 ). Infl ammation 
has been shown to occur throughout the multi-step tumorigenic cascade, which has 
led to the search for dietary agents that decrease infl ammatory signaling pathways. 

 Curcumin is a major constituent of curry powder, which has been used in tradi-
tional Asian and African medicine to treat a wide variety of ailments for over 4,000 
years (Epstein et al.  2010 ). Curcumin’s molecular mechanisms of action, including 
its anti-infl ammatory, antioxidant, and anticancer properties, have been extensively 
investigated (Mosieniak et al.  2012 ; Johnson and Mukhtar  2007 ; Wang et al.  2006 ; 
Rao et al.  1995 ). 

 Carnosol, another botanical compound, was isolated from sage ( Salvia carnosa ) 
and rosemary, and sage has been shown to contain a variety of polyphenols, includ-
ing carnosol, carnosic acid, rosmanol, rosmarinic acid, as well as other active ingre-
dients (Chang et al.  2008 ; Ngo et al.  2011 ). Carnosol was shown to reduce 
LPS-stimulated NO production in a mouse monocyte macrophage cell line, which 
led to an inhibition of the NF-κB, p38, and p44/42 mitogen-activated protein kinase 
(MAPK) (Lo et al.  2002 ). Additionally, carnosol was shown to activate the peroxi-
some proliferator-activated receptor gamma, reduce the pro-infl ammatory media-
tors leukotrienes, inhibit lipoxygenase and the secretion of leukocyte elastase, and 
antagonize the intracellular Ca 2+  mobilization (Poeckel et al.  2008 ). Carnosol also 
inhibited protein kinase C signaling and the binding of AP-1 to the COX-2 pro-
moter, which was different than the synthetic COX-2 inhibitor celecoxib 
(Subbaramaiah et al.  2002 ). In vitro, rosemary extract was shown to inhibit the 
proliferation of ovarian cancer cell lines by affecting the cell cycle at multiple 
phases and modifying the expression of multiple genes regulating apoptosis (Tai 
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et al.  2012 ). Carnosol also decreased intestinal multiplicity by 46 % and restored 
E-cadherin and b-catenin to the enterocyte membranes, thus producing a phenotype 
similar to the APC+/+ wild-type (WT) littermate in a mouse model (Moran et al. 
 2005 ). As previously discussed, inherited mutations in the APC tumor suppressor 
gene result in the generation of familial APC with somatic mutations in >80 % of 
sporadic colon cancers (Sancho et al.  2004 ). There is growing evidence that carno-
sol from rosemary extract can suppress the development of tumors in several organs 
including the colon, breast, liver, and stomach, as well as melanoma and leukemia 
cells, which could make it a potential candidate as a chemopreventive agent. 

 Lupeol is a triterpene (member of phytosterol family) derived from vegetable 
oils, cereals, fruits, and vegetables (Liby et al.  2007 ). Lupeol has been shown to 
possess many pharmacological properties, including anticancer and anti- 
infl ammatory effects (Siddique et al.  2011 ). Topical application of Lupeol decreases 
neutrophil specifi c marker myeloperoxidase levels thus causing reduction in cell 
infi ltration into infl amed tissues in mice (Fernandez et al.  2001 ). Lupeol pretreat-
ment signifi cantly reduced prostaglandin E2 production in stimulated macrophages 
(Fernandez et al.  2001 ), and in an animal model of carrageenan-induced infl amma-
tion, Lupeol treatment exhibits anti-infl ammatory activity with a maximum inhibi-
tion of 57.14 % while α-mangostin, another well-known anti-infl ammatory agent, 
showed inhibition activity of only 38.70 % at similar dose (Nguemfo et al.  2009 ). 
Lupeol further decreased the generation of pro-infl ammatory cytokines, such as 
tumor necrosis factor α (TNFα) and interleukin b (ILb), in lipopolysaccharide- 
treated macrophages (Nguemfo et al.  2009 ). Lupeol was also shown to modulate the 
phagocytic activity of macrophages and T lymphocytes, and suppress CD4 +  T cell- 
mediated cytokine generation by reducing CD4 +  T and CD8 +  T cell counts and the 
level of cytokines (IL-2, IFN-gamma, and IL-4) in a mouse model (Bani et al.  2006 ). 
Additionally, Lupeol inhibited the activity of lipoxygenase with relatively low IC50 
(Gutierrez-Lugo et al.  2004 ), and Lupeol treatment signifi cantly reduced prostate 
cancer cell viability in a dose-dependent manner and caused apoptosis through deg-
radation of acinus protein and poly(ADP-ribose) polymerase protein, and increase 
in the expression of FADD protein (Saleem et al.  2005 ).    Among the targets studied, 
Lupeol caused a specifi c increase in the expression of Fas receptor in apoptotic 
pathway (Saleem et al.  2009a ; Prasad et al.  2008 ), decrease in the protein levels of 
cyclins-A, -B1, -D1, -D2, and -E2, and CDK2, and increase in the protein level of 
CDK-inhibitor p21, which induce G2/M cell cycle arrest (Saleem et al.  2009b ). 
Lupeol was also shown to exhibit multitarget effi cacy within the beta-catenin sig-
naling network resulting in the inhibition of prostate cancer cell proliferation 
(Saleem et al.  2009a ). In a mouse skin cancer model, Lupeol treatment inhibited 
TPA-induced activation of PI3K, activation of NF-kappaB and IKKalpha, and deg-
radation and phosphorylation of IkappaBalpha, which showed signifi cantly reduced 
tumor incidence, lower tumor body burden, and a signifi cant delay in the latency 
period for tumor appearance (Saleem et al.  2004 ). Taken together, these studies sug-
gest that the therapeutic potency of natural compounds for infl ammatory conditions 
in colon cancer warrants further investigation.   
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15.4     Future Direction 

 Colon cancer is a primary cause of cancer-related disease and death globally. 
Although colon cancer has been strongly associated with a Western lifestyle, 
increasing fi ber, fruits, or vegetable in our diet is not enough to ward off a large 
percentage of colon cancer (Chan and Giovannucci  2010 ; Qasim and O’Morain 
 2010 ). Tumor progression in colon involves multiple stages associated by accumu-
lation of infl ammation, deregulated signaling pathways, and modifi ed metabolic 
pathways, which provides excellent opportunities for the evaluation of chemopre-
ventive agents, especially epigenetic modifi ers from natural food compounds. 
Epigenetic intervention can help to reduce colon cancer incidence by intervening 
key development pathways that promote growth and metastases of colon cancer. 

 Due to its importance for regulating transcriptional activity of genes, the pro-
moter region of genes has historically been of particular interest to researchers 
investigating the epigenetic impact of food compound on the activation or suppres-
sion of gene expression. In early studies, most analyses were focused and conducted 
only in a few target genes, primarily due to the limitations of research technology 
for DNA methylation. Recently, with the application of high-throughput sequencing 
technology combined with advanced computational analysis, the discoveries of epi-
genetic phenomena have been brought up to a genome-wide scale. Using methyl-
ated DNA immunoprecipitation sequencing (MeDIP-seq), and Infi nium 
HumanMethylation450 BeadChip, researchers can now map out even the slightest 
shifts in DNA methylation within the human genome. Moreover, in addition to 
looking at the 20,000 protein-coding genes, which only composes 1.5 % of the 
human genome, these new technologies allow us to screen any changes occur 
throughout the rest of genome, including intra- and intergenic regions. It has been 
clearly demonstrated that the changes in DNA methylation that lead to changes in 
gene expression occur not only within the promoter region CpG islands but also 
within other gene regions. For example, intragenic methylation, or the DNA meth-
ylation that occurs on CGIs within gene bodies rather than promoters, greatly affects 
the regulation of gene transcription, especially the tissue-specifi c gene expression. 
Moreover, the change of intragenic methylation was shown to be inversely corre-
lated with that of tri-methylation of histone H3K4 (Maunakea et al.  2010 ). Diet has 
the ability to induce genome-wide DNA methylation, and one study reported that a 
short-term overfeeding of a high-fat diet affected the methylation status of about 
45 % of genes within human skeletal muscle (Jacobsen et al.  2012 ), and the changed 
genes were primarily associated with infl ammation, reproduction, and cancer. 
However, despite the drastic change in DNA methylation, few genes were found to 
have altered expression levels that corresponded to their changed methylation pro-
fi les. More efforts have to be made to clearly elucidate the mechanisms underlying 
the impact of diet on molecular signaling pathways, and on a genome-wide scale. 
By doing so, we will have a comprehensive view of how diet can affect our body 
functions and health through a network of inter- and intracellular signaling path-
ways, which will lead to further dietary interventions for preventing diseases such 
as colon cancer.     
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    Abstract     Despite the effi cacy of novel chemotherapeutic agents and radiation 
therapy, considerable developments are still necessary to improve the tolerance and 
reduce the toxicity in healthy cells of cancer patients. Dietary polyphenols have 
received increasing interest as an alternative approach, particularly in cancer treat-
ment, as they display strong antioxidant properties and reduced toxicity profi les in 
normal cells. For decades, the Mediterranean diet but particularly olive oil has been 
linked with increased health benefi ts and has been associated with decreased risks in 
cardiovascular diseases and cancers. The minor constituents of olives are its pheno-
lic compounds including oleuropein, tyrosol, hydroxytyrosol and homovanillic 
alcohol. These main phenolic compounds all possess antioxidant activity, with par-
ticular potency exhibited in hydroxytyrosol (HT). An imbalance of reactive oxygen 
species cause oxidative stress that can damage cells, and consequently lead to the 
formation of cancer or various diseases. Here, we provide evidence for the dietary 
antioxidant and polyphenolic compound hydroxytyrosol for its potential application 
as both a chemopreventive and anti-cancer agent for the treatment of haematological 
and solid malignancies. 

 Aberrant gene expression caused by histone acetylation has also been associated 
with cancer and represents a potentially useful therapeutic target for dietary compounds. 
The use of histone deacetylase inhibitors derived naturally from the diet, such as 
butyrate, dially disulphide and sulforaphane, in the inhibition of carcinogenesis has 
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been supported by numerous studies. Similarly probiotics have been reported to 
have positive health effects. We describe the underlying mechanisms and discuss 
the possible limitations and benefi ts of using dietary antioxidants and chromatin 
modifying compounds as potential anti-cancer agents.  

  Keywords     Dietary antioxidants   •   Histone acetylation   •   Epigenetics   •   Hydroxytyrosol   
•   Histone deacetylase inhibitors  

  Abbreviations 

   ADP    Adenosine diphosphate   
  ADR    Adriamycin   
  ARE    Antioxidant response element   
  DADS    Dially disulfi de   
  DNA    Deoxyribonucleic acid   
  H 2 O 2     Hydrogen peroxide   
  HDAC    Histone deacetylases   
  HDACi    Histone deacetylase inhibitor   
  HT    Hydroxytyrosol   
  IEC    Intestine epithelial   
  Keap1    Kelch-like ECH-associating protein 1   
  LDL    Low-density lipoprotein   
  MUFA    Monosaturated fatty acids   
  NAD+    Nicotinamide adenine dinucleotide   
  NO·    Nitric oxide   
  Nrf2    Nuclear factor E2-related factor 2   
  O 2  · −     Superoxide anion radical   
   1 O 2     Singlet oxygen   
  · OH    Hydroxyl radical   
  –OH    Hydroxyl group   
  PUFA    Polyunsaturated fatty acids   
  RNS    Reactive nitrogen species   
  ROO    Peroxyl radical   
  RT-PCR    Real time-polymerase chain reaction   
  SAHA    Suberoylanilide hydroxamic acid   
  SCFA    Short chain fatty acid   
  SFN    Sulforaphane   
  SFN-CYS    Sulforaphane-cysteine   
  SFN-NAC    Sulforaphane- N -acetylase   
  Sfrp4    Secreted fi zzled-related protein 4   
  Sir2    Silent information regulator 2   
  SIRT    Sirtuin   
  UV    Ultra violet   
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16.1           Introduction 

 There has been a long-standing interest    in dietary compounds as chemopreventatives 
and potential cancer therapeutics. Current cancer therapies involving surgery, che-
motherapy and radiation are limited and have numerous side-effects in healthy cells 
(Chen and Kong  2005 ) as research has predominantly focused on developing drugs 
to specifi cally interrupt the carcinogenesis process (Manson  2003 ). The importance 
of diet on the other hand is often overlooked, although recent research has found that 
poor diet could contribute to as much as one-third of all human cancers (Doll  1981 ). 
As a result, various epidemiological studies support dietary compounds and the long-
term health benefi ts associated with them (Gazzani  2012 ). 

 Chemoprevention was a term coined in 1976 by Michael Sporn which demon-
strates the advances in the understanding of the molecular mechanisms involved in 
cancer prevention (Weinstein  1991 ). Carcinogenesis involves three stages: initia-
tion, promotion and progression (Chen and Kong  2005 ). Food components are 
believed to have the capability to inhibit these carcinogenic processes, and hence 
can act as chemopreventatives. This can be achieved by activation of the phase I 
enzymes in the two phase drug-metabolizing enzyme system, scavenging of the 
reactive deoxyribonucleic acid (DNA) agents, suppression of carcinogenic prolif-
eration in the early formation of neoplasms or by intervening within the cancer cell 
itself (Wargovich  1997 ). 

 A seven country study conducted by Keys, over a span of 15 years was a vital 
study to determine the positive correlation between    healthy life and the increased 
consumption of olive oil (Keys  1986 ; Cicerale  2012 ). The study recruited 11,579 
‘healthy’ men aged between 40 and 59 years old who were monitored over a course 
of 15 years. By the completion of the study 2,288 men had died, and from this out-
come they examined multivariates of deaths and coronary heart disease in different 
populations: Yugoslavia, Italy, Greece, Finland, Netherlands, United States and 
Japan. The results of study found an increase in life expectancy and overall decrease 
in chronic diseases in the countries that followed the Mediterranean diet (Keys 
 1986 ). Keys’ study emphasized the importance of diet, and hence led to further 
research into the breakdown of the components within the Mediterranean diet that 
provides its signifi cant health effects. 

 The Mediterranean diet is rich in vitamins, antioxidants and high in monounsatu-
rated fatty acids, comprised of predominantly, fruits and vegetables, with low meat 
consumption (Khymenets  2011 ), whereby, the main source of fat is olive oil, making 
up approximately 50 % of the diet (Trichopoulou and Lagiou  1997 ). In 1990, a 
study involving Australians with Greek heritage who consume the traditional 
Mediterranean diet, rich in olive oils, was conducted in order to identify whether it 
was in fact the diet or other lifestyle factors that provided those results found by 
Keys in 1986 (Halliwell and Gutteridge  1990 ). The results from this study were 
found to be similar to that of Keys, reinforcing the importance of olives in the diet. 
Additional studies found that a change in diet from the high red meat and low fruit 
and vegetable consumption (commonly found in the Scandinavian countries, the 

16 Dietary Antioxidants and Chromatin Modifying Compounds as Potential…



430

United Kingdom and the Unites States) to the Mediterranean diet could reduce the 
incidence of    colorectal, breast, prostate, endometrial and pancreatic cancer by an 
estimated of 25 %, 15 %, 10 %, 10 % and 10 % respectively (Trichopoulou  2000 ). 
Initially it was thought that oleic acid, the major constituent of olive oil, contributed 
to providing the health benefi ts seen by the consumption of the Mediterranean diet. 
However, foods which contribute largely to a Western diet, such as pork or chicken, 
are also rich in oleic acid (Granados-Principal  2010 ). This initiated investigations 
into the other constituents of olive oil that could be providing the increased health 
benefi ts in humans (Kyrtopoulos et al.  2003 ). 

 In this chapter, we investigate the importance of our diet, with particular focus on 
olives, other dietary antioxidants and dietary chromatin modifying agents in the 
process of carcinogenesis and explore their potential as chemopreventatives and 
other health benefi ts.  

16.2     Dietary Antioxidants 

 Numerous epidemiological studies have offered    a greater insight to the impact of 
dietary antioxidants as anti-cancer and anti-atherogenic agents and their therapeutic 
potential in cardiovascular diseases. For example, cinnamon and its antioxidant 
catechin signifi cantly reduce the fasting blood glucose levels, providing a positive 
impact for type 2 diabetes or pre-diabetes patients (Davis and Yokoyama  2011 ; Akilen 
et al.  2012 ). Moreover, broccoli is abundant in the antioxidant  L - SULFORAPHANE , a 
key potential therapeutic in asthma patients (Dye  2009 ; Park et al.  2012 ). Similarly, 
the polyphenols compound, resveratrol, found in red grape skin, berries and pea-
nuts, has been found to decrease low-density lipoprotein (LDL) cholesterol levels 
(Ramprasath and Jones  2010 ). Hence, the role of resveratrol in reducing the risk of 
cardiovascular disease plays a salient role in prevention therapies (Tome-Carneiro 
et al.  2012 ). Consequently, there has been an increased interest in the advantageous 
health effects of dietary antioxidants (Gordon  2001 ). 

 Antioxidants are either hydrophilic   , whereby the inhibition or retardation of 
oxidation of other molecules occur in the cytosol or hydrophobic where they protect 
the cell membrane from lipid peroxidation (Halliwell  1996 ). However, in order for 
antioxidants to work effectively they must possess three necessary mechanisms. 
Firstly the propagation rate must be faster than the oxidation rate (Gordon  2001 ), 
secondly the product must be a less reactive oxygen, and thirdly antioxidants must 
be bioavailable (Gulcin  2012 ). Antioxidants work by direct scavenging these free 
radical species, binding with metal ions, deactivating singlet oxygen, absorbing 
UV radiation or by converting hydroperoxides to form a less reactive product (Kwak 
and Kensler  2010 ; Gulcin  2012 ). Furthermore, antioxidants structure steams from a 
catechol group where the catechol structure form hydrogen bonds with the free radi-
cals, stabilizing the compounds (Visioli et al.  2002 ). The phenolic compounds in 
olives are strong antioxidants, as they possess this orthodiphenolic/catecholic 
structure (Tuck  2002 ). Hence membranes rich in monosaturated fatty acids (MUFA) 
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are less susceptible to oxidation by free radicals than polyunsaturated fatty acids 
(PUFA), as the hydrogen atoms between the double bonds within the carbon chain 
are highly reactive (Fitó  2005 ). 

 The importance of antioxidants is generally associated with the inhibition of 
reactive oxygenated species (ROS) (Tome-Carneiro et al.  2012 ) and/or reactive 
nitrogen species (RNS) which can accumulate intracellularly due to endogenous or 
exogenous factors (Silva and Coutinho  2010 ). Under normal conditions these reac-
tive species are maintained in their state of equilibrium via the cells’ antioxidant 
defence systems. However under stressful conditions, the balance may be disrupted 
causing excess ROS or RNS—this is commonly known as oxidative stress (Silva 
and Coutinho  2010 ). 

 Oxidative stress is often associated with carcinogenesis due to the damage it cre-
ates in biomolecules, which consequently leads to DNA damage and cell death 
(Gulcin  2012 ; Halliwell and Gutteridge  1990 ; Aruoma  1994 ). There are several 
endogenous sources for the formation of ROS, the major source which occurs in the 
mitochondria (Cadenas  1989 ). It has been estimated that 1–3 % of the oxygen mol-
ecules in the electron transport chain (ETC) are released forming these highly reac-
tive superperoxides (Wojcik et al.  2010 ; Fridovich  1986 ). ROS consist of a peroxyl 
radical (ROO ·), hydroxyl radical (· OH) and a superoxide anion radical (O 2  · − ). Non- 
radical compounds, for instance, hydrogen peroxide (H 2 O 2 ) or the singlet oxygen 
( 1 O 2 ) can be converted into radical species under the Fenton reaction, initiated by a 
metal ions, either copper or iron (Wojcik et al.  2010 ). On the other hand, RNS are 
formed through a Ca 2+ -sensitive mitochondrial NO synthase, such as nitric oxide 
(NO ·) (Ghafourifar and Sen  2007 ). Therefore dietary antioxidants effectively can 
clear these free radical species and reduce the risk of oxidative stress (Gulcin  2012 ). 
However, dietary antioxidants can activate the body’s natural cellular defence system 
that induces detoxifying enzymes that can prevent cellular damage. 

