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The rise in IgE-mediated food allergy in recent times is the likely

result of gene–environment interactions mediated via

epigenetic pathways. As epigenetic modifications, including

DNA methylation, are at the interface between the environment

and the genome, they may be ideal biomarkers of modifiable

disease pathways. High-throughput methylation profiling of

immune cell subtypes or whole blood from patients allows the

identification of disease specific epigenetic variants. If faithfully

tracking with disease parameters, these ‘signatures’ may have

clinical applications as biomarkers of disease or therapeutic

response. Development of such tools will depend on a number

of factors, including determining the most appropriate

experimental approach, analysis methodology, patient groups,

and informative target cells/tissues. Here we discuss these

potential applications and their implications for food allergy

practise.
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Introduction
Epigenetic modifications to the genome are key media-

tors of gene–environment interactions and potential bio-

markers of modifiable disease pathways. Owing to their

position between the genome and the environment they

represent the cumulative contribution of both genetic
www.sciencedirect.com 
predisposition and environmental exposures. Studies

have now shown that epigenetic variants, primarily in

the pattern of DNA methylation, are associated with food

allergy and other allergic diseases. ‘Signatures’ of aberrant

methylation have been identified as specific markers of

disease-related processes, including immune cell pheno-

types, biological aging and environmental exposures,

each modifiable by underlying host genotype. Methyla-

tion signatures might therefore be developed with clinical

utility for discriminating phenotypes of food (and other)

allergy. We review here the role of epigenetic mecha-

nisms in allergic diseases and food allergy, highlighting

recent advances in the application of epigenetic biomark-

ers for predicting complex phenotypes.

Genes, environment and the aetiology of IgE-
mediated food allergy
The prevalence of IgE-mediated food allergy has risen in

many regions of the world over the last 15–20 years, now

affecting 3–10% of children in developed countries [1].

The majority of this burden has fallen on children under

4 years of age, indicating the developing immune system

is particularly vulnerable [2]. As with other complex

diseases, both genetic and environmental risk factors

have been implicated. Genetic studies indicate food

allergies are polygenic disorders involving potentially

hundreds of genes, with heritability estimates ranging

from �15% to 30% for food specific IgE [3] and �80% for

peanut allergy [4]. The largest genetic predisposition is

linked to functional polymorphisms within the human

leukocyte antigen (HLA)-DQ and HLA-DR gene regions

[5�]. Candidate gene studies have also revealed associa-

tions with genes that encode products associated with

skin barrier integrity [6–8] and immune function [9–12].

Collectively, genetic associations confer a low to moder-

ate level of predisposition, negating a major role for

genetics in the recent rise in prevalence of food allergies;

most likely attributable to rapid changes in environmental

exposures [13].

The modern environment is firmly implicated in the rise of

allergic diseases. Epidemiological studies have identified a

number of risk factors, such as declining biodiversity [14��],
increasingly indoor lifestyle (low vitamin D levels) [15],

less traditional diets [16], increased consumption of pro-

cessed foods [17] and changes in infant feeding practises

[18], amongst others. Many of these risk factors are also

implicated in immune development more generally [19].
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Other factors linked to atopic diseases, such as duration

of breastfeeding [20], mode of delivery [21�], early life

viral infections [22] and antibiotic exposures [23] could

also conceivably influence the risk for food allergy. De-

spite this, only a proportion of children subjected to

variation in these exposures develop clinical food allergy,

suggesting that some individuals are more genetically

susceptible than others, but only in certain environ-

ments. Thus the complex interplay between genetic

predisposition and environmental exposures during early

immune development are central to disease aetiology.

These gene–environment interactions provide an expla-

nation for how individuals of differing genotypes respond

to environmental variation in differing ways. For exam-

ple, vitamin D deficiency in childhood is a risk factor

for the development of food allergy, but individuals

carrying the rs7041T allele are protected [24]. Similarly,

carriers of the filaggrin loss-of-function mutation are

more susceptible to food allergy following exposure to

household peanut protein [25].

Traditional models of gene–environment interactions

are now being expanded to include epigenetic mecha-

nisms of gene regulation as additional components of

disease. Epigenetic processes regulate all gene activity

in all cells and are sensitive to both genetic and environ-

mental variation. Thus, epigenetic mechanisms serve to

integrate both genetic and environmental signals in a

manner that modulates the functional output of the

genome [26].

Epigenetic modifications as additional
mediators of gene–environment interactions
Epigenetic modifications represent the cumulative con-

tribution of both genes and environment to underlying

gene activity (expression). Modifications to DNA (50-
cytosine methylation, 50-cytosine hydroxymethylation,

non-cytosine methylation, etc.) or DNA associated pro-

teins (histone acetylation, methylation, sumolyation, etc.)

collectively mediate the phenotypic expression of the

genome by regulating chromatin structure and gene ex-

pression during cell growth and differentiation. These

modifications can occur at regulatory genomic domains

such as enhancers, silencers, insulator elements, gene

promoters and splice junctions. A simple analogy can

be drawn with the elements of an electrical circuit board

— the logic board itself represents the hard-wired ge-

nome, which is identical in every cell type, and contains

the capacity to transmit information. The transistor com-

ponents that act as switches mediating potential through-

out the circuit are analogous to epigenetic modifications.