 The natural cellular defence mechanism is linked to the antioxidant response 
element (ARE) (Manson) and its binding property to nuclear factor E2-related 
factor 2, (Nrf2) which was found to be a regulator in gene transcription of detoxify-
ing genes (Venugopal and Jaiswal  1998 ). Detoxifying enzymes are part of phase II   , 
of the two phase drug-metabolizing enzyme system, and monofunctional inducers 
of phase II have proven to be an effective promoter in cytoprotective mechanisms 
against carcinogens and ROS (Chen and Kong  2005 ). The specifi c importance of 
the Nrf2 protein was found in a study of Nrf2 knockout mice, whereby the Nrf2 
knockout mice had decreased these levels of detoxifying enzymes, compared to the 
wild-type mice examined, and hence was at a greater risk of xenobiotics (Enomoto 
et al.  2001 ). 

 The ARE-Nrf2 pathway (Fig.  16.1 ) is initiated via dietary detoxifying enzyme 
inducers which initiate the release of Nrf2 protein in the cytoplasm that binds to the    
Kelch-like ECH-associating protein 1 (Keap1) (Kobayashi et al.  2004 ). Keap1 pro-
tein is an cysteine enriched protein (Kwak and Kensler  2010 ) that binds to the Nrf2 
protein at two binding sites in the Neh2 domain, ETGE and DLG motifs (McMahon 
et al.  2004 ). Following the chemical signal released from the inducer, the cysteine 
residues in the Keap1 complex are modifi ed and release Nrf2 to the nucleus causing 
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its rapid degradation (Kwak and Kensler  2010 ). Once the Nrf2 complex is in the 
nucleus it can bind to Maf proteins to form heterodimers where transcription of the 
detoxifying enzymes can begin (Kwak and Kensler  2010 ).

   Ultimately, detoxifying the carcinogenic compounds, via the antioxidant proper-
ties of certain compounds is a vital area of research for developing chemopreventa-
tive agents. Olives are an abundant source of phenolic compounds but more 
specifi cally ortho-phenolic structures, which provide the dietary source with its 
antioxidant properties (Tuck  2002 ). This gives rise to olive constituents as a poten-
tial and promising approach for anti-cancer therapeutics.  

16.3     Phenolic Compounds in Olives 

  Olea europaea  is a native olive tree in most Mediterranean regions, allowing the 
production of olives and olive oil to become a major component of Mediterranean 
diet for over 5,000 years (Omar  2010 ; Rafehi  2012 ; Stark and Madar  2002 ; 
Alarcón de la Lastra et al.  2001 ). The interest of the medicinal properties of olives 
and olive oil has intensifi ed since epidemiological studies have linked the 
Mediterranean diet to decrease health risks (Simopoulos  2001 ; Gill et al.  2005 ). 

  Fig. 16.1    Dietary antioxidants activate the cells natural defence mechanism via the ARE-Nrf2 
pathway. Dietary antioxidants induce the release of the Nrf2 protein from the Keap1 protein in the 
cytoplasm, by an unknown chemical signal. Nrf2 complex binds to Maf proteins in the nucleus to 
form heterodimers, and from here transcription of detoxifying enzymes can begin. Without the 
dietary antioxidant induction, the Nrf2 complex would remain in the cytosol and conjoin with Ub, 
inducing proteasome-mediated rapid degradation       
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Initially these studies believed that the major component of olive oil, oleic acid which 
contributes to 68–81.5 % (Tuck  2002 ) of the saponifi able fraction, was the main reason 
for the health benefi ts witnessed across these regions. However, the minor constituents 
of the unsaponifi able fraction primarily made up of phenolic compounds and their anti-
oxidant properties are now deemed of greater importance (Granados-Principal  2010 ). 

 The concentration of phenolic compounds in olives and virgin olive oil can vary 
considerably dependent on agronomical and technological factors, such as cultivator, 
climate, season or the production process (Fernández Arroyo  2012 ). These alterations 
in the concentration of phenolic compounds determine the olive colour, taste and tex-
ture (Malheiro  2011 ). For example, green olives have the highest phenolic content in 
comparison to the other types (Othman  2009 ). There are at least 30 phenolic com-
pounds present in olives, with the most prominent being oleuropein (Boskou  1996 ). 
Oleuropein can reach concentrations of 60–90 mg g −1  in the dry matter of olive leaves, 
and up to 140 mg g −1  in young olives (Omar  2010 ). As the maturation process 
progresses, the concentration of oleuropein in olives decreases as it hydrolysis into 
polyphenolic constituents: tyrosol, HT (Kobayashi et al.  2004 ) and consequently 
the metabolite of HT, homovanillic alcohol (Granados-Principal  2010 ) (Fig.  16.2 ). 
These four phenolic compounds and minor constituents of olives are the focus in 
biomedical research investigating their therapeutic potential.

  Fig. 16.2    The origin of the relevant phenolic compounds found in olives, from the main com-
pound oleuropein. Oleuropein hydrolyses to form HT and tyrosol, and homovanillic alcohol is 
formed as a metabolite of HT       

 

16 Dietary Antioxidants and Chromatin Modifying Compounds as Potential…



434

   HT has been found to be the most potent phenolic compound and in comparison to 
oleuropein, homovanillic alcohol and tyrosol, it has been shown that homovanillic 
alcohol and tyrosol lack the ability to induce H 2 O 2  accumulation, a pro-apoptotic 
mechanism (Fabiani et al.  2011 ), in comparison to HT where pro-apoptotic activity 
is achieved. Furthermore, it was reported that although oleuropein produced an 
abundance of H 2 O 2  accumulation, apoptotic activity was not observed. It is pro-
posed that the biological functions of the polyphenols are due to their differing 
structure (Fig.  16.2 ), and the catechol moiety in the phenol molecule is required to 
produce H 2 O 2  (Fabiani et al.  2011 ). There is a general consensus that both HT and 
oleuropein are effi cient scavengers of superoxide radicals (Kyrtopoulos et al.  2003 ; 
de la Puerta et al.  2001 ; Visioli et al.  1998 ). In in vivo studies comparing tyrosol  
with HT, tyrosol was found to have no effects, where HT inhibited endothelial cell 
proliferation, migration and anti-apoptotic activity in vivo (Fortes et al.  2012 ) .  
These fi ndings were attributed to the additional hydroxyl group (–OH) found in HT 
(Warleta et al.  2011 ) (Fig.  16.2 ). Homovanillic alcohol, the methylated metabolite 
of HT, on the other hand, has the ability to inhibit hydrogen peroxide induction in 
kidney cell injuries. However, a much higher concentration than HT is necessary in 
order to produce the same effect, such that 0.3 and 10 μM are required respectively 
(Incani et al.  2010 ). The phenolic compounds are concentration-dependent, as 
observed in the urinary excretion of HT and homovanillic alcohol, whereby the 
excretion of 8-iso-PGF 2α  decreased when the concentration of the phenolic doses 
increased (Visioli et al.  2002 ). It is considered that the biological function of these 
phenols are via passive transfusion, and that the phenols absorbed are quantitatively 
absorbed in the intestine (Manna et al.  2000 ). 

 HT is a powerful antioxidant (Della Ragione et al.  2000 ) with possible prospects 
of chemoprevention. HT has been reported to upregulate heme-oxygenase, an 
enzyme that catalyses the degradation of heme to an antioxidant biliverdin, which 
further degrades in bilirubin, a singlet oxygen scavenger (Rafehi  2012 ). Additionally, 
HT has the ability to induce self-antioxidant defences against oxidative stress 
(Rafehi  2012 ). It was shown that HT displays dose-dependent anti-tumour effects 
by inhibiting proliferation and inducing apoptosis in several cancer cell lines via 
increased expression of the secreted fi zzled-related protein 4 (Sfrp4), a protein mod-
ulator for Wnt-signalling pathway (Granados-Principal  2010 ; Granados-Principal 
et al.  2011 ). In a rat in vivo model of breast cancer, HT decreased the mammary 
tumour volume by inhibiting its growth to a similar degree of the positive control, a 
current chemotherapeutic, adriamycin (Granados-Principal et al.  2011 ). In several 
other cancer lines, it has shown that HT inhibits cell proliferation by blocking the 
G1 phase of the cell cycle (Fabiani et al.  2006 ; Corona et al.  2007 ; Granados- 
Principal  2010 ). Conversely, studies performed in human mammary epithelial cells 
(MCF10A) or breast cancer cells (MCF7 and MDA-MB-231) showed no noticeable 
effect on cell proliferation, the cell cycle or apoptosis following treatments of HT 
(Warleta et al.  2011 ). Although, numerous studies support HT as a possible anti- 
cancer agent, further research is required to understand its full therapeutic potential 
in the treatment of cancer and other pathologies.  
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16.4     Histone Acetylation and Histone Deacetylases 

 Epigenetics is a relatively new fi eld of research involving the reversible alterations 
in gene expression without changing the specifi c sequences of DNA (Santini et al. 
 2007 ). Although cancer is known for an abundance of epigenetic alterations, the 
ability to modify the expression of DNA could also be the key in cancer therapy 
(Bolden et al.  2006 ). Histone acetylation is one of the most widely investigated 
post-translational modifi cations regulating gene transcription (Miller et al.  2011 ). 
Acetylation is regulated by the balance of the opposing activities of histone acetyl-
transferases (HATs) and histone deacetylases (HDACs). HATs catalyse the acetyla-
tion of the lysine residues on the N-terminal tail of histones, neutralizing the positive 
charge and relaxing the DNA increasing its accessibility for transcription to occur 
(Spiegel et al.  2012 ). HDACs, on the other hand, remove any acetyl groups from the 
histones, restoring its positive charge (Tsukamoto et al.  1997 ), inducing chromatin 
condensation, or tightening the DNA wrap around the histones, silencing transcrip-
tion (Spiegel et al.  2012 ). The dynamic control of the opposing actions of the 
enzymes, HATs and HDACs, maintains the cells homeostasis (Tsukamoto et al. 
 1997 ). Changes in expression of HDACs have been associated with cancer, for 
example HDAC1 is overexpressed in gastric cancer, HDAC2 and 3 expression are 
increased in colon cancer (Bolden et al.  2006 ), and a decreased expression of 
HDAC5 and 10 are observed in lung cancer, and often correlates to poor prognosis 
(Noureen et al.  2010 ). To date, 18 mammalian HDACs have been identifi ed based 
on their homology to yeasts and can be categorized into four classes: class I 
(HDAC1, 2, 3 and 8), class II-a (HDAC4, 5, 7 and 9), class II-b (HDAC6 and 10) 
and class IV (HDAC11). These 11 HDAC enzymes are zinc-dependent (Spiegel 
et al.  2012 ). Finally, class III comprises the sirtuin deacetylases or nicotinamide 
adenine dinucleotide (NAD+)-dependent enzymes (Santini et al.  2007 ). 

 Sirtuins have been conserved throughout eukaryotes, maintaining two function-
alities; fi rstly, the deacetylase activity which requires NAD+ as an essential cofactor 
(Saunders and Verdin  2007 ) and secondly, the adenosine diphosphate (ADP) ribosyl 
transferase (Schapira  2011 ). The sirtuins contain a catalytic domain of approxi-
mately 275 amino acids (Schapira  2011 ) and are comprised of seven members, with 
SIRT1, 6 and 7 located in the nucleus, SIRT2 found in the cytoplasm and, SIRT3, 4 
and 5 in the mitochondria of the cell (Saunders and Verdin  2007 ). SIRT1 and 2 have 
been the most extensively researched of all sirtuins and there has been confl icting 
views of the effects as either is a promoter or inhibitor for cancer (Assam El-Osta 
and Karagiannis  2010 ). The prototypical member of sirtuins is the silent informa-
tion regulator 2 (Sir2) (Raghavan and Shah  2012 ). In yeasts Sir2 contributes to the 
regulation of chromatin silencing, and repair double-stranded breaks (Tsukamoto 
et al.  1997 ). Sirtuins are well known for their role in longevity of prokaryote 
organisms and anti-ageing effects, yet their anti-cancer effects in humans are still 
questionable (Saunders and Verdin  2007 ). For instance, a study showed that SIRT1 
can act as a tumour suppressor gene, in the case of colon cancer cells in rodent 
models (Fridovich  1986 ). On the contrary, it is believed that tumour cells can 
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become ‘addicted’ to sirtuin regulation and induce rapid proliferation, eventuating 
to the loss of accuracy of check points and subsequently lead to increased mutations 
which give rise for tumourigenesis to occur (Saunders and Verdin  2007 ). SIRT1 has 
also been found to be overexpressed in prostate cancer cells (Fridovich  1974 ). 
Moreover, p53 is a tumour suppressor protein (Aruoma  1994 ) and a substrate for 
SIRT1 (Halliwell  1996 ), and has been suggested to be activated via the inhibition of 
the SIRT1 gene (Assam El-Osta and Karagiannis  2010 ). Therefore there is much 
controversy over the molecular mechanisms of sirtuins and their biological effects. 
Future research is required in order to determine the effi cacy of these enzymes in 
relation to anti-cancer modalities. 

 Class I, II and IV of the metal-dependent HDAC enzymes often referred to as 
‘classical’ HDACs, and they require metal ions, such as zinc, to catalyse their reac-
tion (Schapira  2011 ). The zinc ion (Zn 2+ ) polarizes the carbonyl group on the depart-
ing acetyl group, via chelating compounds such as hydroxamic acids, improving the 
electrophilicity of the carbonyl carbon (Tsukamoto et al.  1997 ). These metal- 
dependent HDAC enzymes differ in their function and location in the cell. Class I is 
expressed in all tissue, and primarily located in the nucleus (Spiegel et al.  2012 ). 
Their roles include cell survival and cell proliferation, which is more esteemed than 
class II’s role in cell proliferation. Furthermore class I HDAC2 plays a key role in 
the suppression of apoptosis (Noureen et al.  2010 ). Class II HDACs are phosphoryl- 
dependent and very tissue-specifi c   , transporting to and from the nucleus and cyto-
plasm (Noureen et al.  2010 ). HDACs can alter the phenotypic gene expression, and 
hence have been found in a number of cancer cells (Ho et al.  2009 ). Classical 
HDACs are known to be associated with oncogenesis   , due to their ability to deacet-
ylate numerous transcriptional factors and proteins, including tumour suppressors, 
such as p53, TFIIE, TFIIF, GATA-1 and ER-α (Assam El-Osta and Karagiannis 
 2010 ; Juan et al.  2000 ), resulting in excessive cell proliferation and tumourigenesis 
(Cress and Seto  2000 ). Therefore, HDAC inhibitors (HDACi   ) have been recently 
developed to inhibit the classical HDACs and prevent aberrant expression of onco-
genes caused by HDAC enzymes (Seidel  2012 ). Through the use of cDNA arrays, 
it was determined that the expression of genes exposed to HDACi can change 
between 2 and 20 % (Bolden et al.  2006 ; Dokmanovic et al.  2007 ). 

 HDACi induce cell differentiation, cell cycle arrest, ROS production and apopto-
sis in specifi c cancer cell lines (Tho and Jiyoung  2012 ). The great interest of HDACi 
is their behaviour to maintain a greater resistance within normal cell lines than com-
pared to cancer cell lines, whereby their anti-cancer effect is more prominent 
(Cadenas  1989 ; Stark and Madar  2002 ; Tsukamoto et al.  1997 ). The anti-cancer 
properties of HDACi are due to the accumulation of acetylated nuclear core his-
tones, hence altering the transcription of certain genes, which subsequently result in 
cancer or various other pathologies (Marks and Xu  2009 ). Several HDACi have 
been identifi ed and are classifi ed into structurally different classes: short chain fatty 
acid (SCFA), benzamides, hydroxamic acids, electrophilic ketones and cyclic tetra-
peptides (Miller et al.  2011 ). These isoform-specifi c HDACi have three similar 
characteristics, which include (1) zinc moiety, (2) an opposite capping group, and 
(3) a straight chain alkyl, vinyl/aryl to linker (Marks and Xu  2009 ). The fi rst of the 
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HDACi    to be approved by the US Federal Drug Administration was suberoylanilide 
hydroxamic acid (SAHA) (Mateos et al.  2011 ), now commonly referred to as 
vorinostat (Tho and Jiyoung  2012 ) for the treatment of cutaneous T-cell lymphoma. 
Moreover, HDACi are known to increase ROS production, a pro-apoptotic effect 
(Marks and Xu  2009 ). This mechanism of action is still not yet understood; 
however, possible theories include mitochondrial injury or affecting antioxidant 
levels (Miller et al.  2011 ; Spiegel et al.  2012 ). However, there are a few generally 
conceived processes, such as HDACi alter the acetylation of gene promoters, neu-
tralizing the acidic chargers of the histone tails (Bolden et al.  2006 ). Understanding 
the molecular mechanisms of HDACi will aid in the development of novel HDACi 
as anti-cancer agents (Marks and Xu  2009 ). Furthermore, the effi cacy of naturally 
derived HDACi obtained from the diet can be determined.  

16.5     Dietary Histone Deacetylase Inhibitors 

 Numerous naturally occurring HDACi found in the diet have been identifi ed and 
include butyrate, dially disulfi de (DADS), sulforaphane (SFN) and probiotics (Myzak 
and Dashwood  2006 ; Kumar et al.  2013 ) (Fig.  16.3 ). Dietary HDACi, however, are 
weaker ligands compared to the synthetic compounds, such as SAHA, required at 
a higher concentrations in order for them to be effective (Dashwood et al.  2006 ). 

  Fig.  16.3    Chemical structure of the dietary HDAC inhibitors; butyrate, dially disulfi de and 
 sulforaphane. Dietary HDAC inhibitors inhibit the HDAC co-repressor complex to allow transcrip-
tional activation       
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Although, the effective concentration range of many dietary compounds is still 
unknown and further investigations are necessary to determine their effi cacy in inhib-
iting HDAC activity.

   Butyrate, an organoselenium compound, was the smallest (Dashwood et al.  2006 ) 
and fi rst dietary HDACi discovered in 1978 (Rajendran et al.  2011 ; Song et al. 
 2009 ). Butyrate, a SCFA is formed in the digestive tract via the fermentation of 
dietary fi bres (Tho and Jiyoung  2012 ). Its structure contains a ‘spacer’ made up of 
three carbons attached to carboxylic acid group, and with the combination of a 
buried zinc atom creates a bidenate ligand, allowing it to enter the active site of the 
enzyme (Dashwood et al.  2006 ). The primary research involving SCFA    are associ-
ated with gastrointestinal diseases, however there is much research interest of butyr-
ate as a HDACi and its potential as a anti-cancer (Tho and Jiyoung  2012 ). Butyrate 
inhibits most HDAC enzymes except the class II-b enzymes, HDAC6 and 10 
(Licciardi et al.  2010 ). In the small intestine epithelial cell line (IEC-6 cells) and in 
human colonic adenocarcinoma cell line (HT-29 cells), butyrate was found to induce 
the Nrf2 pathway via the inhibition of HDAC enzymes (Nakagawa et al.  2001 ). 
Similarly, butyrate has been reported to have chemopreventative effects against 
colorectal cancer (Zhang et al.  1992 ) and acute myelogenous leukaemia (Gibbs 
et al.  2009 ), although the results seem to be showing some discrepancies, thus ques-
tioning the authenticity of the compound itself. These discrepancies could be    due to 
poor bioavailability within the target site (Myzak and Dashwood  2006 ) or alterna-
tively as butyrate can be used as an energy source by nutrient-defi cient cells for 
proliferation, the tested cells could have had different energy statuses and hence 
altered their HDACi activity effi ciency (Zhang et al.  1992 ). Research into the opti-
mization of butyrate via the route of administration and chronic exposure through 
daily consumption will provide evidence of whether there may be a signifi cant che-
mopreventative affect (Myzak and Dashwood  2006 ). 