These transistor switches can be ‘on’, ‘off’ or partially on,

controlling the current that flows through the circuit.

Similarly, epigenetic modifications can induce permissive

or repressive effects on gene expression that collectively

give rise to unique cell and tissue-specific transcriptional

profiles and cellular functions.
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A proportion of the epigenetic profile is unique within

specific cell and tissue types, and these specific patterns

are generally well conserved between individuals in a

population. During haematopoiesis, permissive epigenet-

ic modifications are established at lineage marker genes in

corresponding differentiated cells of that lineage, whereas

repressive modifications are established at the same locus

in other cell types [27]. These patterns are sufficiently

distinct in the case of DNA methylation to enable robust

predictions about the proportion of different cell types

within a sample of whole blood from the ‘average’ DNA

pattern measured in that sample [28].

A proportion of the epigenome is also influenced by the

underling genetic sequence and exhibits inter-individual

variability. Average heritability estimates for DNA meth-

ylation at specific sites within the genome, primarily at

cytosine-guanine (CpG) dinucleotides, are approximately

20% [29]. The genetic contribution to epigenetic mod-

ifications is multifaceted beginning with variants within

genes that code for proteins that establish and regulate

the plethora of epigenetic marks. Genetic variation can

also occur by nucleotide sequence changes that abolish

cognate sequence motifs recognised by these enzymes

and proteins. Single Nucleotide Polymorphism (SNP)

variation has been shown to strongly influence proximal

epigenetic loci for both DNA methylation and histone

modifications [30]. These cis-genetic effects tend to

strongly influence DNA methylation preferentially at loci

that exhibit intermediate levels of methylation, as op-

posed to sites that are highly or lowly methylated, and

tend to be shared across different tissues, although not

always the case [31]. Genetic variants that specifically

influence DNA methylation are referred to as methyla-

tion quantitative trait loci (meQTL or mQTL) and can

influence not only methylation directly, but also modu-

late the effects of environmental exposures on the DNA

methylation profile, particularly early in life [32].

Much attention has been focused on the proportion of

the epigenome that is environmentally sensitive and

mitotically heritable. Seminal experiments in mice and

humans indicate external factors such as dietary micro-

nutrients [33], xenobiotic chemicals [34], stress [35],

assisted reproductive technology [36] and radiation ex-

posure [37��] can alter epigenetically determined pat-

terns of gene expression in a lasting manner. There is

evidence, mostly from animal models [38], that these

effects can persist across generations depending upon

the timing of exposures [39]. These effects have gener-

ated much excitement as potential explanations for

thresholds of disease risk; for example, many children

outgrow their food allergies despite genetic predisposi-

tion, suggesting their genes ‘learn’ or ‘adapt’ to the

environment over time. Whether changes in epigenetic

modifications are behind this is as yet unclear but

nonetheless of particular interest.
www.sciencedirect.com
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Epigenetic pathways that contribute to food allergy

Many risk factors for the subsequent development of

allergic diseases and asthma are associated with changes

in epigenetic modifications, including tobacco smoke

exposure [40], air pollution exposure [41], dietary expo-

sures (omega-3, folic acid) [42] and variations in the

microbiome [43]. Allergy-related phenotypes, atopic der-

matitis [44], asthma [45] and IgE production [46] have

now been linked to variations in DNA methylation. Our

own genome-wide assessments of DNA methylation pro-

files from children with IgE-mediated food allergy have

uncovered differentially methylated loci in total CD4+ T-

lymphocytes [47]. In a study of 12 children who developed

IgE-mediated food allergies to egg or peanut at 12-months,

and 12 age-matched non-allergic controls we identified

136 CpG loci linked to food allergy, 44 of which were

annotated to within 10 base pairs of common single nucle-

otide polymorphism variants (SNP) and exhibited genetic

effects [47]. These loci were annotated to genes at HLA-
DQB1 and most likely influenced by underlying variants

within the HLA. Support for this has come from a recent

genome-wide study of peanut allergic children, which

linked DNA methylation levels at the same, and other

HLA genes, to nearby SNP variants that mediate the

genetic risk for peanut allergy via DNA methylation [5�].

In our study we also observed 92 additional loci did not

exhibit obvious SNP effects but varied significantly be-

tween cases and controls. These loci were annotated to

49 unique genes involved in T-cell activation, including the

MAP kinase canonical pathway, a major pathway induced

by T-cell receptor stimulation and involved in T-cell

responses including T-helper type 2 (Th2) differentiation

[48]. Importantly, methylation difference between food

allergy cases and controls were associated with variations

in gene expression. These effects were also detectable in

cord blood CD4+ cells from the same children suggesting

potential markers of ‘pre-existing disease risk’. The origin

and nature of these DNA methylation differences is un-

clear; they could represent environmentally induced

effects from in utero environmental exposures, or they

could represent cis genetic effects. The dynamic nature

of epigenetic patterns makes it difficult to ascertain wheth-

er associations with phenotypic traits are a cause or conse-

quence of disease process. Further studies are now needed

to characterize epigenetic pathways of food allergy, and are

likely to reveal new mechanistic insights into disease

aetiology. Moreover, aberrations in epigenetic modifica-

tions may have important clinical implications, as they may

be useful for stratifying patients, or represent novel targets

for therapeutic or lifestyle intervention. Therefore, in

addition to promising new mechanistic insights, epigenetic

studies may reveal new markers with clinical utility.