 DADS is another dietary HDACi originating from organosulfur compounds, 
found in the  Allium  family, which includes foods such as onions, garlic or shallots, 
and contains small thiol molecules (Rajendran et al.  2011 ). DADS resembles 
butyrate after the metabolite conversion to  S -allylmercaptocystiene, where it has 
obtained a ‘spacer’ carboxylic acid functional group ending (Dashwood et al. 
 2006 ). Its chemopreventative properties are recognized through its ability to inhibit 
the carcinogenic activation, by inducing both phase I and II detoxifi cation path-
ways (Myzak and Dashwood  2006 ), as well as altering the cell differentiation and 
apoptosis pathways (Rajendran et al.  2011 ). Additionally Song et al. ( 2009 ) sug-
gests that the mitochondrial ROS also plays a role in the induction of DADS apop-
tosis, with the activation of p53, in HCT-116 colon cancer cells. This study observed 
p53- independent cell cycle arrest at G2/M phase following treatment with DADS 
and apoptosis after 24 h, which was triggered by ROS production, hence activating 
the p53 protein (Song et al.  2009 ). The same effect has also occurred within other 
cancer cell lines, including lung (Myzak et al.  2004 ), leukaemia, breast (Nakagawa 
et al.  2001 ) and neuroblastoma (Filomeni et al.  2003 ). DADS has proven to be an 
effective HDACi in several cancer cell lines and is a promising candidate as a dietary 
chemopreventative. 
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 Similar to DADS, SFN also originates from organosulfur compounds, however 
part of the isothiocynate group, which provides its anti-cancer effects. Cruciferous 
vegetables, such as broccoli, cabbage, caulifl ower and kale are a rich source of SFN, 
and it is activated when the plant is damaged releasing the enzyme myrosinase, 
which hydrolyzes glucosinolate to activate the isothiocynate, releasing the chemo-
preventative effects of SFN (Tho and Jiyoung  2012 ; Rajendran et al.  2011 ). SFN 
was fi rst recognized for its ability to induce phase II of the detoxifi cation process 
(Zhang et al.  1992 ) and the Keap1/Nrf2 pathway, activating the antioxidant response 
element (Myzak and Dashwood  2006 ). Gibbs et al. conducted a study and reported 
the results of SFN in prostate cancer to inhibit HDAC6 specifi cally. Furthermore 
this study explains how SFN downregulates HDAC6 which is usually upregulated 
in the formation of cancer, and interferes with key mechanisms that initiate the car-
cinogenesis process, such as the enhancement of HSP96 acetylation which inhibits 
the association with the androgen receptor, hence preventing the formation of the 
prostate cancer (Gibbs et al.  2009 ). Other studies have also confi rmed its anti-cancer 
effects in colon (Myzak et al.  2004 ) and breast cancer cells (Pledgie-Tracy et al. 
 2007 ). However, recent studies have found    SFN role in reducing the risk of cancer 
as a HDACi to be due to its metabolites that are generated through the mercapturic 
acid pathway, rather than acting as a parent compound in the detoxifi cation process 
(Rajendran et al.  2011 ). Through the mercapturic acid pathway it has been found 
that all effective mechanisms of SFN are due to its metabolites, such as SFN- 
cysteine (SFN-CYS) and SFN- N -acetylase (SFN-NAC) that can fi t into the HDAC 
binding domain, and hence as a spacer, inhibit HDAC activity (Somoza et al.  2004 ). 
In summary, numerous studies have confi rmed the effectiveness of SFN as a dietary 
HDACi and chemopreventative in several cancer cell lines, although the mecha-
nism of action is slowly being elucidated. Further research into mechanisms    of 
action of SFN is required to provide accurate advances in the effects SFN has as a 
chemopreventative in humans. 

 Fermented dairy products are a very rich source for probiotics and have conse-
quently been marketed for their digestive health benefi ts (Kumar et al.  2013 ; 
Roberfroid et al.  2010 ). Probiotics are living microbes that are consumed through 
one’s diet for the use of their health benefi ts in gut microbiome (Kumar et al.  2013 ). 
Specifi cally, there are two commonly used probiotics that are proven to be benefi -
cial for human consumption, the fi rst is a lactic acid producing microorganisms (e.g. 
 Bifi dobacterium  spp.) and the second is low-GC-content lactic acid bacteria (e.g. 
 Lacctobacillus  spp.,  Streptococcus  spp.,  Lactococcus  spp. and  Pediococcus  spp.) 
(Kumar et al.  2013 ; Kleerebezem and Vaughan  2009 ). The purpose of probiotics is 
to restore the microbiota profi le balance, a key in preventing immune-mediated dis-
eases, although the precise mechanisms of actions are not yet clearly understood 
(Licciardi et al.  2010 ). What is known is that the probiotics and its metabolites are 
involved in the formation of SCFA in the intestinal tract. SCFA is known to produce 
butyrate, as mentioned earlier, and is a clearly established HDACi. This suggests 
the potential avenues of an alternative method with the use of probiotics in the pre-
vention of chronic immune-mediated diseases, carcinogenesis and more specifi -
cally colon cancer cell lines. A study conducted by    Sokol et al. ( 2008 ) provided 
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evidence of the effects of probiotics with the use of  Faecalibacterium prausnitzii,  
whereby  F. pranusnitzi  is a lactic acid producing probiotic and one of the most 
abundant bacterium found in the human digestive tract, with butyrate as its by-
product (Sokol et al.  2008 ). The positive effects of this bacterium were demon-
strated in the treatment of infl ammatory bowel disease, with reduced levels of 
interleukin-12 levels and increased interleukin-10 levels (Berni Canani et al.  2011 ). 
These alterations in the interleukin levels reduce the swelling and infl ammation in 
colon, therefore suggesting the benefi ts of butyrate in the reduction of infl ammatory 
bowel disease (Berni Canani et al.  2011 ). Moreover, another probiotic 
 Propionibacterium freudenreichii  was found to display apoptotic effects in colorec-
tal adenocarcinoma cells (Visioli et al.  1998 ). 

 Although dietary sources of HDACi are found to be less potent in comparison to 
the synthetically derived HDACi’s, strong evidence exists for their potential in pre-
venting the initiation of carcinogenesis in multiple cancer cell lines. Given the low 
toxicity profi les of the diet-derived compounds and their lifetime consumption, 
accumulative effects over time may be achieved to strengthen their capacity as che-
mopreventatives provide multiple health benefi ts across several pathologies.  

16.6     Conclusion 

 The increasing interest in dietary compounds as potential chemopreventatives has 
been highlighted as promising future prospectives    within this chapter. Dietary antioxi-
dants have been shown to be advantageous across multiple health disciplines includ-
ing the reduction of fasting blood glucose levels, diabetics, asthma and cardiovascular 
diseases. Although the mechanisms of antioxidants are still being elucidated, improve-
ments have been made involving the cells natural defence system and the role of Nrf2 
in the detoxifying pathways to remove oxidative stress in cells which has lead to 
tumourigenesis. We focus on the minor constituents and phenolic compounds found 
in olives and their potential as salient anti-cancer agents. Although, most studies have 
explored the potent antioxidant effects of HT, we also discussed the therapeutic 
potential of tyrosol, homovanillic alcohol and oleuropein. 

 Finally, the aberrant overexpression of HDACs in various cancers has been 
identifi ed, and the prospects of synthetic and dietary HDACi as plausible chemopre-
ventative and anti-cancer agents have been explored. The mechanisms of action of 
these compounds are still not clearly understood; however, we highlight in vivo and 
in vitro investigations into chromatin modifying compounds as potential anti-cancer 
therapies. Although, dietary HDACi’s    are less potent compared to the synthetically 
derived compounds, the safety and effi cacy of the lifetime consumption of dietary 
HDACi’s may provide an overall greater effect.     
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    Abstract     Cutaneous T-cell lymphomas (CTCLs) are rare extranodal non- Hodgkin’s 
characterised by pleomorphic skin lesions and distinct T-cell markers. The annual 
incidence of these non-Hodgkin’s lymphomas are approximately 0.2–0.8/100,000 
and mycosis fungoides (MF) or its leukemic variant, Sézary syndrome (SS), account 
for the majority of cases. CTCL is a relatively benign disease in its early stages, but 
survival rates decrease signifi cantly as it progresses. As curative therapy remains 
elusive, the goal of therapy is preventing or slowing progression from early stages 
while minimising long-term toxicity associated with the treatments. Early-stage 
CTCL can often be controlled with skin-directed therapies including topical ste-
roids, topical retinoids and phototherapy, while patients with late-stage or refractory 
MF and SS are given systemic therapies including extracorporeal photopheresis 
(ECP), interferon (IFN), histone deacetylase inhibitors (HDACi) and denileukin 
diftitox. Since no single therapy can control disease progression fully, combination 
therapy is employed to enhance response rates. A novel combination treatment 
using ultraviolet light phototherapy and HDACi has shown to be a potent radiosen-
sitiser, allowing the use of lower radiation doses and minimising the adverse effects 
of phototherapy. Such combination reduces the carcinogenic risks associated with 
the long-term use of phototherapy. Studies have shown that HDACi, such as suber-
oylanilide hydroxamic acid (Vorinostat, Zolinza ® ), Romidepsin (Istodax ® ) and 
sodium butyrate, induce increased radiosensitivity and decreased double-strand 
break repair capacity. This is due to the action of HDACi modifying the chromatin 
compaction and thus changing DNA accessibility. By blocking deacetylation of 
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 histones, they promote an open chromatin structure altering the expression of genes 
involved in cell survival, proliferation, differentiation and apoptosis. As a result, 
there is a signifi cant increase in the level of ultraviolet-induced apoptosis.  

  Keywords     Phototherapy   •   Photochemotherapy   •   Iodinated DNA ligand   •   Histone 
deacetylases   •   Histone deacetylase inhibitors   •   Vorinostat   •   Cutaneous T-cell 
lymphoma  

17.1         Disease Overview and Cells of Origin 

 Cutaneous T-cell lymphomas (CTCLs) refer to a spectrum of non-Hodgkin’s T-cell 
lymphomas (Willemze et al.  2005 ), which are characterised by the malignant pro-
liferation of T lymphocytes, which primarily manifest in the skin (Wollina  2012 ). 
The subtypes include mycosis fungoides (MF), Sézary syndrome (SS), cutaneous 
CD30 +  T-cell lymphoproliferative disorders, subcutaneous panniculitis-like T-cell 
lymphoma, CD8 +  T-cell lymphoma and gamma-delta T-cell lymphoma (Bradford 
et al.  2009 ). The annual incidence of CTCL has been increasing and is currently 6.4 
per million persons (Criscione and Weinstock  2007 ) with a higher prevalence 
amongst males and in patients over 70. In 2009, the prevalence in the United States 
ranged from 16,000 to 20,000 cases (Horwitz  2011 ). The two most common sub-
types of CTCL worldwide are MF and SS (Weinstock and Gardstein  1999 ). MF 
accounts for 54 % of CTCLs with an annual incidence of approximately four new 
cases per million people, and SS accounts for approximately 5 % of CTCLs 
(Duhovic et al.  2012 ). 

 CTCL is characterised by clonal proliferations of mature CD4 +  CD45RO +  T 
cells, which have a marked homing capacity for the papillary dermis and epidermis 
(Whittaker and Foss  2007 ). The skin contains approximately one million T cells per 
cubic centimetre, which is twice as many T cells compared to peripheral blood 
(Clark et al.  2006 ). Following antigenic activation, naïve T cells differentiate into 
effector and memory cells, which then undergo migration according to their expres-
sion of tissue-specifi c homing factors (Clark et al.  2006 ). The homing to skin is 
mediated by expression of skin-homing addressins such as the cutaneous lymphoid 
antigen (CLA) and chemokine receptors such as CCR4, CCR6 and CCR10, which 
promote binding to E-selectin (Whittaker and Foss  2007 ; Reiss et al.  2001 ; Homey 
et al.  2002 ). E-selectin is expressed on post-capillary venules in the skin and is 
required for lymphocyte tethering and rolling (Schaerli et al.  2006 ). Such ligand–
receptor interaction facilitates the exit of T cells from the circulation and into the 
skin. Hence, early clinical stages of CTCL are limited to the epidermis with infi l-
trates building up particularly along the basal layer and adjacent to Langerhans cells 
(Wollina  2012 ).  
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17.2     Diagnosis 

17.2.1     Mycosis Fungoides 

 Mycosis fungoides (MF) is considered as the prototype of CTCL and is  characterised 
by formation of three distinct cutaneous lesions, which are classifi ed as patches, 
plaques and tumours. Patches are highly variable and there are islands of uninvolved 
skin between the patches. They can give rise to plaques forming palpable reddish- 
brown skin lesions (Wollina  2012 ). Patches and plaques have an asymmetric distri-
bution involving the breasts, axillae, groin, lower trunk and the buttocks 
(Diamandidou et al.  1996 ). In the later stages of MF, there is deeper infi ltration of 
malignant CD4 +  T helper cells into the dermis and plaques can be followed by the 
development of tumours characterised by protruding, ulcerative lesions 
(Diamandidou et al.  1996 ). However, patients commonly have patch, plaque and 
tumour lesions on different parts of the body simultaneously (Diamandidou et al. 
 1996 ). Such skin lesions disrupt the normal skin barrier leading to opportunistic 
infections (Beyer et al.  2011 ). Infectious complications are considered to be a sig-
nifi cant cause of morbidity and mortality (Dummer et al.  2000 ). These skin lesions 
are accompanied by physical symptoms such as pain and intense pruritus and as a 
result, MF patients often experience sleep deprivation and limitation in daily tasks 
causing detrimental effects on the patient’s social and emotional well-being 
(Demierre et al.  2006 ).  

17.2.2     Sézary Syndrome 

 Sézary syndrome (SS) is a more aggressive form of CTCL that is characterised by 
circulating, atypical, malignant T lymphocytes with cerebriform nuclei called 
Sézary cells (Willemze et al.  2005 ). It can occur as a progression of MF but can 
also occur de novo (Kavanaugh et al.  2010 ). It leads to lymphadenopathy, erythro-
derma, and the presence of malignantly proliferating T lymphocytes in the skin, 
lymph nodes and peripheral blood (Willemze et al.  2005 ). The fundamental differ-
ence between MF and SS lies in the putative cell of origin. T cells in MF resemble 
effector memory T cells (T EM ), which form a persistent population of skin-resident 
T cells (Clark et al.  2006 ). In contrast, T cells in SS resemble central memory T 
cells (T CM ) expressing CCR7 and L-selectin, which are required for lymph node 
homing and circulation in the peripheral blood (Campbell  2010 ). Such difference 
is responsible for the distinct clinical behaviour of the two subtypes, where T EM  
derived MF has skin-resident T cells that are unable to circulate in peripheral blood, 
remaining fi xed within the skin (Campbell  2010 ). T CM -derived SS has long-lived T 
cells resistant to apoptosis in all of the peripheral blood, lymph node and skin 
(Campbell  2010 ).   

17 Combination Therapy for Cancer: Phototherapy and HDAC Inhibition



448

17.3     Clinical Staging and Prognosis of MF and SS 

 MF and SS are commonly staged based on a tumour–node–metastasis–blood (TNMB) 
classifi cation, which was recently modifi ed by the International Society for Cutaneous 
Lymphomas/EORTC (Table  17.1 ) (Olsen et al.  2008 ; Bunn and Lamberg  1979 ). 
TNMB classifi cation involves examining the level of skin involvement and the level 
of lymph node or visceral involvement (de Coninck et al.  2001 ). In stage IA CTCL, 
less than 10 % of the skin’s surface is covered with plaques or patches. When it 
advances into stage IB, 10 % or more of the skin’s surface is covered with plaques or 
patches. Stage IIA CTCL is characterised by the enlargement of lymph nodes. Stage 
IIB differs only in the presence of cutaneous tumours. Stage III CTCL is character-
ised by reddening of the majority of the skin and the presence of cutaneous lesions, 
which have not yet spread to lymph nodes. Cancer is spread to the lymph nodes and 
to other organs in stages IVA and IVB, respectively (Kavanaugh et al.  2010 ). The 
most commonly affected organs in metastasis are the lungs, the spleen, and the liver 
(Lansigan et al.  2008 ). MF patients with patch-plaque stage (stages IA, IB and IIA) 
have a survival of >12 years and those with mid-grade tumours or erythroderma have 
a median survival of approximately 4 years (Sausville et al.  1988 ). However, for 
patients with stage IV, who have lymph node or visceral involvement, the median 
survival is less than 3 years (Dummer et al.  2000 ). Similarly, SS patients have a 
median survival of less than 3 years (Demierre et al.  2003 ; Vonderheid et al.  2002 ).

   Table 17.1    Different stages of cutaneous T cell lymphoma based on a tumour–node–metastasis–
blood classifi cation (Olsen et al.  2008 )       

T1: Limited patch
and plaque

T2: Generalised
patch and plaque

T3: Mid-grade 
Tumour

T4: Erythroderma

N0: No clinical 
involvement of 
lymph nodes

IA IB

IIB

IIIA

N1: Enlargement 
of lymph nodes, 
but no histological 
involvement (N1)

IIA IIIB

N2-3: Enlargement
and histological 
involvement of 
lymph nodes

IVA

M1: Visceral
involvement

IVB

N: node;  T: tumour;  M: metastases.
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17.4        Treatment Overview 

 Currently, there are no curative therapies available for CTCL. This has severe 
 consequences for patients with advanced-stage disease as CTCL is a relatively 
benign disease in its early stages but once it progresses to tumour and lymph-node 
involvement stages, survival rates decrease dramatically (Kim et al.  2003 ). The cur-
rent therapeutic goals are, therefore, to prevent progression from early-stage dis-
ease, in which survival rates are good, to advanced-stage disease, which has a poor 
prognosis (Stadler  2007 ). Also, therapies should aim to minimise cytotoxic effects 
against normal lymphocytes and hence, to maintain long-term treatment tolerability 
(Hymes  2010 ; Stadler  2007 ). Such goals are considered to be best achieved using 
stage- adapted therapy on preventing disease progression while minimising 
treatment- related toxicity (Stadler  2007 ). Classifi cation of different stages of CTCL 
has allowed for the development of stage-adapted therapy, which is crucial in mini-
mising the adverse effects of various treatment options. Decisions on the treatment 
offered to each patient are determined by their clinical stage of the disease, the use 
of previous therapies, availability and side-effect profi le of the treatment, and patient 
quality of life (Lansigan and Foss  2010 ; Zain et al.  2010 ). 

 The aim of this chapter is to outline treatment algorithms according to disease 
stage (Table  17.2 ) and to discuss in detail various skin-directed (Table  17.3 ) and 
systemic therapies (Table  17.4 ) currently available for the treatment of CTCL. 
Early-stage CTCL has limited skin involvement and the use of early aggressive 
therapy for CTCL was shown to provide no survival advantage. Hence, patients 
with early-stage CTCL are given skin-directed therapies as the initial management 
(Lansigan et al.  2008 ). Currently available skin-directed therapies include topical 
corticosteroids (Lansigan and Foss  2010 ), nitrogen mustard (Apisarnthanarax et al. 
 2002 ), psoralen and ultraviolet A (PUVA) radiation therapy (Breuckmann et al. 
 2004 ) and broad and narrowband ultraviolet B (NB-UVB) radiation therapy 

   Table 17.2    Treatment options according to disease stage (Lansigan and Foss  2010 )   

 Disease stage  Manifestation  Treatment algorithms 

 Early  IA: <10 % BSA patch-plaque stage (T1)  Skin-directed therapy 
 IB: ≥10 % BSA patch-plaque stage (T2)  Skin-directed 

therapy ± biological therapy 
 IIA: T1–T2, enlargement of nodes but 

no histological involvement 
 Skin-directed 

therapy ± biological therapy 
 Intermediate  IIB: Cutaneous tumours (T3)  Skin-directed 

therapy + biological therapy 
 III: Erythroderma (T4)  Systemic therapy ± skin- directed 

therapy 
 IVA: T1–T4, enlargement of nodes with 

histological involvement 
 Systemic therapy + skin- directed 

therapy 
 Advanced  IVB: T1–T4, visceral involvement  Systemic therapy + skin- directed 

therapy 

   BSA  body surface area,  T  tumour  
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   Table 17.3    Skin-directed therapies for the treatment of early and intermediate stage CTCL   

 Agent  Mechanism of action  References 

 Topical corticosteroids  Induction of direct 
apoptosis of T cells 

 Kaye et al. ( 1989 ), Zackheim et al. 
( 1998 ), Pitzalis et al. ( 1997 ), 
Diederen et al. ( 2003 )  Decreases the number of 

Langerhan’s cells 
 Topical methchlorethamine 

(nitrogen mustard) 
 0.01 or 0.02 % aqueous 

solution or ointment 
induce direct cytotoxic 
effect 

 Apisarnthanarax et al. ( 2002 ), 
Huber et al. ( 2006 ) 

 Topical bexarotene  Induction of apoptosis of 
malignant T cells 

 Apisarnthanarax et al. ( 2002 ), 
Breneman et al. ( 2002 ) 

 Phototherapy  Orally administered 
psoralen is absorbed by 
epidermal cells, which 
then gets photo-
activated upon exposure 
to UVA radiation 
forming DNA adducts 

 Pothiawala et al. ( 2010 ), Arbiser 
et al. ( 2006 ), Clark et al. 
( 2000 ), Knobler ( 2004 ), 
Wollina ( 2012 ), Whittaker and 
Foss ( 2007 ) 

 Psoralen + UVA  More effective for thicker 
plaques than UVB 

 Broadband UVB  Does not require ingestion 
of psoralen 

 Cimino et al. ( 1985 ), Duhovic et al. 
( 2012 ), Zarebska ( 1994 ), 
Osella-Abate et al. ( 2001 ), 
Hönigsmann et al. ( 1984 ), 
Introcaso et al. ( 2008 ) 

 Narrowband UVB  Used for thinner plaques 

 External beam radiation  Dose ranging from 10 to 
30 cGy 

 Akilov et al. ( 2012 ) 

 Provide effective palliative 
therapy 

   UVA  ultraviolet A,  UVB  ultraviolet B,  DNA  deoxyribonucleic acid  

   Table 17.4    Systemic therapies for the treatment of late-stage CTCL   

 Agent  Mechanism of action  References 

 Extracorporeal 
photopheresis 

 Induction of apoptosis of malignant 
T cells; conversion of blood 
monocytes to dendritic cells; 
induction of anti-tumour CD8 +  
T-cell response 

 Introcaso et al. ( 2008 ), Knobler 
and Girardi ( 2001 ), Chiesa 
Fuxench ( 2010 ), Berger 
et al. ( 2001 ) 

 Retinoids (e.g. 
bexarotene) 

 Induction of apoptosis by decreasing 
surviving and activating 
caspase-3 

 Vittorio et al. ( 2001 ) 

 Denileukin diftitox  Infusional toxin combined with 
diphtheria toxin that binds to 
IL-2R (CD25) 

 Foss et al. ( 2001 ), Olsen et al. 
( 2001 ) 

 Vorinostat (SAHA)  Histone deacetylase inhibitor  Kavanaugh et al. ( 2010 ), Zain 
and O’Connor ( 2010 ), 
Grant et al. ( 2007 ) 

 Romidepsin  Histone deacetylase inhibitor  Kavanaugh et al. ( 2010 ) 
 Alematuzemab 

(monoclonal 
antibodies) 

 Target CD52 on malignant T cells  Lundin et al. ( 2003 ) 

 IFN-α, -γ  Modulation of immune response   

   SAHA  suberoylanilide hydroxamic acid,  IL  interleukin,  IFN  interferon  
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(Resnik and Vonderheid  1993 ; Clark et al.  2000 ). Skin-directed therapies produce 
long-term responses and complete response rates of approximately 60 %, together 
with limited toxicity (Zackheim et al.  1998 ).

     In contrast, although systemic therapies produce rapid responses and are asso-
ciated with high response rates, they are reserved for patients with advanced 
 disease or progressive disease due to the associated toxicities (Hymes  2007 ). 
Currently available systemic therapies include retinoids such as bexarotene 
(Breneman et al.  2002 ), interferons (IFNs) (Vittorio et al.  2001 ), histone deacety-
lase (HDAC)  inhibitors (Kavanaugh et al.  2010 ), ECP (Zic  2012 ) and denileukin 
diftitox (Foss et al.  2001 ). 

 Various treatment modalities are employed as combination therapy, such as ECP, 
IFN and bexarotene for improved response rates (Zain et al.  2010 ). A new treatment 
modality is commonly added to an existing one if the patient shows evidence of 
disease progression. Due to synergistic effects of combination therapies, they are 
often reserved for more advanced cases but the responses to current combination 
therapies are short-lived and most patients ultimately relapse (Rosen and Foss  1995 ). 

 As a result, novel drugs that target epigenetic abnormalities associated with 
CTCL have been developed (Kavanaugh et al.  2010 ). Effects of chromatin- 
modifying compounds and their potential synergy with the most phototherapy in 
particular will be the main focus of this chapter. Such novel combination therapy 
allows specifi c targeting of biological pathways involved in the pathogenesis of 
CTCL broadening the scope of therapeutic options for the patients with late-stage 
CTCL (Zain et al.  2010 ).  

17.5     Treatment of Early-Stage CTCL 

17.5.1     Skin-Directed Therapy 

    Topical Chemotherapy 

 For early stages of CTCL (IA, IB and IIA), local treatment approaches including 
topical chemotherapy and phototherapy are highly recommended, as they present 
with disease limited to the skin without systemic involvement (Kaye et al.  1989 ). 
One example of primary therapy in stage IA disease is topical corticosteroids. They 
have demonstrated high effi cacy in the treatment of patch-stage CTCL achieving 
complete clinical remission in 25–63 % of the patients (Lansigan and Foss  2010 ; 
Zackheim et al.  1998 ). Corticosteroids block intercellular adhesion and lymphocyte 
binding to endothelium, inducing apoptosis of lymphocytes (Diederen et al.  2003 ; 
Pitzalis et al.  1997 ), they are associated with short duration of benefi t and prolonged 
administration could cause cutaneous atrophy (Zackheim et al.  1998 ). Hence, in the 
more advanced stages (clinical stage IB), corticosteroids should be applied adju-
vantly (Dummer  2003 ). 
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 Another example of topical chemotherapy commonly used for early-stage CTCL 
is mechlorethamine (nitrogen mustard), which is an alkylating agent (Apisarnthanarax 
et al.  2002 ). Nitrogen mustard is anti-cancer drug that induces cytotoxic damage to 
deoxyribonucleic acid (DNA) in malignant cells (Broch et al.  1991 ). However, 
nitrogen mustard is associated with hypersensitivity reactions but such adverse 
effects could be minimised when it is compounded into an ointment form (Huber 
et al.  2006 ). In addition, topical retinoids, such as bexarotene, is a therapeutic alter-
native for early-stage patients who have refractory or persistent disease after other 
therapies (Breneman et al.  2002 ). Bexarotene decreases proliferation of lympho-
cytes, increases differentiation and induces apoptosis. Hence, histological observa-
tions include a marked decrease of T-cell infi ltrates in skin lesions seen in the early 
stage of disease (Apisarnthanarax et al.  2002 ).  

    Phototherapy as Monotherapy 

 UV phototherapy is employed for more widespread patches and plaques (Pothiawala 
et al.  2010 ). Examples include PUVA therapy, broadband ultraviolet B (BB-UVB) 
and narrowband UVB (NB-UVB) (Pothiawala et al.  2010 ; Whittaker and Foss 
 2007 ). Ultraviolet B phototherapy was the fi rst form of phototherapy used for the 
treatment of early-stage CTCL. It interrupts the proliferation of T cells via DNA 
damage and, consequently, causes apoptosis of malignant cutaneous T cells 
(Pothiawala et al.  2010 ). BB-UVB (with a wavelength of 290–320 nm) had been 
utilised for the treatment of psoriasis since 1920s using crude coal tar (CCT) as a 
photosensitiser (Goekerman  1925 ). Combination of BB-UVB and CCT inhibits 
hyperproliferation of keratinocytes, modulates infl ammatory cytokines, eliminates 
T-lymphocytes in psoriatic skin and fi nally, inhibits angiogenesis (Lowe et al.  1982 ; 
Finch et al.  1997 ; Fiala et al.  2006 ; Arbiser et al.  2006 ). 

 NB-UVB with a wavelength of 311–312 nm is an alternative treatment option 
that has been shown effective for the treatment of early-stage CTCL in the recent 
years. Increased complete remission rates of up to 83 % have been reported with 
NB-UVB phototherapy (Clark et al.  2000 ). Also, there is evidence that NB-UVB is 
less carcinogenic than BB-UVB (Knobler  2004 ). 

 However, the effi cacy of UVB is limited to the patch stage because UVB is 
unable to penetrate the skin into the deeper dermis. UVA penetrates deeper into the 
layer than UVB and hence, PUVA is a better treatment option for patients in the 
plaque stage (Wollina  2012 ). Therefore, PUVA therapy is considered as the corner-
stone of treatment in early-stage CTCL. It involves oral administration of 
8-methoxypsoralen (8-MOP), which sensitises skin to UVA irradiation. It has a 
planar aromatic structure and hydrophobic nature that allows it to intercalate into 
DNA at alternating pyrimidine-purine sites (Cimino et al.  1985 ). When the local-
ised psoralen molecules are exposed to UVA radiation (320–400 nm), they form 
covalent interstrand cross-links with pyramidines, which are also termed as 
 photoadducts (Cimino et al.  1985 ). PUVA-induced interstrand cross-links in 
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chromosomal DNA induce an anti-proliferative effect (Yoo et al.  1996 ). Also, 
 interstrand cross-links induce  apoptosis as they interfere with DNA synthesis at 
higher doses (Duhovic et al.  2012 ). In  addition, they also react with molecular 
 oxygen producing a reactive oxygen singlet, which can damage cell membranes by 
lipid peroxidation (Zarebska  1994 ). 

 Damage in cell membranes results in various structural and functional modifi ca-
tions such as altered fl uidity, increased permeability and inactivation of cellular 
enzymes and transport proteins (Breuckmann et al.  2004 ). Such changes in the cell 
membranes have detrimental effects on the survival of the cell eventually leading 
to cell death (Pothiawala et al.  2010 ). In addition, apoptosis is induced via bcl-2 
family members and various extrinsic cell death pathways (Bladon and Taylor 
 2006 ; Osella-Abate et al.  2001 ). Several studies have confi rmed that PUVA pro-
duced high remission rates in early stage MF and have reported complete response 
in up to 71 % of patients (Hönigsmann et al.  1984 ). PUVA therapy had been sur-
veyed to be the most effective treatment option for stage IA and IB patients 
(Introcaso et al.  2008 ). 

 Consequently, extensive research has been done to extend the PUVA concept and 
a new class of UV photosensitisers has emerged. Although it is still at its preclinical 
stage, its phototoxicity has shown to be signifi cantly higher than that of PUVA 
therapy. The initial discovery was an analogue of the bisbenzimidazole, Hoechst 
33258 (Martin et al.  1990 ). It binds non-covalently to A-T rich sites of the minor 
groove of DNA (Adhikary et al.  2003 ).  Ortho -iodoHoechst, which was produced by 
iodination of Hoechst 33258 in the  ortho  position, exhibited the highest UV A - 
induced cytotoxicity in human chronic myelogenous leukaemia cells and human 
epidermoid carcinoma cells (Karagiannis et al.  2006b ). It was denoted the name 
UV A Sens and further studies proved that its photopotency was approximately 1,000- 
fold that of psoralens (Karagiannis et al.  2006a ). With 1 μm of UV A Sens, the UV A  
fl uence required to kill 90 % of the cell culture was approximately 2 J/m 2 , whereas 
for PUVA therapy, the fl uences required for comparable cell kill was approximately 
three orders of magnitude higher (Karagiannis et al.  2006a ; Procaccini et al.  1996 ).    

17.6     Treatment of Late-Stage or Refractory CTCL 

 In late-stage CTCL, especially in patients with Sézary syndrome, T-cell immunity 
is considerably weakened (Poligone and Heald  2012 ). With the advancing of the 
disease, there is a decline in the production of cytokines necessary for the activation 
and differentiation of cell-mediated immunity such as interferon-γ (IFNγ) and 
 interleukin-2 (IL-2), which are produced by T H 1 cells (Rook et al.  1993 ). The 
increased tumour burden in the advanced CTCL as well as the imbalance between 
T H 1 and T H 2 cytokines result in a signifi cant impairment of cell-mediated immunity 
(Vittorio et al.  2001 ). Therefore, immunosuppressive and cytotoxic therapies are 
used as backup therapies as they can lead to various complications and to increased 
morbidity (Poligone and Heald  2012 ). 
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17.6.1     Extracorporeal Photopheresis 

 For the advanced leukemic forms of CTCL (stage III), ECP is considered most 
effective (Introcaso et al.  2008 ). It is an extension of PUVA therapy that involves 
the extracorporeal exposure of peripheral mononuclear cells mixed with 
8- methoxypsoralen (8-MOP) to 1 or 2 J of UVA light (Vittorio et al.  2001 ). When 
the photosensitised cells are exposed to UVA irradiation ex vivo, 8-MOP is acti-
vated causing cross-linking of DNA in leukocytes and subsequently, they are 
re- infused (Knobler and Girardi  2001 ). Cross-linking of DNA induces apoptosis-
releasing tumour antigens that lead to a systemic anti-tumour response against 
the malignant T-cell clone in the patient (Chiesa Fuxench  2010 ; Vittorio et al. 
 2001 ). In addition, ECP also leads to dendritic cell differentiation, which is con-
sidered to further enhance antigen presentation and persistence of the host 
immune response (Berger et al.  2001 ).  

17.6.2     Histone Deacetylase Inhibitors 

 Most genomic DNA in eukaryotic cells is packaged around histone proteins to allow 
it to be accommodated within the nucleus (New et al.  2012 ). Approximately 146 
base pairs of DNA are wrapped around an octamer of histone proteins termed as a 
nucleosome, which consists of one H3–H4 tetramer and two H2A–H2B dimmers 
(Bentley et al.  1984 ). Nucleosomes interact with the linker histone protein H1 and 
other chromatin-associated proteins to be further compacted into chromatin (Inche 
and La Thangue  2006 ). The N-terminal tail of histones undergoes various epigene-
tic modifi cations including acetylation, methylation, phosphorylation and ubiquiti-
nation (Moniot et al.  2012 ). These post-translational modifi cations of histones form 
the “histone code”, which is read by transcription factors resulting in specifi c gene 
expression pattern required for a particular phenotype (Santini et al.  2007 ). 

 Epigenetic modifi cations, in contrast to genetic modifi cations, are reversible 
changes that are transmitted from a cell to its progeny (Santini et al.  2007 ). Abnormal 
epigenetic control appears as an early mechanism in the tumoural transformation of 
cells, which results in alterations in normal gene expression, particularly in tumour 
suppressor genes and oncogenes (Blanquart et al.  2011 ; New et al.  2012 ). These 
events are independent of alterations in the DNA sequence as they modulate gene 
expression without changing DNA sequence and without introducing any new 
genetic information (Santini et al.  2007 ). Therefore, maintaining the equilibrium of 
these reversible chromatin rearrangements is critical as many studies have shown 
that alterations of this equilibrium are frequently involved in the genesis of cancer. 

 The two best characterised chromatin-remodelling mechanisms are histone acet-
ylation and DNA methylation. These two modifi cations are interdependent and 
their equilibrium contributes to overall regulation of gene expression (Santini et al. 
 2001 ; Das and Singal  2004 ). Human DNA contains small regions of DNA called 
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“CpG islands” where CpGs are clustered together at higher frequency (Das and 
Singal  2004 ). Nearly half of all human genes have CpG islands in their 5′-promoter 
regions, which are usually unmethylated in normal tissues, regardless of the tran-
scriptional status of the gene (Santini et al.  2007 ). DNA methylation results in 
changes in chromatin structure and the consequent repression of gene transcription 
have fundamental roles during embryogenesis, differentiation, but also in cancer 
genesis (Santini et al.  2001 ; Das and Singal  2004 ). In normal cells, methylation of 
CpG islands is mediated by methyl-binding proteins, which interact with transcrip-
tion repressors, HDACs and DNA methyltransferases (DNMTs) (Santini et al. 
 2001 ; Das and Singal  2004 ). This event leads to inaccessibility of DNA to RNA 
polymerase. In cancerous cells, DNMTs are over-expressed hypermethylating CpG 
islands, which results in permanent repression of gene transcription (Santini et al. 
 2001 ; Das and Singal  2004 ). 

 Another essential epigenetic modifi cation that contributes to the equilibrium of 
gene expression is histone acetylation. Histone acetylation is regulated by the equi-
librium of two enzymes: HDACs and histone acetyltransferases (HATs), which are 
recruited locally by sequence-specifi c DNA-binding proteins, attracted to the site 
by CpG-methylated islands (Santini et al.  2007 ). They reversibly and dynamically 
alter the acetylation status of histones at multiple lysine residues in their N-terminal 
tails (Lansigan and Foss  2010 ; Khan and La Thangue  2008 ). HATs transfer acetyl 
groups to lysine residues, which leads to expansion of chromatin. This results in 
increased accessibility of regulatory proteins to the structure of DNA resulting in a 
transcriptionally active state (Bolden et al.  2006 ). In contrast, HDAC removes ace-
tyl modifi cation from lysine residues resulting in chromatin condensation and lim-
ited access of the transcription factors to DNA leading to transcriptional repression 
(Marks et al.  2000 ; Johnstone  2002 ). Chromatin condensation occurs via elimina-
tion of the charge-neutralising acetyl groups resulting in a closed chromatin struc-
ture (Fig.  17.1 ) (Kuo  1998 ).

   There has been increasing evidence of alterations in histone acetylation regula-
tory enzymes and the subsequent aberrant acetylation in cancers (Kavanaugh et al. 
 2010 ). Particularly, cancers of hematologic and epithelial origin (e.g. CTCL) have 
been associated with hypoacetylation of histones. Hypoacetylation of histones 
results in a signifi cant decrease in the expression of anti-tumour genes including 
those responsible for cell differentiation, cell-cycle control, apoptosis and tumour 
suppression (Jenuwein and Allis  2001 ; Zain and O’Connor  2010 ; Kavanaugh et al. 
 2010 ). Therefore, HDAC inhibitors were developed to reverse the epigenetic modi-
fi cations in order to correct uncontrolled proliferation and aberrant apoptotic 
 pathways in cancer cells (Jain and Odenike  2010 ; Kwa et al.  2011 ). 

 HDAC inhibitors cause the accumulation of hyperacetylated histones and this 
induces various anti-cancer effects including apoptosis, cytostasis, differentiation 
and inhibition of tumour angiogenesis (Di Gennaro et al.  2004 ; Dokmanovic and 
Marks  2005 ; Liu et al.  2006 ; Johnstone and Licht  2003 ) (Fig.  17.2 ). HDAC inhibitor 
are able to block cell proliferation and cause apoptosis by inducing cell cycle arrest 
in G1 or G2/M phase through dysregulation of proteins that mediate cell cycle pro-
gression and coordinate G1/S and G2/M transition such as cyclins and 
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cyclin- dependent kinases (Sandor et al.  2000 ; Sambucetti et al.  1999 ; Classon and 
Harlow  2002 ). In addition, HDAC inhibitors cause apoptosis by upregulating the 
expression of genes that encode for death receptors and their ligands such as Fas and 
the Apo 2L/TRAIL receptors, death receptor 4 (DR4) and DR5, and also by gener-
ating reactive oxygen species (ROS) (Peart et al.  2003 ; Ruefl i et al.  2001 ; Jones and 
Saha  2002 ; Nebbioso et al.  2005 ). Furthermore, HDAC inhibitors have been associ-
ated with antiangiogenic effects. They have been shown to upregulate angiogenesis 
inhibitors such as thrombospondin and von-Hippel Lindau factor and downregulate 
vasculogenesis promoting factors such as vascular endothelial growth factor 
(VEGF) and hypoxia-induced protein (Kim et al.  2001 ).

   HDAC inhibitors bind to the active site of specifi c classes of HDACs inhibiting 
the enzymes from removing the acetyl groups from lysine residues (Kavanaugh 
et al.  2010 ). This induces hyperacetylation of both histone and non-histone targets 
promoting a more open chromatin structure as acetyl groups reduce affi nity for 
DNA (Miller et al.  2003 ; Santini et al.  2007 ). The loosening of the histone complex 
from the DNA exposes more DNA regions to the transcriptional machinery (Santini 
et al.  2007 ). This results in an increase in the expression of genes for preventing 
carcinogenesis and tumourigenesis (Codd et al.  2009 ). HDAC inhibitors promote 
cell cycle arrest, terminal differentiation, apoptosis and/or autophagic cell death 

  Fig. 17.1    Structure of chromatin and the effect of histone acetyltransferases and histone deacety-
lases on the transcriptional activity. ( a ) Transcriptional activation through histone acetylation (Ac) 
catalysed by HATs and demethylation of DNA resulting in a relaxed confi guration of chromatin, 
which is accessible to transcription factors (TFs) and transcriptional activators (TAs). ( b ) 
Transcriptional repression through histone deacetylation catalysed by histone deacetylases and 
DNA methylation inducing a closed confi guration of chromatin, which is not accessible to tran-
scription factors and activators       
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(Minucci and Pelicci  2006 ; Richon et al.  2009 ; Vrana et al.  1999 ). They achieve this 
through upregulating the expression of pro-apoptotic factors such as Bak, Bax and 
Bim and downregulating the expression of anti-apoptotic factors such as Bcl-2, 
Bcl-XI, XIAP and Mcl-1, which were shown to play important roles in their anti- 
tumour activity (Zhang et al.  2004 ). The overriding effect of such epigenetic altera-
tions in any tumour may be cell-context dependent (Jain and Odenike  2010 ). 

 In vivo studies demonstrated that HDAC inhibitors induce tumour apoptosis at 
concentrations to which normal cells are resistant and such selective induction of 
apoptosis makes them well suited for cancer therapy (Marks and Jiang  2005 ). They 
are a structurally diverse group of compounds, which include both natural and syn-
thetic compounds (Karagiannis and El Osta  2006 ). HDAC inhibitors include the 
cyclic and non-cyclic hydroxamates (e.g. Trichostatin A (TSA), vorinostat (Zolinza ® , 
SAHA)) and cyclic peptides (depsipeptide, apicidin), benzamides and electrophilic 
ketones (Karagiannis and El Osta  2006 ). Currently, the two most potent HDAC 
inhibitors are intravenous romidepsin and oral vorinostat. They are the only two 
approved monotherapies used for the treatment of relapsed and refractory CTCLs 
(Fig.  17.3 ) (Kavanaugh et al.  2010 ). Several other HDACs are currently in clinical 
trials for CTCLs (Table  17.5 ) (Zain et al.  2010 ).

    Vorinostat increases expression of genes governing growth arrest, differentiation; 
and both caspase-dependent and caspase-independent apoptosis (Rasheed et al.  2008 ). 

  Fig. 17.2    Effects of histone deacetylase inhibition. Histone deacetylase inhibition blocks cell 
 proliferation, angiogenesis, cell differentiation and development and autophagy, indicated by  red 
lines . In contrast, it favours apoptosis, indicated by the  green arrow        
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In vitro studies have an accumulation of acetylated histones H2B, H3 and H4 in 
both normal and tumour cells, inducing increased expression of death receptor 5, 
tumour necrosis factor and the cell cycle arrest inducer, p21(Zain and O’Connor 
 2010 ; Rasheed et al.  2008 ). This results in inhibition of cell    cycle progression is 
inhibited and selective apoptosis in the malignant CTCL cell lines (Grant et al. 
 2007 ). Cell cycle is arrested in G2 phase as p21 binds to and inactivates cyclin- 
dependent kinase 2. Vorinostat treatment was associated with a signifi cant decrease 
in the level of dermal and epidermal lymphocytes (Duvic et al.  2007 ). In addition, 
vorinostat was shown to downregulate expression of VEGF, which controls angio-
genesis, a critical component for cancer growth and metastasis (Heider et al.  2006 ). 
Furthermore, studies have shown that CTCL cells have an abnormally high expres-
sion of anti-apoptotic protein Bcl-2 possibly increasing their survival and resistance 
against various therapies (Osella Abate et al.  2001 ; Zhang et al.  2002 ; Breuckmann 
et al.  2002 ). Vorinostat has shown to correct this imbalance between expression of 
Bcl-2 and pro-apoptotic protein Bax and promote activation of caspase-3 pathway 
resulting in increased apoptosis (Zhang et al.  2005 ). Response to vorinostat was also 

  Fig. 17.3    Chemical structures of the two approved histone deacetylase inhibitors: ( a ) Romidepsin; 
( b ) Vorinostat       

   Table 17.5    Histone deacetylase inhibitors currently being evaluated for cutaneous T cell 
lymphoma   

 Chemical structure  Compound 
 Phase of 
clinical trials 

 FDA approval 
status for CTCL  References 

 Hydroxamic acid  Vorinostat  Phase I, II, III  Approved in 2006  Olsen et al. ( 2007 ) 
 Belinostat  Phase I, II  Not approved  Carew et al. ( 2008 ) 
 Panobinostat  Phase I, II  Not approved  Duvic et al. ( 2013 ) 
 Givinostat  Phase I, II  Not approved  Galli et al. ( 2010 ) 

 Cyclic peptide  Romidepsin  Phase I, II  Approved in 2009  Piekarz et al. ( 2009 ) 
 Benzamide  Entinostat  Phase I, II  Not approved  Egger et al. ( 2004 ) 
 Short-chain fatty 

acids 
 Valproic acid  Phase I, II  Not approved  Dokmanovic et al. 

( 2007 ) 
 Phenyl butyrate  Phase I, II  Not approved  Xu et al. ( 2007 ) 

   CTCL  cutaneous T cell lymphoma,  FDA  Food and Drug Administration  

 

J.J. Sung and T.C. Karagiannis



459

associated with a signifi cant increase in the level of the antiangiogenic protein 
TSP-1 and a decrease in microvessel density in patients’ skin lesions (Duvic et al. 
 2007 ). Vorinostat produced objective clinical and symptomatic relief with meaning-
ful duration in patients with advanced, refractory CTCLs (Duvic et al.  2007 ). 
Consequently, vorinostat was approved by the United States Food and Drug 
Administration (FDA) in 2006 for patients who have progressive, persistent or 
recurrent CTCL following two prior systemic treatments (Marks and Breslow  2007 ; 
Mann et al.  2007 ). 

 Romidepsin (Istodax ® ) is a cyclic peptide, which is a natural product obtained 
from  Chromobacterium violaceum  (Shiozawa et al.  2009 ). It has been reported to 
show anti-proliferative and apoptotic effects in various malignant cells and hence, is 
used as a broad-spectrum, intravenously administered HDAC inhibitor (Jain and 
Odenike  2010 ). Its mechanism of action includes the activation of caspase 3 and 9 
and the downregulation of Bcl-2 and Bcl-xl (Shiozawa et al.  2009 ). It is a prodrug 
that is reduced to the active compound when it enters cells (Furumai et al.  2002 ). 
Early in vitro studies demonstrated that romidepsin induces signifi cant apoptosis in 
the HUT78 human CTCL cell line. Romidepsin also causes accumulation of highly 
acetylated histones within cells, which results in cell cycle arrest in G1 and G2/M, 
differentiation, morphologic reversion and/or apoptosis of transformed cells (Ueda 
et al.  1994 ; Aron et al.  2003 ; Klisovic et al.  2003 ; Yang et al.  2007 ) Like vorinostat, 
romidepsin is associated with increased expression of p21 (Piekarz et al.  2001 ). 
Phase I trials revealed that romidepsin is particularly effective for patients who had 
refractory Sézary syndrome (Piekarz et al.  2001 ). A rapid decline in the number of 
Sézary cells was reported as well as signifi cant improvement in skin erythema and 
oedema (Piekarz et al.  2001 ). Romidepsin was also approved by FDA in 2009 for 
CTCL patients who have received at least one prior systemic therapy (Lyseng 
Williamson and Yang  2012 ). One potential advantage with vorinostat over romidep-
sin may be the convenience associated with oral administration as vorinostat is 
orally bioavailable (Jain and Odenike  2010 ).  

17.6.3     Combination Therapy 

 Currently, there is no single agent available that is potent enough to control CTCL 
(Stadler  2007 ). Overall response rates to monotherapies are only about 50–60 % 
(Stadler  2007 ). Even PUVA therapy, which is the most commonly employed mono-
therapy for MF, had the recurrence rate of 32 % over a median follow-up of 94 
months (Querfeld et al.  2005 ). Combinations of monotherapies with different mech-
anisms may increase patients’ response rates (Stadler  2007 ). Also, combining thera-
pies may reduce doses that the each monotherapy is given at, minimising the toxicity 
of each individual treatment (Stadler  2007 ). Furthermore, decreased risks of the 
progression of disease to extracutaneous T-cell lymphoma involvement have been 
associated with combination therapy (Duvic  2007 ). Therefore, combination therapy 
has potential to consolidate remission and allow a long-term treatment with an 
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acceptable side-effect profi le (Stadler  2007 ). As there are no curative therapies for 
CTCL available currently, long-term treatment with appropriate treatment combina-
tions is mandatory to maintain recurrence-free survival (Stadler  2007 ). 

 The most common treatment combinations for the treatment of CTCL in the 
widespread patch-plaque phase are PUVA with either bexarotene gel (retinoid) or 
IFNα, although PUVA is also used with other retinoid compounds and denileukin 
diftitox (Stadler  2007 ). Bexarotene gel is a retinoid that are known to increase Th1 
cytokines and IFNα (Vittorio et al.  2001 ). CTCL is characterised by a shift in cyto-
kine profi les from Th1- to Th2-dominating, and hence retinoids are able to correct 
the imbalance between Th1 and Th2 cytokines (Stadler and Kremer  2006 ; Stadler 
 1998 ). IFNα is known to inhibit proliferation of malignant T cells in response to 
growth stimulatory factors. The response rates were higher in patients who received 
the combination therapy compared with patients who received PUVA alone (Stadler 
et al.  1998 ). Also, the cumulative treatment dose    of UVA was signifi cantly lower for 
the combination therapy and consequently, it toxicity which enables it to be used as 
long-term treatment (Stadler et al.  1998 ). In addition, the recurrence-free time was 
about 60 weeks longer for PUVA plus IFNα compared with PUVA alone (Stadler 
et al.  1998 ). Another commonly used treatment combination for early-stage CTCL 
is bexarotene and denileukin diftitox (Gorgun and Foss  2002 ). They act synergisti-
cally as the immunomodulatory capacity of bexarotene (retinoid) upregulates the 
expression of the high-affi nity IL-2 receptor and, hence, increase susceptibility to 
denileukin diftitox (Gorgun and Foss  2002 ).  

17.6.4     Phototherapy in Combination with HDACi 

 HDAC inhibitors have the capacity to trigger the intrinsic and extrinsic apoptotic 
pathways that enables them to lower the apoptotic threshold in malignant cells. 
Thus, the malignant cells are made more susceptible to cytotoxic agents during 
combination therapy (Ma et al.  2009 ). Such combination therapy would be particu-
larly effective against the cancer cells that are chemoresistant (Kwa et al.  2011 ). 
However, not all drug combinations involving HDAC inhibitors enhance anti-
tumour activity. For example, the combination of vorinostat and the anti- leukaemic 
DNA-damaging drug cytarabine has shown to act antagonistically (Shiozawa et al. 
 2009 ). Vorinostat induces the G 1 /G 2  cell cycle arrest reducing the availability of S 
phase cells for cytarabine to work, thereby limiting the DNA- damaging effects 
(Shiozawa et al.  2009 ). 

 Recently, the potential synergy of HDAC inhibitors and phototherapy has been 
attracting attention (Santini et al.  2007 ). In particular, HDAC inhibitor sodium 
butyrate (SB) was shown to augment radiosensitivity in cancer cells by downregu-
lating the expression of double-strand breaks repair proteins, especially non- 
homologous end rejoining-related (NHEJ) proteins (Munshi et al.  2005 ; Munshi et al. 
 2006 ). In addition, SB was shown to enhance the cytotoxic effects of PUVA therapy 
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in several cancer cell lines, including skin melanoma (Toyooka and Ibuki  2009 ). 
Compared to a single treatment with PUVA or SB, combined treatment with SB and 
PUVA induced much more apoptosis in cancer cells within 24 h (Toyooka and Ibuki 
 2009 ). Pretreatment with SB signifi cantly reduced the number of double- strand 
breaks that normally form as intermediates during the repair of PUVA- induced 
interstrand cross-links in chromosomal DNA (Toyooka and Ibuki  2009 ). Disruption 
of the nucleotide excision repair resulted in the accumulation of interstrand cross-
links in cancer cells, which blocked replication and eventually cell death (Toyooka 
and Ibuki  2009 ). 

 In addition, the ability of vorinostat to induce an open chromatin conformation 
allows UVA radiation to cause increased numbers of double-strand breaks (Rodd 
et al.  2012 ). The loosening of the chromatin structure leads to an increase in the 
number of susceptible sites for free radicals to cause DNA damage (Cadet et al. 
 2005 ). Recently, investigated the effect of pre-incubation with vorinostat on hae-
matological cell lines, which were photosensitised by UV A Sens followed by expo-
sure to UVA radiation (Rodd et al.  2012 ). The resultant DNA double-strand breaks 
were analysed with γH2AX immunofl uorescence assays. While they exist as by-
products of various normal endogenous processes, they are also formed as a conse-
quence of exogenous insults including ionising radiation ultraviolet rays, oxidative 
stress and chemical agents (Mah et al.  2010 ). Upon induction of a double-strand 
break, the histone variant H2AX on the Ser-139 residue becomes phosphorylated, 
resulting in discrete foci at the site of damage. Thus, γH2AX formation is a rapid 
and accurate cellular marker to the presence of DNA double-strand breaks (Dickey 
et al.  2009 ). The accumulation of γH2AX foci was shown to be the greatest in cells 
that received both UV A Sens/UVA radiation and vorinostat treatment (Rodd et al. 
 2012 ). Such prolonged expression of γH2AX foci indicates a decrease in the rate of 
repair of radiation-induced DNA double-strand breaks (Munshi et al.  2006 ). In 
addition to the inhibition of the DNA repair pathway, vorinostat is known to induce 
a signifi cant increase in apoptosis (Dong et al.  2008 ). It induces apoptosis via 
mechanisms such as the activation of the intrinsic death pathway resulting in cas-
pase-dependent cell death (Dong et al.  2008 ; Amin et al.  2001 ; Rodd et al.  2012 ). 
Such fi ndings indicate that vorinostat attenuates the cytotoxic effects of UV A Sens/
UVA radiation phototherapy further highlighting the synergistic therapeutic poten-
tial for combination therapy involving HDAC inhibitor and phototherapy (Rodd 
et al.  2012 ). 

 In vivo treatment with romidepsin has been shown to upregulate the expression 
of IL-2 receptor, which is the target for denileukin diftitox (ONTAK ® ). Denileukin 
diftitox is a fusion molecule of IL-2 to diphtheria toxin, which targets the CD25 
subunit of the IL-2 receptor resulting in a delivery of the toxin to CD-25 bearing 
T-cells (Foss et al.  2001 ; Olsen et al.  2001 ; Lansigan et al.  2010 ). By upregulating 
the expression of IL-2 receptors, romidepsin treatment increases the sensitivity of 
the cells to denileukin diftitox with a synergistic increase in apoptosis. Such combi-
nation of drugs is another potential combination therapy that may be developed for 
increased therapeutic effi cacy.   
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17.7     Conclusion 

 Although there is no curative therapy for CTCL yet, there is a myriad of distinct 
therapeutic options available for different forms of CTCL. Hence, it is of crucial 
importance that the patient is diagnosed with the correct subset of CTCL commonly 
by using the TNM staging system. An accurate staging of the disease and stratifying 
risks are then to be followed by a careful selection of therapy tailored for the patient. 
Therapies are commonly divided into skin-directed and systemic therapies, which 
are used for the management of the localised and widespread disease, respectively. 
These treatment modalities may be used as a monotherapy or as a multi-modal com-
bination therapy. Various therapies are combined in order to produce higher overall 
response rates. In addition, low-dose combination therapy can possibly minimise 
the toxicity of each individual treatment allowing good long-term treatment tolera-
bility for the patients. In particular, synergistic actions of HDAC inhibitors and pho-
totherapy have highlighted the potential for another novel combination therapy for 
the treatment of CTCL. HDAC inhibitors acetylate the core histone protein increas-
ing DNA accessibility, which promotes the formation of UV-induced interstrand 
cross-links (photoadducts). These photoadducts accumulate causing increased 
DNA double-strand breaks and consequently, activating various apoptotic path-
ways. In addition, downregulation of the expression of various DNA repair proteins 
by HDAC inhibitors result in suppression of the DNA repair capacity of CTCL 
cells, exacerbating the DNA damage. Therefore, future studies should further 
explore the potential of this combination therapy. The potential of a combination 
therapy may be assessed by its capacity to minimise risks, maximise response and 
to improve the quality of life in CTCL patients.     
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    Abstract     The rapidly evolving and expanding discipline of nanotechnology, 
 coupled with the continuous advancements in the understanding of cancer biology 
is a highly promising basis for cancer therapeutic research. Current clinical manage-
ment strategies, including chemotherapy and radiotherapy fail to adequately treat 
malignancies in a subset of patients with advanced or severe forms of cancer. 
Multivariable dose-limiting factors, such as systemic toxicity and multi-drug resis-
tance limit therapeutic benefi t, quality of life, and complete long-term remission 
rates. The ability to deliver therapeutic compounds to the tumour site is thus an 
attractive area of research, with nanoparticle systems exhibiting the most promise. 
Formulation of a nanoparticle drug delivery platform that possesses the ideal prop-
erties for effective cancer-targeting requires the optimisation and characterisation of 
different materials at the nano-scale. Despite advancements, translation of this sys-
tem to become clinically-relevant has proven to be diffi cult, with only six anticancer 
nanoparticle drug delivery systems FDA-approved. Numerous formulations are cur-
rently in clinical trials, demonstrating the theoretical relevance and potential in can-
cer treatment. The ability to modulate the surface chemistry of nanoparticles with 
relative ease provides rationale for their use in targeting strategies. Rapid clearance 
of untargeted nanoparticles also demonstrates the requirement to functionalise drug 
carriers in order to increase their time in systemic circulation, and enhance drug 
bioavailability. Cancer targeting strategies involve both passive and active 
 mechanisms. The tumour microenvironment possesses distinct characteristics as 
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compared to normal tissue, which may be exploited for passive targeting. Utilisation 
of knowledge at the molecular level, including distinct differences in gene transcrip-
tion and the expression of receptors between cancer and normal cells, allows for the 
active targeting of malignancies. Through the conjugation of a relevant moiety to 
the nanoparticle surface, cancer cells with an upregulation of the corresponding 
receptor exhibit high binding affi nities allowing for cellular uptake, and subsequent 
drug release. Further research is required for such systems to become clinically- 
relevant; however with continued advancements in both nanoparticles theory and 
the understanding of cancer biology, the limitations observed in current manage-
ment strategies may be overcome.  

  Keywords     Nanoparticles   •   Nanomedicine   •   Drug-delivery   •   Liposomal drug  carrier   
•   Solid–lipid nanoparticles   •   Polymeric nanoparticles   •   Cancer therapy  

18.1         Introduction 

 Cancer is a highly heterogeneous and complex disease that encompasses a group of 
disorders characterised by multiple genetic-, epigenetic- and environmentally- 
induced modifi cations to cellular components causing continuous indefi nite growth 
(Feinberg et al.  2006 ). As the leading cause of death worldwide, cancer remains a 
heavy burden on health-care systems with incidence rates continuing to rise. By the 
year 2020, it is projected that over 15 million cancer cases will be reported (Jemal 
et al.  2011 ;    Boyle and Levin  2008 ). Despite advances in the understanding of 
 cancer biology, translation to clinically-relevant applications have proven to be dif-
fi cult. A number of factors are attributable to this, including the diffi culty in devel-
oping early diagnostic tools, the inability to effectively contain/and or treat 
metastatic growth, and the limitation of current treatment to selectively treat cancer 
cells with marginal effects on its surrounding healthy tissue (Tannock  1998 ; Peer 
et al.  2007 ). 

 The rapidly evolving and expanding discipline of nanotechnology is a science of 
engineering material and systems on a molecular scale. Due to their unique size- 
dependent physical and chemical properties (Whitesides  2003 ), and the exploitable 
nature of each property, development of functional nanoparticles may be designed 
for a range of applications. In cancer biology, nanoparticles theory is expected to be 
useful for various therapeutic and diagnostic strategies, with nanoparticles in the 
size range of 1–200 nm demonstrating important and often unique interactions with 
biological systems (Wen et al.  2008 ). Current limitations in the clinical management 
of cancer have caused an intense interest in refi ning treatment for the effective and 
targeted delivery of anti-cancer drugs, with nanoparticle drug delivery systems the 
most promising platform to date. Although progress has been made with the approval 
of six nano-based cancer medicines worldwide (Schütz et al.  2013 ), research 
requires the development of new materials by engineering molecules at the nanoscale 
which will interact with tumour cells and/or diseased tissues (Koutsopoulos  2012 ). 
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By focusing on the use of nanoparticles in the treatment of cancer, this  chapter 
 highlights the potential of nanomedicine, and provides rationale to continue research 
in this highly promising fi eld.  

18.2     Current Clinically-Relevant Cancer Therapy 

 Conventional treatment options, including surgical excision of cancerous tissue, 
radiotherapy, and chemotherapy have their own limitations (Jabir et al.  2012 ). 
Surgery may not be applied for all types of cancers, with the possibility of complete 
organ loss, healthy and functional tissue excision and cancer reoccurrence. 
Radiotherapy and chemotherapy aim to destroy cancerous tissue, however due to 
lack of specifi city, insuffi cient concentrations of drug or radiation administered at 
tumour site, unwanted systemic distribution leading to nonspecifi c toxicity and 
other dose-related side effects, limitations in effi cacy especially in advanced stages 
of cancer are observed (Peer et al.  2007 ). Although these therapeutic platforms con-
fer with good disease-free survival, this is only for a limited period of time with 
systemic toxicity and drug resistance confi ning their utility to early-stage and non- 
metastatic cancers. 

 Current research emphasises the requirement to develop tumour-specifi c and 
-targeting therapeutics in order to enhance effi cacy, limit unwanted adverse effects 
and overcome drug resistance. Utilising knowledge of cancer pathogenesis at the 
molecular scale, a number of targeted drugs are FDA-approved for clinical use, 
including rituximab, imatinib, lapatinib, and cetuximib (Sikora  2002 ). Although 
they have the capacity to target malignant cells or modulate the tumour microenvi-
ronment and limit toxic effects in healthy tissue, drug resistance is common and a 
positive response to treatment, based on cancer-type, -stage, and -molecular pro-
gression, may only be observed in a subset of patients. Thus, there is scope to 
develop new agents or site-specifi c delivery systems for the administration of cyto-
toxic and anti-cancer therapeutics in order to overcome current limitations.  

18.3     The Signifi cance of Nanotechnology 
in Medicine and Cancer 

 The use of nanotechnology in medicine, coupled with the continued advancement 
in the understanding of human disease, has become the proposed basis in a number 
of therapeutic and diagnostic applications. Immense potential in the enhanced deliv-
ery of anticancer therapeutics to cancer cells and/or to the tumour microenviron-
ment provides rationale to continue such research, and has the capacity to transform 
its clinical management in the future. 

 Nanoparticle drug delivery systems have the ability to deliver high concentra-
tions of therapeutic or diagnostic compound with up to a 100-fold increase, to the 
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tumour site as compared to free drug (Peer and Margalit  2006 ). This property may 
be attributed to their small size, and surface functionalisation causing a decrease in 
systemic toxicity, maximised bioavailability, and modifi cation of drug pharmacoki-
netics (Suri et al.  2007 ). A number of advantages for the use of such a system for the 
delivery of chemotherapeutic and other cancer therapeutics have been reported 
(Jabir et al.  2012 ). Drug-incorporated nanoparticles generally have a safety profi le 
that is superior to that of free anticancer agents in healthy cells. They aim to over-
come the lack of selectivity of anticancer drugs with the ability to target malignant 
cells and increase site-specifi c effi cacy, while reducing toxicity in healthy tissue. 
Furthermore, limitations currently observed in current treatment options involving 
multiple drug resistance (MDR) in more advanced stages and/or serious cases of 
cancer and the inability to treat metastasis may be overcome with nanoparticle- 
based drug delivery systems (Ali et al.  2011 ). Due to their low aqueous solubility, 
administration of most anticancer drugs results in reduced bioavailability and effi -
cacy, with higher interpatient variability (Jabir et al.  2012 ). Encapsulation of these 
drugs in nanoparticles engineered with soluble properties, allow for the administra-
tion of higher concentrations of compound to the site of disease limiting the phar-
macokinetic infl uence of its innate insolubility.  

18.4     Strategies for the Formulation of a Nanoparticle 
Drug Delivery System in Cancer 

 Formulation of a nanoparticle drug delivery system that possesses ideal properties, 
requires the optimisation and characterisation of different materials that may be 
manipulated at the nano-scale. The most researched for the application in cancer 
include polymeric, liposomal, solid–lipid, organic, and inorganic nanoparticles. 
Figure  18.1  provides an illustrated summary of these different nanoparticle systems, 
with a focus on those important in cancer therapeutic strategies.

18.4.1       Polymeric Nanoparticles as a Drug-Delivery System 

 Engineered from biocompatible and biodegradable polymers, such as chitosan 
(naturally- derived) and poly(lactic co-glycolic acid) (PLGA), polymeric nanopar-
ticles are commonly formulated drug carriers (Calvo et al.  1997 ; Hrkach et al. 
 1997 ; El Samaligy and Rohdewald  1983 ). Delivery of anticancer agents with 
nanoparticles enhance effi cacy, reduce toxicity, control release, prolong bioactiv-
ity, increase patient compliance, and co-deliver multiple drugs with synergistic 
effects at the same site (Brewer et al.  2011 ). The ability to manipulate their physi-
cochemical and biological properties with relative ease makes them ideal for this 
 application. Polymeric nanoparticles have been formulated to encapsulate either 
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hydrophilic or hydrophobic small drug molecules, as well as proteins and nucleic 
acids (Nitta and Numata  2013 ). They are routinely prepared with the pairing of 
poly(ethylene glycol) (PEG) with the polymer in order to avoid immune recogni-
tion and premature opsonisation (Jain and Jain  2008 ). PEG inhibits binding of 
plasma proteins to the surface of the polymeric nanoparticles, which provides pro-
longed systemic circulation, and the opportunity to reach disease site (Gabizon 
 2001 ; Otsuka et al.  2003 ; Gref et al.  2000 ; Cheng et al.  2007 ; Veronese and Pasut 
 2005 ). The release of drug, through surface erosion or diffusion in response to the 
local environment may be controlled through the functionalisation of the nanopar-
ticle surface (Moses et al.  2003 ). The key limitation in the formulation of such 
nanoparticles is the intrinsic structural heterogeneity of polymers (Peer et al.  2007 ). 
Numerous polymeric nanoparticles for the delivery of cancer therapeutics are cur-
rently in preclinical and clinical investigation (Moses et al.  2003 ; Farokhzad and 
Langer  2006 ; LaVan et al.  2003 ).  

  Fig. 18.1    Summary of general anti-cancer drug delivery systems approved for use in the treatment 
of cancer, and/or currently in human clinical trials. Each formulation is engineered from different 
material/s in order to encapsulate a chemotherapeutic drug. Design is determined by the nature of 
the intended drug, the nature of the nanomaterial and its subsequent characteristics, and the nature 
of the biological interaction between drug carrier and its cellular target. The following carriers 
possess properties unique to the material; liposome, solid–lipid nanoparticle, dendrimer, gold/ 
silicon nanoparticle and polymeric nanoparticles       
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18.4.2     Liposomal Nanocarrier System for Drug Delivery 

 One of the fi rst nanoparticle platforms to be applied in medicine, liposomes are 
spherical vesicles with an aqueous core and a bilayered membrane structure com-
posed of natural and synthetic lipids (Hyodo et al.  2013 ). Due to their biocompatible 
and biodegradable composition, as well as their unique ability to encapsulate both 
hydrophobic (within their lamellae) and hydrophilic (in their aqueous core) com-
pounds, liposomal nanocarriers have been extensively studied for this application 
(Wang et al.  2012 ). Liposomal formulations typically improve pharmacokinetics 
and biodistribution of the drug, achieving high drug concentrations within disease 
site while reducing drug concentration in normal tissue. Similar to polymeric 
nanoparticles, liposomes may be coated in polymers such as PEG to improve stabil-
ity and increase the time of circulation (Torchilin  2005 ). Generally, liposomes have 
advantages over polymer-based nanoparticles for the formulation of cancer drug 
delivery systems (Fenske et al.  2001 ). Due to the ability of the lipid membrane to 
mimic common biological structures, these carriers are highly stable, providing a 
permeable barrier from degradation and protecting the drug from extraliposomal 
reactions. Liposomal nanomedicines represent one of the most advanced classes of 
drug-delivery systems, with several in clinical use and many more in trials (Fenske 
and Cullis  2008 ).  

18.4.3     Drug Delivery via Solid–Lipid Nanoparticles 

 Solid–lipid nanoparticles are a lipid-based system that offers systemic stability, pro-
tection of drug from degradation, simple preparation, and low toxicity (Kang et al. 
 2010 ). Developed as an alternative to the existing carrier formulations, such as lipo-
somes and polymer-based nanoparticles, solid–lipid nanoparticles have the capacity 
to provide unique properties for cancer-targeting drug delivery systems. Their small 
size, large surface area, high encapsulation yield, and interaction with disease cells 
are attractive for their potential to improve drug delivery system design and prepara-
tion (Uner and Yener  2007 ). Surface modifi cation of solid–lipid nanoparticles is 
especially important in enhancing their stability in circulation and targeting dis-
eased tissue.  

18.4.4     Organic and Inorganic Nanocarriers 

 The formulation of nanoparticles with either organic or inorganic materials has been 
widely investigated for the use in drug delivery and diagnostic applications. Organic 
nanoparticles, such as branched macromolecule dendrimers are well defi ned and 
may be easily modifi ed and conjugated to therapeutic compounds (Baker  2009 ). 
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They are characterised by enhanced biocompatibility and water  solubility, 
 well- defi ned  chemical structures, rapid systemic clearance mechanisms and the 
ability to be conjugated to compounds with relative ease. Although production is 
costly and time-poor (Gillies and Fréchet  2005 ), dendrimers have been shown to 
effi ciently deliver growth-inhibitory oligonucleotide to breast, ovarian, and prostate 
cell lines (Santhakumaran et al.  2004 ). Conversely, inorganic nanoparticles predom-
inately metal-based including silicon and gold nanoparticles, are extensively stud-
ied for both diagnostic and therapeutic use through their ability to control drug 
release and possess optical resonance. Although metal nanoparticles are relatively 
inert and biocompatible, a signifi cant amount may be retained in the body following 
administration, and substantial accumulation has been observed to lead to toxicity 
(Minelli et al.  2010 ).   

18.5     Anticancer Nanoparticle Drug Delivery Platforms 

 Despite the recent advancements in nanoparticle design and development, diffi cul-
ties in the translation from theoretical and laboratory research to clinically-relevant 
drug delivery platforms are a major limitation. There are currently six nano-based 
systems specifi cally formulated and approved for the treatment of cancer, which 
include Myocet (liposomal doxorubicin), DaunoXome (liposomal daunorubicin 
citrate), Abraxane (albumin-bound paclitaxel-loaded nanoparticle), and Doxil 
(PEGylated liposomal doxorubicin) (Haley and Frenkel  2008 ). 

 Chemotherapeutic drugs doxorubicin and paclitaxel are the most widely investi-
gated in nanoparticle formulations due to their conventional use in the treatment of 
a wide range of cancers, and ensuing limitations. Doxorubicin, an anthracyclin 
 antibiotic is used in the treatment of a variety of cancers including, breast, ovarian, 
sarcomas, lymphomas, and acute leukaemias (Speth et al.  1988 ). Despite the capac-
ity to treat such a range of malignancies, the administration of doxorubicin is dose- 
limiting with the drug found to accumulate in the heart causing cardiotoxicity 
(Carvalho et al.  2013 ). Thus the ability to target its delivery to the tumour site 
becomes increasingly important in order to enhance its therapeutic index. 
Incorporation of doxorubicin in a nanoparticles drug carrier such as in the early case 
of Doxil, allows for drug diffusion within the leaky vasculature of the tumour micro-
environment while limiting its capacity to escape normal blood vessels due to its 
size constraints (Gabizon and Martin  1997 ). Conversely paclitaxel also used as a 
broad spectrum anti-cancer drug (Hensley et al.  1999 ), promotes tubulin polymeri-
sation, mitotic inhibition, and ultimately causes cell death. However, due to its poor 
solubility in aqueous solutions, its effi cacy is signifi cantly hindered by ineffi cient 
cellular uptake (Wang et al.  1996 ). Its encapsulation within a nano-based drug car-
rier has been extensively studied in order to overcome such a limitation. FDA- 
approved albumin-based Abraxane, used in the treatment of metastatic breast cancer 
is an example of a nanoparticle formulation for the enhanced delivery of paclitaxel 
to tumour cells (Damascelli et al.  2001 ). 

18 Nano-Based Drug Delivery Modalities for the Treatment of Cancer…



478

 In addition to these clinically approved nanoparticle therapeutics, a number of 
nano-based drug delivery systems are currently in preclinical and clinical investiga-
tion. Table  18.1  summarises the important nanoparticle formulations currently 
undergoing human clinical trials, with both untargeted and targeted nanoparticles 
drug delivery systems under development. These systems are signifi cantly advanced 
when compared to those currently in clinical use, utilising the rapid progression and 
increasing knowledge in the fi eld of nanotechnology and nanomedicine. A 2006 
global survey conducted by the European Science and Technology Observatory 
(ESTO) found that over 150 companies were developing nano-based therapeutics 
(Zhang et al.  2007 ). In 2013, this number is sure to have risen signifi cantly, with 
cancer nanomedicines the most widely investigated.

   Trends in the development of nano-based drug delivery systems for cancer thera-
peutics provide insight into current research strategies. Most aim to encapsulate 
chemotherapeutics that are used in the treatment of a wide-range of cancers. For 
example, the most common strategy for the encapsulation of water-soluble platinum 
drugs such as cisplatin and carboplatin, utilise liposomal formulations. PEGylated 
liposomal carriers such as Lipoplatin demonstrate lower renal toxicity as compared 
to free drug, with therapeutic effi cacy mixed in phase-II clinical trials mainly due to 
the key limitation of poor drug release from the liposome (Mylonakis et al.  2010 ). 
Thus, development of a nanocarrier which allows for the controlled release of drug, 
in addition to limiting the adverse systemic effects is of high importance. Continued 
efforts in the case of cisplatin have proved to be unsuccessful thus far. LiPlaCis, a 
more recent liposomal formulation with an internal drug release trigger allowed for 
controlled delivery, yet failed to limit toxicity with signifi cant renal effects causing 
its cessation from further investigation (de Jonge et al.  2010 ). Polymeric nanopar-
ticles have also been developed for the delivery of platinum drugs. NC-6004 is a 
polymeric cisplatin-encapsulated micelles, with Phase-I clinical trial data showing 
low but signifi cant renal toxicities and hypersensitivity reactions (Plummer et al. 
 2011 ). Although the development of a cisplatin-incorporated nanoparticle is ongo-
ing, the requirement for precise and effi cacious delivery of drug to the site of dis-
ease is highlighted. Cancer targeting is thus shown to be crucial in the design of 
novel cancer therapeutics, with nanoparticle drug delivery systems well suited for 
customised drug delivery and imaging applications.  

18.6     Nano-Based Drug Delivery Systems: Important 
Concepts for Cancer Targeting 

 The importance of targeted drug delivery for cancer treatment is immense with cur-
rent cancer management strategies failing to be adequate, resulting in the develop-
ment of unwanted adverse effects and a reduction in effi cacy in long-term, 
advanced-staged, and metastatic cancers. Nanoparticle theory provides a basis for 
the development of novel drug delivery systems, with application in cancer 
signifi cant. 
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   Table 18.1    A sample of nanoparticle drug delivery systems undergoing clinical investigation and 
human trials   

 Agent  Formulation; therapeutic  Company  Indication  Status 

  Nontargeted nano-based cancer therapeutics  
 S-CKD602  PEGylated liposome; 

topoisomerase inhibitor, 
CKD602 

 Alza Corporation  Various 
cancers 

 Phase I/II 

 CRLX101  Polymeric (cyclodextrin) 
nanoparticle; 
camptothecin 

 Cerulean Pharma  Various 
cancers 

 Phase II 

 CPX-1  Liposome; irinotecan  Celator 
Pharmaceuticals 

 Colorectal 
cancer 

 Phase II 

 LE-SN38  Liposome; active metabolite 
of irinotecan, SN38 

 NeoPharm  Colorectal 
cancer 

 Phase II 

 NC-6004  Polymeric (PEG-poly amino 
acid) nanoparticle; 
cisplatin 

 NanoCarrier Co.  Various 
cancers 

 Phase I 

 NK105  Polymeric (PEG-poly 
aspartate) nanoparticle; 
paclitaxel 

 Nippon Kayaku Co., 
Ltd. 

 Various 
cancers 

 Phase II 

 NK911  Polymeric (PEG-poly 
aspartate) nanoparticle; 
doxorubicin 

 Nippon Kayaku Co., 
Ltd. 

 Various 
cancers 

 Phase I 

 SP1049C  Glycoprotein micelle; 
doxorubicin 

 Supratek Pharma 
Inc. 

 Various 
cancers 

 Phase II 

 SPI-077  PEGylated liposome; 
cisplatin 

 Alza Corporation  Lung cancer  Phase II 

 NK102  Polymeric micelle; SN38  Nippon Kayaku Co., 
Ltd. 

 Various 
cancers 

 Phase II 

 ALN-VSP  Lipid nanoparticle; siRNA 
against vascular 
endothelial growth factor 
and kinesin spindle 
protein 

 Alnylam 
Pharmaceuticals 

 Liver cancer  Phase I 

 CPX-351  Liposome; cytarabine and 
doxorubicin (5:1) 

 Celator 
Pharmaceuticals 

 Acute 
myeloid 
leukemia 

 Phase I 

 OSI-7904L  Liposome; thymidylate 
synthase inhibitor 

 OSI 
Pharmaceuticals 

 Various 
cancers 

 Phase II 

 OSI-211  Liposome; lurtotecan  OSI 
Pharmaceuticals 

 Various 
cancers 

 Phase II 

 ABI-007  Albumin-stabilised 
nanoparticle; paclitaxel 

 National Cancer 
Institute 

 Various 
cancers 

 Phase II 

  Cellular and molecular targeting nanoparticle therapeutics  
 BIND-014  Polymeric (PEG-PLGA) 

prostate-specifi c 
membrane antigen 
(PSMA) targeted 
nanoparticle; docetaxel 

 BIND Bioscience  Various 
cancers 

 Phase I 

(continued)
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18.6.1     Limitations of Unmodifi ed and Non-targeting 
Nanoparticle for Drug Delivery in Cancer 

 Unmodifi ed or ‘naked’ nanoparticles display very short circulation times, with rapid 
clearance from the bloodstream by the mononuclear phagocyte system (MPS) 
(   Grislain et al.  1983 ). Phagocytic uptake and clearance favours hydrophobic 
nanoparticles above the 100-nm threshold (Storm et al.  1995 ). Drug distribution is 
highly dependent on the composition of the polymer used in nanofabrication (type, 
hydrophobicity, biodegradation profi le) and the properties of the associated drug 
(molecular weight, charge, localisation in the nanocarrier—adsorbed or incorpo-
rated). Nanoparticle size, charge and surface properties determine their biological 
fate. Although it is demonstrated that all nanoparticles within the 2–100 nm size 
range facilitate a change in the signalling processes essential for cellular function, 
40- and 50-nm nanoparticles are found to have the greatest effect (Jiang et al.  2008 ). 
Additionally, positively charged surfaces promote endocytosis (Byrne et al.  2008 ). 
The surface chemistry and its functionalisation, provides an effective way to control 
the interface between the nanoparticle and the biological system (   Kim et al.  2013 ), 
through the capacity to determine and control receptor binding (Lynch et al.  2007 ). 

 The functionality of untargeted nanoparticles has been demonstrated using 
 doxorubicin–polyisohexylcyanoaerylate (PIHCA) nanoparticles to treat hepatic 
metastases in a mouse model bearing reticulum cell sarcoma. Administration of 
doxorubicin–PIHCA nanoparticles results in a reduction of metastases as well as an 
increase in the life expectancy of mice compared to free doxorubicin, indicating 
greater anti-metastatic effi cacy (Chiannilkulchai et al.  1989 ). The underlying mech-
anism responsible for the increased therapeutic effi cacy of this nanoparticle formu-
lation was observed to be the transfer of doxorubicin to healthy hepatic tissue, 

Table 18.1 (continued)

 Agent  Formulation; therapeutic  Company  Indication  Status 

 MCC-465  Human antibody fragment 
(GAH) targeted 
liposome; doxorubicin 

 National Cancer 
Centre, Japan 

 Gastric 
cancer 

 Phase I 

 MBP-426  Transferrin targeted 
liposome; oxaliplatin 

 Mebiopharm Co., 
Ltd. 

 Various 
cancers 

 Phase II 

 CALAA-01  Polymeric (cyclodextrin) 
transferrin targeted 
nanoparticle; siRNA 
against expression of M2 
subunit of ribonucleotide 
reductase 

 Calando 
Pharmaceuticals 

 Solid 
tumours 

 Phase I 

 SGT53-01  Transferrin targeted 
liposome; p53 gene 

 SynerGene 
Therapeutics 

 Solid 
tumours 

 Phase I 

  Adapted from Wang et al. ( 2012 )  
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which acts as a drug reservoir to the malignant cells (Chiannilkulchai et al.  1990 ). 
High uptake concentration of nanoparticles via phagocytosis was detected in 
Kupffer cells in the liver. The release of doxorubicin from the nanoparticles within 
the Kupffer cells generates a concentration gradient, facilitating diffusion of the free 
active drug towards adjacent metastatic cells (Chiannilkulchai et al.  1990 ). Similarly, 
in vivo studies involving the administration of chitosan nanospheres loaded with 
dextran–doxorubicin conjugates and PIHCA nanospheres containing doxorubicin 
result in an increase in life expectancy due to higher nanoparticle accumulation and 
intratumoral drug release which surpassed the effi cacy of free conjugates (Verdun 
et al.  1990 ). 

 However, the intrinsic constraints of using unmodifi ed nanoparticles as drug car-
riers limit their application for clinical use in cancer treatment. Their inherent toxic-
ity against cells of the MPS, result in a reduction of these cells due to cell death 
mechanisms, and exposes MPS organs to the risk of bacteriemia. Additionally, the 
unselective toxicity may enhance myelosuppressive effects in drug-resistant bone 
marrow cells and acute renal toxicity due to glomerular damage in the kidney 
(Brigger et al.  2002 ). Therefore, the use of unmodifi ed anticancer drug-loaded 
nanoparticles is limited to targeting tumours associated with MPS organs, such as 
the liver, spleen, lungs, and bone marrow (Grislain et al.  1983 ).  

18.6.2     Targeting Strategies: Passive Targeting Mechanism 

 Cancer therapy has progressively become more specifi c with the discovery of 
 biologic targets that are either uniquely expressed or exhibit an upregulated expres-
sion on tumour cells. Cancer-cell targeting strategies aim to exploit the differences 
between malignant and normal cells. The two main mechanisms used for the formu-
lation of targeted nanoparticles for the application in cancer are strategies based on 
either passively targeting the tumour’s microenvironment or actively targeting the 
malignant cells directly. While passive targeting relies on the size and physical 
properties of the nanoparticle to target the site of the tumour, active targeting 
requires covalent linking of the nanoparticle with targeting moieties that bind to a 
specifi c antigen and/or receptor on the tumour cell surface. 

 Exploiting the abnormal tumour microenvironment including its vasculature for 
the selective and homogenous delivery of nanotherapeutics is a potential passive 
targeting strategy (Reynolds et al.  2003 ; Eatock et al.  2000 ). A major advantage of 
passively targeted nanoparticle drug delivery systems is that they have the ability to 
overcome physiological barriers that prevent effective nanoparticle distribution, 
restrained tumour growth and metastatic tendencies, low prospect of drug resis-
tance, and adaptability to most cancer cell types (Niethammer et al.  2002 ; Kumar 
and Li  2001 ). 

 Angiogenesis, the formation of new blood vessels involves various factors and 
mediators that control the aggressive proliferation of endothelial and smooth mus-
cle cells that are vital for rapid tumour growth through their capacity to supply 
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adequate amounts of nutrients and oxygen to the site. Characteristics of  angiogenesis 
including abnormalities in the basement membrane and a defi ciency of pericytes 
lining the outer surface endothelial cells, result in the formation of leaky vessels 
with pores that lie between 380 and 780 nm depending upon the tumour type 
(Hosoda et al.  1995 ; Hobbs et al.  1998 ). Large pores, open gaps, and fenestrations 
in the vasculature are common in the process of rapid vessel formation, with regions 
of necrosis and/or haemorrhage also observed in some cases. Passive targeting 
allows for the accumulation of nanoparticles in the tumour due to the combination 
of increased endothelial fenestrations and compromised lymphatic drainage also 
known as the enhanced permeability and retention (EPR) effect (Byrne et al.  2008 ; 
Maeda et al.  2000 ). This biochemical difference may be exploited for nanoparticle 
delivery to the site of the tumour and is more favourable than non-specifi c free drug 
diffusion. Formulation of nanoparticles smaller than the size of the vasculature’s 
pores, or fenestrations allows them to infi ltrate into the interstitium, and subse-
quently into the lymphatic system for their eventual diffusion into the tumour site 
(Peer et al.  2007 ; Hawley et al.  1997 ; Nishioka and Yoshino  2001 ; Matsumura and 
Maeda  1986 ). Studies have shown that extravasation into tumours is limited to 
nanoparticles with diameters of 400 nm and lower (Couvreur and Vauthier  2006 ; 
Hobbs et al.  1998 ; Torchilin  2005 ). 

 The tumour interstitium is characterised by poor lymphatic drainage and high 
interstitial pressure that causes an outward fl ow of interstitial fl uid (Jain  1987 ). 
Interstitial pressure is known to be higher at the internal regions of tumours com-
pared to its periphery as they lack a well-defi ned lymphatic system (Jain and Baxter 
 1988 ). The outward convection of interstitial fl uid decreases drug penetration into 
the interior of the tumour (Haley and Frenkel  2008 ). Nano-based drug delivery plat-
forms however, allow for successful targeting as they have the capacity to success-
fully gain access to the tumour via the interstitium. These nanoparticles display 
higher retention rates than normal tissues. Passively targeted nanoparticles  exploiting 
this cancer feature is benefi cial against tumours of the lymphatic systems, particu-
larly when administered subcutaneously or within the tumour itself (intratumoural) 
(Xie et al.  2009 ). 

 Other passive targeting strategies involve the manipulation of conditions 
expressed preferentially at tumour sites such as low pH. This is highlighted in a 
study which demonstrates that release of paclitaxel by biodegradable polymer 
nanoparticles may be triggered to release drug under conditions of low pH, allowing 
its activity to be concentrated at the tumour site (Potineni et al.  2003 ). Passive tar-
geting may also involve charges such as those on cationic liposomes that undergo 
electrostatic interaction with negatively charged phospholipid headgroups that are 
expressed on tumour endothelial cells (Krasnici et al.  2003 ). 

 Despite the promise and key rationale towards the development of a passive tar-
geting strategy, similar to all current nano-based platform limitations have been 
reported. Due to heterogeneity, not every tumour exhibits the EPR effect, with vas-
cular permeability also observed to be diverse in different cancers and even in dif-
ferent regions within the same tumour tissue (Jain  1994 ). Unpredictable blood fl ow 
and altered osmotic pressure within cancer lesions causes an adverse force balance, 
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hindering extravasation, and the diffusion of drug-loaded nanoparticles into the 
tumour (Jain  1994 ; Sarntinoranont et al.  2003 ; Netti et al.  1995 ). Furthermore, not 
all drugs diffuse effi ciently within the cancer microenvironment and controlling 
their cellular uptake has proven to be a challenge due to random distribution. In 
turn, promotion of overexpression of drug transporter proteins have shown to con-
tribute to multiple-drug resistance (MDR) where tumour cells are rendered resistant 
due to the expulsion of chronically-administered drug, and thereby reducing biodis-
tribution and overall therapeutic effi cacy (Peer and Margalit  2006 ; Couvreur and 
Vauthier  2006 ; Ferrari  2005 ). In order to provide an alternative route of diffusion 
into cancer cells, nanoparticles may be actively targeted to enable specifi c targeting 
to cellular components.  

18.6.3     Active Targeting of Cancer Cells Utilising Molecular 
Biology and Nanoparticle Theory 

 Neoplastic transformation of a cell is frequently associated with a signifi cant 
increase in the number of physiological-relevant surface receptors. These receptors 
generally have an established physiological function within the tissue but aberrant 
stimulation of signalling pathways lead to their overexpression in the development 
of cancer. Overexpression of receptors such as the estrogen receptor, human epider-
mal receptor-2 (HER2), vascular endothelial growth factor receptor (VEGFR), and 
epidermal growth factor receptor (EGFR) lead to cancers such as those of the breast, 
colon, and lung (Mendelsohn and Baselga  2000 ; Ross and Fletcher  1998 ; Hogemann- 
Savellano et al.  2003 ; Ferrara  2004 ). Given the signifi cant role of tumour cell- 
surface receptors in tumour development and growth, any disruption in the pathway 
leading to their aberrant expression would theoretically result in the cessation of 
tumour growth and ultimately lead to malignant cell death (Mendelsohn and Baselga 
 2000 ; Krenning et al.  1993 ; Kersten et al.  2000 ; Ferrara et al.  2005 ; Hicklin and 
Ellis  2005 ). 

 Numerous studies have been conducted in order to actively target tumour cells 
which would enhance selectivity and effi cacy, while decreasing systemic exposure. 
Active targeting may be achieved through molecular recognition mechanisms, 
including those which allow for the interaction between receptors with their rele-
vant ligands or antigens and corresponding antibodies (Byrne et al.  2008 ). The abil-
ity to modify the nanoparticle surface with high ligand densities, due to an increase 
in the surface-area-to-volume ratio provides a basis for the continued development 
of nano-based cancer therapeutics (Banerjee et al.  2004 ). 

 The principle behind receptor-mediated targeting involves the ability to activate 
specifi c interactions between a ligand and its receptor to evoke downstream pro-
cesses. Receptor-specifi c associations are characterised by high affi nity binding and 
a low dissociation rate, with agonists resulting in physiologic changes upon receptor 
binding and antagonists inhibiting receptor activation through their ability to struc-
turally mimic the naturally-occurring agonist (Krohn  2001 ). The majority of cancer 
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therapeutics have antagonist properties, with examples such as tamoxifen, 
 trastuzumab, and cetuximab. These compounds have the capacity to bind to the 
estrogen receptor, HER2, and EGFR respectively, limiting their activation by inhib-
iting the binding of such receptors with their naturally-derived agonist (Slamon 
et al.  2001 ; Shiau et al.  1998 ; Cunningham et al.  2004 ). To enhance effi cacy and 
effi ciency, actively targeted drug delivery strategies must utilise knowledge in can-
cer pathogenesis and molecular biology. It is of high importance that the receptor of 
interest is signifi cantly overexpressed on cancer cells relative to healthy tissue (Park 
et al.  2002 ; Lopes de Menezes et al.  1998 ). The ideal antigen or receptor should be 
expressed exclusively on tumour cells. 

 Various conjugation chemistries may be utilised to link nanoparticles to targeting 
ligands that bind specifi cally to cellular membrane-bound receptors, in order to 
enhance effi ciency of uptake into target cells (Torchilin  2005 ). Binding of the 
ligand-coated targeting nanoparticle with its corresponding receptor activates 
receptor-mediated internalisation and subsequently allows for intracellular drug 
release (Peer et al.  2007 ; Allen  2002 ; Pastan et al.  2007 ). Receptor-mediated inter-
nalisation, the most important interaction in the drug delivery process allows for the 
concentrated accumulation of therapeutic-encapsulating ligand-conjugated 
nanoparticles to selectively kill tumour cells (Koenig and Edwardson  1997 ; Schally 
and Nagy  1999 ; Ottaway  1992 ; Mantyh et al.  1995 ; Roettger et al.  1995 ). 

 Receptor-mediated endocytosis facilitates the cellular internalisation of targeted 
nanoparticles in a more effi cient manner compared to the uptake of non-targeted 
complexes. Endocytosis involves the invagination of the cell membrane to encase 
molecules or large complexes within an intracellular vesicle, known as an endo-
some (Bareford and Swaan  2007 ). Depending on the mode of internalisation, drug 
molecules within the vesicle are either transported to early endosomes where they 
are recycled and exocytosed, or traffi cked to organelles such as the lysosome, Golgi 
apparatus, or mitochondria (Steinman et al.  1983 ). It is important to note that 
clathrin- dependent endocytosis is linked to lysosomal fusion and enzymatic degra-
dation; while, non-clathrin-dependent internalisation is more ideal in that it leads to 
drug accumulation in the endosome and involves the exposure of drug to acidic 
environments facilitating hydrolysis (Qaddoumi et al.  2003 ). Internalisation of the 
targeted complex and its drug load occurs rapidly (in minutes) and H +  ions are 
pumped into early endosomes, creating an acidic internal environment between 
pH 5.5–6.0. Eventually these early endosomes mature into late endosomes that fuse 
with prelysosomal vesicles to produce lysosomes, within which enzymatic degrada-
tion ensues (Bareford and Swaan  2007 ). Avoiding the lysosomal pathway, shown in 
Fig.  18.2  is of high importance in the majority of targeting strategies to protect drug 
molecules from enzymatic degradation.

   In addition, encapsulation of the drug complex within a vehicle provides protec-
tion from resistance associated with effl ux transporters such as P-glycoprotein, 
multidrug related protein (MRP), and breast cancer resistance protein (BCRP) 
which are frequently upregulated in malignant cells. The conjugation of drug to a 
targeting agent, with studies involving drug conjugation with oligonucleotides, 
peptides, proteins, antibodies, and other high-affi nity ligands, establish successful 
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facilitation of drug (above 1 kDa in size) uptake into the intracellular compartment 
via receptor- mediated internalisation and thus, circumventing the impervious cell 
membrane (Bareford and Swaan  2007 ; Reddy and Low  1998 ; Ishida et al.  2001 ; 
Citri et al.  2002 ). 

 Biological targeting may be improved by multivalent binding which involves the 
conjugation of a nanoparticle to several targeting ligands. In general, targeting effi cacy 
increases with enhanced binding affi nities. Only in very rare cases does excessive 
high-binding affi nity hamper tumour penetration by impairing the diffusion of 
nanoparticles through the tumour (Adams et al.  2001 ). Although specifi city is increased 
in active targeting drug delivery platforms, additional complexity in preparation 
with the possible increase in dimensions and the risk of adverse reactions to the target-
ing moiety have restricted its successful clinical application to date (Ray et al.  2011 ). 

  Fig. 18.2    Endosomal and lysosomal pathway following cellular uptake of nanoparticles. The 
major mechanisms of cellular uptake are receptor-mediated endocytosis and pinocytosis, which 
result in the internalisation of nanoparticles into an endocytic vesicle. Fusion with the endosome 
follows with two resultant pathways observed. The fi rst and most important for drug delivery pur-
poses is the ability to evade the lysosomal pathway and release the nanoparticle and its contents 
from the endosomal-fused vesicle. This is thought to increase the bioavailability of the drug in the 
cytoplasm. Avoidance of the lysosomal pathway is important in the delivery of therapeutics to the 
intended cellular compartment. Fusion of the lysosome with the vesicle indicates the initiation and 
activation of the degradation pathway, limiting drug bioavailability and neutralising active drug       
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It is thus important to design, develop, and engineer a drug delivery system with cell-
targeting moieties exhibiting optimal properties in an attempt to overcome such 
limitations. 

 Cell-targeting moieties and their ability to functionalise the surface properties of 
nanoparticles are crucial in the mechanisms of cellular uptake, increasing the prob-
ability of receptor-mediated endocytosis in target cells while limiting its effects on 
healthy tissue. Surface modifi cations through the conjugation of the nanoparticle 
with cell-targeting moieties may be classifi ed broadly into the following categories: 
nucleic acids, antibodies, peptides, vitamins, and other factors.  

18.6.4     Antibodies 

 The use of monoclonal antibodies and their fragments as a targeting surface modi-
fi cation through their direct conjugation to the surface of a nanoparticle has been 
extensively studied. Monoclonal antibodies and their therapeutic benefi t was dis-
covered almost three decades ago, with their capacity to intervene in disease patho-
genesis, including cancer shown to be of potential (Warenius et al.  1981 ; Goldenberg 
et al.  1978 ; Behr et al.  1998 ; Miller et al.  1982 ). Although an exciting prospect at 
the time, antibody-mediated cancer targeting has failed to translate adequately into 
the clinical setting, with only a limited number of monoclonal antibody treatments 
approved for use. This limited success is thought to be caused by their large size, 
with the molecular mass of antibodies shown to be as high as 150 kDa (Weiner and 
Adams  2000 ; Reubi  2003 ; Ferrara et al.  2005 ; Bross et al.  2001 ; Glennie and 
Johnson  2000 ; Goldenberg  1999 ; Mehren et al.  2003 ). 

 Monoclonal antibody therapy may utilise native-state antibodies or their frag-
ments as the targeting moiety. While whole antibodies are favourable due to their 
stability and higher binding affi nity to their relevant antigen, there is potential for 
the nonspecifi c binding of antibody to normal cells, leading to an increase in immu-
nogenicity. Antibody fragments, which consist of only the variable region of the 
antibody have been shown to be more selective in that they maintain target specifi c-
ity, and limit unwanted immunogenic effects (Allen  2002 ; Carter  2001 ; Marks 
 2004 ; Chapman  2002 ). A murine study reported that PEGylated immunoliposomes 
conjugated to antibody fragments had nearly double the circulation time and twice 
the intratumoral accumulation compared to immunoliposomes decorated with 
whole monoclonal antibodies, indicating more effi cacious tumour delivery and tar-
geting with antibody fragments (Maruyama et al.  1997 ). Other studies comparing 
the targeting effi cacy of whole monoclonal antibodies, its antibody fragments, and 
single chain variable fragments similarly found that immunoliposomes conjugated 
to monoclonal antibody fragments display the lengthiest circulation times (Cheng 
and Allen  2008 ; Sapra et al.  2004 ). 

 The tumour microenvironment, including its vasculature and increased intersti-
tial hydrostatic pressure, coupled with antigen heterogeneity on the malignant cells 
themselves, are factors shown to infl uence the effi cacy of monoclonal antibody 
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therapeutics (Jain and Baxter  1988 ; Lobo et al.  2004 ). These factors have been 
established to limit the movement of monoclonal antibodies and their fragments 
within the tumour and its microenvironment. Studies report that intact antibody may 
traverse through the tumour site 1 mm in 48 h, while fragments traverse quicker at 
1 mm in 24h. Upon successful delivery to the target cell, activation of antibody- 
dependent cellular cytotoxicity requires the presence of a suffi cient number of 
immune effector cells. This may prove to be a limitation as immunosuppression and 
hypoxia are common in many tumour microenvironments (Mehren et al.  2003 ; 
Badger et al.  1987 ). It has also been reported that only 0.01 % of monoclonal anti-
bodies administered intravenously are able to reach their target tissues in vivo (Li 
et al.  2004 ). Other limitations associated with this targeting strategy include non- 
specifi c binding, inadequate tumour penetration, and a possible reduction in recep-
tor affi nity depending on conjugation methods (Byrne et al.  2008 ). Immunogenicity 
and patient safety is another drawback as many early monoclonal antibodies were 
derived from mice which have been shown to trigger human antimouse antibody 
(HAMA) responses (Khazaeli et al.  1994 ). 

 The fi rst FDA-approved anticancer monoclonal antibody, rituximab was devel-
oped for the treatment of low-grade B cell lymphoma in 1997 (James and Dubs 
 1997 ;    Boyiadzis and Foon  2008 ). Following this, approval of several monoclonal 
antibody therapies were gained, with the development of treatments such as trastu-
zumab, gemtuzumab ozogamicin, and cetuximab for the clinical management of 
breast cancer, leukaemia, and colorectal cancer respectively (Lobo et al.  2004 ; 
Brannon-Peppas and Blanchette  2004 ). Despite these advances in the development 
of cancer targeted therapeutics as compared to conventional treatment options, 
specifi city and effi cacy of this type of modality are signifi cantly limited in their 
clinical applicability (Sapra et al.  2005 ). 

 In order to enhance specifi city, and overcome the limitations of conventional 
monoclonal antibody administration, including adverse immunogenic events, 
nanoparticle delivery systems have been studied. Conjugation of the antibody to the 
surface of the nanoparticle allows for the tolerability of drug in systemic circulation 
through its encapsulation within the nanoparticle itself, the enhancement of drug 
effi cacy and for the concentrated biodistribution at the tumour site. Factors that infl u-
ence the design of antibody-conjugated nanoparticle drug delivery systems include 
knowledge regarding the source of the antibody and its arrangement, as well as the 
method of antibody conjugation to the nanoparticle surface (Byrne et al.  2008 ). 

 The attachment of antibody or its fragments, whether random or specifi c, are 
facilitated by either linker molecules such as PEG or by direct conjugation to the 
nanoparticle surface (Byrne et al.  2008 ). Random conjugation relies on the forma-
tion of an amide bond between carboxylic acid groups in the nanocarrier and pri-
mary amine groups on the antibody or fragment through carbodiimide chemistry. 
However, there is a risk of activity reduction with this method of attachment as 
antibody binding sites may be inhibited due to the absence of specifi city (Chapman 
 2002 ). Site-specifi c binding is a more favourable method of conjugation as it ensures 
the activity of the antibody or fragment is not compromised. This type of binding is 
achievable using maleimide chemistry at regions that do not coincide with known 
antigen-binding sites (Chapman et al.  1999 ). 
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 Numerous attempts to develop nano-based antibody-conjugated targeted 
 delivery systems for cancer treatment have resulted in positive preliminary data. 
For example, trastuzumab a monoclonal antibody antagonist for the HER-2 recep-
tor has been used as a targeting moiety for various nanoparticle systems (Harries 
and Smith  2002 ). Promising results were published when nanoparticles coated 
with human serum albumin (HSA) and crosslinked to trastuzumab were adminis-
tered to mice (Steinhauser et al.  2006 ). It was shown that trastuzumab-conjugated 
nanoparticles have the capacity to be specifi cally uptaken by HER2-overexpressing 
cells via receptor-mediated endocytosis. Similarly, humanised anti-HER-2 anti-
body fragments have been conjugated to carboxylic acid groups on the surface of 
PLGA nanoparticles loaded with a model protein toxin against HER-2-positive 
tumours (Cheng and Allen  2008 ). The therapeutic effi cacy of targeted nanoparti-
cles was demonstrated by a very signifi cant reduction in the half maximal inhibi-
tory concentration (IC 50 ) by a factor of 20 when compared to free toxin and 
non-targeted nanoparticles. In addition, cetuximab-conjugated nanoparticles have 
gained interest through the ability to target tumour cells. Cetuximab has a high 
affi nity for the extracellular domain of EGFR, a receptor highly upregulated in a 
range of cancers including breast, lung colorectal, and brain (Laskin and Sandler 
 2004 ; Nicholson et al.  2001 ). The use of cetuximab antibody fragments conju-
gated to immunoliposomes exhibit an eightfold increase in immunoliposome 
delivery to EGFR-positive cells compared to its non-targeted counterparts (Harries 
and Smith  2002 ; Pan et al.  2007 ). 

 Despite these advancements, the rational design of antibodies as targeting moi-
eties for successful site-specifi c drug delivery remains an important research plat-
form. As the progression of knowledge on nano-based medicines, pharmacogenomics 
and cancer biology continues, its application in the development of novel treatment 
may be applied to create innovative antibody-based therapies with enhanced selec-
tivity and reduced toxicity.  

18.6.5     Nucleic Acids 

 As an emerging targeting moiety, nucleic acids such as aptamers are studied for 
their potential use in targeted therapeutic delivery. Aptamers are short single- 
stranded DNA or RNA oligonucleotide sequences that have the capacity to mimic 
the properties of antibodies, binding to a number of targets with high affi nity and 
specifi city (Jayasena  1999 ; Hermann and Patel  2000 ). Due to their favourable char-
acteristics such as small size, low immunogenicity, and ease of isolation (Farokhzad 
and Langer  2006 ), aptamers have been used to functionalise the surface of nanopar-
ticles for their targeted delivery. The surface of PEGylated biodegradable polymeric 
nanoparticles containing either docetaxel or paclitaxel has been modifi ed with 
aptamers in order to target prostate specifi c membrane antigen (PSMA) on the sur-
face of prostate cancer cells effi ciency (Farokhzad and Langer  2006 ; Farokhzad 
et al.  2004 ). Results from this study showed a 3.77-fold increase in drug delivery. 
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Cellular uptake of these surface modifi ed, targeted nanoparticles was signifi cantly 
enhanced as demonstrated by the cytotoxic effect in vivo, leading to complete 
tumour reduction in mice (Farokhzad and Langer  2006 ).  

18.6.6     Peptides 

 The molecular structure and defi ning characteristics of peptides support their use as 
cell targeting moieties in a number of active drug delivery strategies. As small mol-
ecules consisting of two or more amino acids, peptides may be synthesised for ther-
apeutic use with the absence of the tertiary structural constraints of complete protein 
(Reubi  2003 ). Physiologically-relevant peptides, including neurotensin and soma-
tostatin possess a regulatory role and are known to have diverse effects on numerous 
targets. Through their ability to bind to G protein-coupled membrane-bound recep-
tors (Cattaneo et al.  1996 ), peptides are intimately involved in the function and 
modulation of important physiological and pathological processes (Reubi  1995 ). 

 Peptides are suitable for disease targeting due to their small size, low immunoge-
nicity, and high avidity to its target receptor (Ruoslahti  2012 ). Those that are natu-
rally occurring are usually hydrophilic, and may access the tumour site with 
effi ciency due to their innate ability to permeate into tissue. Their low lipophilicity 
restricts their simple diffusion through the blood–brain barrier, thus limiting central 
nervous system toxicity unless the barrier function is compromised through the 
presence of infl ammation or, in some cases glial tumours (Haldemann et al.  1995 ). 
Peptides are inherently non-toxic, and lack antigenicity which minimises the poten-
tial for systemic toxicity and unwanted side effects (Reubi  2003 ). Additionally, 
most including those involved in peptide modifi cation and labelling possess the 
capacity to tolerate pathological conditions and highly unstable environments. 

 Peptide-based cancer targeting strategies encompass the exploration of suitable 
receptor targets for specifi c tumours, and the development and optimisation of 
radiolabeled and cytotoxic peptides. Functionalisation of nano-based drug delivery 
systems with targeting peptides has improved intracellular delivery and therapeutic 
outcome both in vitro and in vivo (Ishida et al.  2001 ; Kukowska-Latallo et al.  2005 ). 

 The fi rst of such peptides for targeted cancer therapy was a small radiolabeled 
peptide somatostatin analogue, which was shown to bind with high affi nity to the 
somatostatin receptor (Krenning et al.  1989 ). Highly dependent on the number of 
somatostatin receptors expressed on the surface of a cell, the application of this 
targeting strategy is limited to the diagnosis and treatment of a select range of can-
cers, including neuroendocrine tumours (Gibril et al.  1996 ; Jensen  2000 ; Otte et al. 
 1998 ; Waldherr et al.  2001 ). Radiolabelled peptides synthesised to bind to this 
receptor, and subsequently administered intravenously may be detected by γ-camera 
scintigraphy. Due to its sensitivity and the ability to identify tumour location and its 
metastases, successful reports indicate that it may be used in the diagnosis of a 
number of cancers, including small cell lung carcinomas (Brink et al.  2004 ), neuro-
endocrine malignancies, thyroid cancers, and gastro-entero-pancreatic tumours 
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(Waldherr et al.  2001 ; Waldherr et al.  2002 ; Kwekkeboom et al.  2003 ). In addition, 
scintigraphy information may be extrapolated in order to determine the course of 
treatment and cancer management for each individual patient (Krenning et al.  1993 ). 
This targeting strategy has prompted further studies of other peptide-receptor target-
ing systems, with a focus on those that are known to be highly relevant to human 
cancer (Reubi  2003 ). 

 Transferrin peptide is widely investigated and vastly relevant in cancer targeting 
strategies. An 80 kDa iron-binding glycoprotein, transferrin is internalised upon 
binding to cell surface transferrin receptors (Singh  1999 ). Due to the upregulation of 
transferrin receptors on metastatic and drug-resistant malignant cells, including 
those of pancreatic, colon, lung, and bladder cancers (Ekblom et al.  1983 ; Prost et al. 
 1998 ; Qian et al.  2002 ), drug targeting using this peptide-receptor system has become 
an important drug delivery platform. High concentrations of the membrane- bound 
receptor allows for the site-specifi c targeting and effi cient cellular uptake of the 
transferrin peptide (Qian et al.  2002 ). This peptide has been shown to be non- toxic, 
non-immunogenic, and biodegradable with transferrin-mediated endocytosis of iron, 
the main uptake mechanism. As highly proliferating cells, tumour cells require 
increased levels of iron compared to normal cells (Singh  1999 ; Gatter et al.  1983 ). 
Furthermore, the effi ciency of transferrin to bind to iron plays an important role in 
targeting, with low iron saturation resulting in decreased levels of peptide- receptor 
interaction and cellular uptake (Bellocq et al.  2003 ). Manipulation of this knowledge 
allows for the selective delivery of cancer therapeutics, proteins, and genes 
(Richardson and Ponka  1997 ). For example, transferrin-conjugated nanoparticle for-
mulations designed for targeted gene delivery demonstrate a fourfold increase in 
cellular uptake compared to non-targeted nanoparticles in the established transferrin-
overexpressing cell line, chronic myeloid leukemic-derived K562 (Bellocq et al. 
 2003 ). Similarly, administration of transferrin-conjugated liposomes encapsulating 
doxorubicin and verapamil to K562 cells enhance cellular uptake compared to non-
targeted liposomes, successfully limiting drug resistance and increasing effi cacy 
(Wu et al.  2007 ). A limitation of using naturally occurring peptides, including trans-
ferrin is its innate sensitivity to pH and enzymatic degradation, which has prompted 
studies investigating the design of more stable analogues, and synthesis of evasive 
nanoparticle delivery systems to prolong their circulating half- life in order to opti-
mise formulations for clinically-relevant applications (Schally  1988 ).  

18.6.7     Vitamins and Other Factors 

 The targeting of cancer cells may also be achieved through the ability to target vita-
min and other growth factor receptors that are shown to be upregulated in some 
cancers. These cell-surface receptors are overexpressed in some cancers in order to 
supply the fast-metabolising tumour cells with excess energy and nutrition. The 
most important, and perhaps most extensively studied example of such are the folate 
receptors. Frequently overexpressed in a range of rapidly dividing malignant cells 
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including those in the ovary, endometrium, and kidney (Wu et al.  2006 ; Sudimack 
and Lee  2000 ), they possess very high affi nities for its corresponding ligand, folate 
or folic acid. The activation of these receptors following the binding of these ligands 
is necessary for essential cell function. As compared to other receptor-ligand sys-
tems that are either recycled or degraded in the lysosome, the folate receptor-folate/
folic acid complex possesses the unique ability of remaining stable within the endo-
some or releasing into the cytoplasm following cellular uptake (Turek et al.  1993 ). 
As a nontoxic, nonimmunogenic, stable compound that may be conjugated to carri-
ers with relative ease and cost effectiveness, the use of folate as a targeting moiety 
is practical for current research endeavours (Lu et al.  2004 ). 

 In vivo studies involving the administration of chemotherapeutic methotrexate- 
conjugated folate-linked dendrimers to mice, reported that higher levels of drug 
accumulation in tumours, inhibition of tumour growth, and signifi cantly lower sys-
temic toxicity may be observed as compared to free methotrexate at an equal cumu-
lative dose (Kukowska-Latallo et al.  2005 ). Studies using dendrimer-based 
anticancer nanotherapeutics have demonstrated positive results both in vitro and in 
vivo in cancer cell targeting effi cacy with the dramatic rise by up to 170,000-fold 
when conjugated to fi ve or more folate molecules (Hong et al.  2007 ). Additionally, 
a heparin-folate-paclitaxel nanoparticle system coupled to folate was tested in a 
murine model. The potency of this novel nanoparticle system was obvious based on 
the reduction in the growth of paclitaxel-resistant tumour xenografts (Cho et al. 
 2008 ). Many in vitro studies using folate to functionalise the surface of nanoparti-
cles have also observed improvements in cell internalisation such as folate receptor- 
targeted paclitaxel-loaded polymer-based nanoparticles, folate-conjugated dendritic 
polymers, and folic acid-conjugated PEGylated magnetite nanoparticles 
(Kukowska- Latallo et al.  2005 ; Pan and Feng  2008 ; Zhang and Zhang  2005 ). In the 
majority of studies, cancer cells treated with folic acid-conjugated nanoparticles 
demonstrate higher effi ciency of intracellular uptake compared to their non- 
targeting counterparts. 

 Folate receptor targeting has also been studied as a strategy with the ability to 
limit resistance for the increased delivery of other chemotherapeutic agents such as 
paclitaxel and doxorubicin using liposomal formulations (Wu et al.  2006 ; Shmeeda 
et al.  2006 ). For example, folate-conjugated liposomes were found to successfully 
overcome multi-drug resistance in a model of acute myelogenous leukaemia by 
evading P-glycoprotein-mediated drug effl ux (Ratnam et al.  2003 ). 

 Similar to any nanoparticle system, folate targeting is limited by non-specifi c 
targeting. Although the rationale for their development utilises the knowledge that 
cancer is characterised by the aberrantly increased proliferation of cells, folate 
receptors are also expressed on normal highly-proliferating cells such as fi bro-
blasts and endothelial cells which inadvertently leads to decreased specifi city 
(Peer et al.  2007 ). 

 The use of growth factors as targeting ligands is well documented, with their 
ability to repress tumour vascularity. This approach appears to be promising, as 
inhibiting the tumour blood and nutrient supply allows for the regulation of tumour 
growth, and perhaps most importantly prevent metastases (Folkman  1996 ). 
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The upregulation of proangiogenic factors such as vascular endothelial growth 
 factor (VEGF), basic fi broblast growth factor (bFGF), matrix metalloproteinases, 
and tumour necrosis factor-α (TNF-α) are important in the development of the 
tumour microenvironment. Their cell-surface receptors, including VEGFR, matrix 
metalloproteinase receptor (MMPs), and α v β 3  integrin as well as other proteins such 
as vascular cell adhesion molecule-1 (VCAM-1) are suitable targets for the improve-
ment of nanoparticle delivery (Byrne et al.  2008 ). Already clinically-relevant with 
the antiangiogenic Avastin for the treatment of metastatic colorectal cancer, this 
targeting strategy aims to inhibit the expression of growth factors important in 
angiogenesis. Avastin targets VEGF, an angiogenic-stimulating protein which is 
commonly overexpressed in solid cancers. In turn, this treatment has been shown to 
increase the permeability of tumour blood vessels, leading to their swelling and 
subsequent incapacitation as an adequate blood supply to the tumour. A nano-based 
delivery system actively targeted to VEGF may be important in order to deliver 
chemotherapeutic and other antiangiogenic drugs to the cancer site.  

18.6.8     Other Targeting Strategies 

 The overexpression of extracellular matrix (ECM) receptors on tumour cells allows 
for their targeting with ECM ligands, including heparin sulphate, chondroitin sul-
phate, and hyaluronan (Peer and Margalit  2004 ). An example involves the formula-
tion of hyaluronan-coated nanoparticles which were shown to increase drug 
circulation time in vivo, and increase their binding affi nity to tumour cells express-
ing the hyaluronan receptor as compared to uncoated nanoparticles (Peer and 
Margalit  2004 ; Eliaz and Szoka  2001 ). 

 Development of targeted nanoparticles with the ability to distribute their thera-
peutic payload through remote activation and release by an external trigger has 
also been studied as a potential targeting strategy. The use of ultrasound scanning 
to rupture lipid-encapsulated microbubbles or different light wavelengths to stimu-
late thermal damage of cancer lesions has been investigated with success in pre-
liminary studies (Hirsch et al.  2003 ; May et al.  2002 ; Roy et al.  2003 ; Yan and 
Kopelman  2003 ).   

18.7     Conclusion 

 Limitations in the current clinical management of cancer have prompted further 
refi nement of such strategies in order to increase the probability of long-term remis-
sion, limit adverse systemic toxicity, and reduce secondary metastatic disease (thus, 
increasing survival rates). Diffi culties in the administration of chemotherapeutic 
drugs including those involved in limiting the biodistribution of an adequate amount 
of compound to the tumour site, restrict their effectiveness in severe forms and 
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advanced stages of cancer. Development of a drug delivery platform for the targeted 
delivery of anticancer therapeutics to the site of malignancy is a major focus of cur-
rent research efforts. Continued advancements in nanotechnology and nanomedi-
cine provide the theoretical basis for the use of nano-sized particles as an anticancer 
drug carrier. The ability to defi ne and modulate the properties and surface chemistry 
of nanoparticles in order to engineer a biologically-relevant delivery system is an 
important component for targeting. Formulation of such a nanoparticle system 
requires the optimisation and characterisation of different materials for the success-
ful encapsulation of adequate concentrations of therapeutic compound. Despite 
continuous advancements in this fi eld, translation into clinically-signifi cant thera-
peutics has proven to be diffi cult, with currently six nano-based systems specifi cally 
formulated and approved for the treatment of cancer. The exploitation of knowledge 
from observations made in regard to their interactions with both cancerous and nor-
mal cellular components, allows for the development of scientifi cally designed and 
engineered nanoparticles with deliberate specifi city to malignant cells. There are 
two main targeting mechanisms used for the formulation of such nanoparticles, with 
strategies based on either the passive targeting of the tumour’s microenvironment or 
the active targeting of the cancer cells directly. Each mechanism aims to take advan-
tage of the innate biochemical differences between tumour cells and normal tissue. 
Progression in the understanding of cancer biology in conjunction with the highly 
evolving expansion of nanoparticle theory to medical applications provides the 
basis for future anticancer research, and the greatest potential in the investigation to 
improve treatment strategies.     
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