Epigenetic biomarkers and clinical utility

Disease-associated epigenetic loci have emerged as use-

ful clinical tools for diagnosis and prognosis, mostly in the
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oncology field [49]. However, it is important to realise

that a causal relationship between an epigenetic bio-

marker and phenotypic trait is not a prerequisite for

clinical utility. Thus, when undertaking an epigenetic

analysis in any complex disease (such as food allergy) the

scope of the investigation should be tailored to the

ultimate goal. Factors to consider include; (i) the timing

and (ii) cell/tissue of orgin for investigation, (iii) sample

size and (iv), the methodology to be employed. Each will

vary according to whether the goal is to explore aetiology,

develop a clinical biomarker, or both. For example,

whereas specific epigenetic changes in multiple cell

sub-populations of blood (e.g., Naı̈ve, or regulatory

CD4+ T cells) may play a key role in the development

of food allergy and therefore warrant investigation to

understand disease aetiology, a diagnostic test that

requires sorting of these low abundance cell populations

would be of far less utility than one applicable to a small

amount of unsorted whole blood, such as that obtainable

by finger prick.

In the case of clinically relevant biomarkers, it is also

important to distinguish the type of marker to be devel-

oped. A diagnostic biomarker aims to identify DNA

methylation variants associated with a clinical condition,

often in the absence of over clinical symptoms (e.g.

allergic response). On the other hand, prognostic bio-

markers predict the progression of disease and outcome

(e.g. acquisition of tolerance in allergy). Predictive bio-

markers may provide valuable information on an indivi-

dual’s responsiveness to a specific treatment.

There are a multitude of DNA methylation biomarkers

that have been described (reviewed in [49]), but few have

been validated/replicated and most are considered exper-

imental. The reasons for this are multifaceted but gener-

ally reflect the need for such markers to meet criteria of

both sensitivity (limited false negatives) and specificity

(limited false positives) at multiple stages of investiga-

tion. Epigenetic marks linked to disease in a single study

have potential as a biomarker. Independent replication will

then yield a validated biomarker and further replication in

independent cohorts will produce a replicated biomarker or

candidate clinical biomarker. Finally, if successful in clinical

trials, the biomarker will become a proven clinical biomark-
er [49]. DNA methylation biomarkers that have proven

utility are generally only found in the field of cancer with

several approved for use in diagnosis [50]. The successful

development of methylation-based diagnostics in cancer

is a promising advance in the field, although methylation

differences between cancer patients and controls are

generally much larger (more than 50%) than that seen

in common non-communicable diseases like allergy

(typically less than 5% when assessed in whole blood).

Approaches that target multiple informative sites from

patient DNA in combination may be more suited to the

allergy setting.
Current Opinion in Immunology 2016, 42:9–15
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Fortunately, the advent of genome-wide technologies

such as DNA methylation microarrays and Next-Genera-

tion Sequencing technologies offer useful platforms to

discover aberrant patterns of DNA methylation in patient

groups of interest. High-throughput screening of patient

samples allows the identification of DNA methylation

sites that correlate with clinical outcomes of interest.

These loci can be combined using a variety of algorithmic

approaches to derive a prediction model that can be

harnessed to resolve phenotypes of interest. We recently

explored the utility of this approach for addressing the

clinical challenge of resolving symptomatic food allergy

from asymptomatic sensitisation.

Many food-sensitised children that produce an IgE-me-

diated response to dietary antigens are not allergic, and

this discrepancy between food sensitisation and food

allergy creates diagnostic difficulties [51]. In a pilot study

of 58 food-sensitised children, half of whom were clini-

cally allergic by oral food challenge, we performed ge-

nome-wide DNA methylation profiling from DNA

derived from peripheral blood mononuclear cells [52].

Using applied statistical learning we identified 96 CpG

sites annotated to 73 protein-coding genes that exhibited

predictive utility for discriminating symptomatic allergy

from asymptomatic allergic sensitisation. In an area under

the curve analysis we compared the predictive utility of

the methylation signature to serum IgE and skin prick

test wheal size for predicting the known clinical pheno-

type (symptomatic clinical food allergy versus asymptom-

atic antigen sensitivity). Patient methylation signatures

predicted food challenge outcomes with 89.7% sensitivity

and 96.6% specificity, and the signature was found to be

reproducible in a second cohort.

The attractiveness of this approach is the potential to

capture both genetic and environmental variability. A

recent study of 572 children aged 3–5 years examined

epigenetic signatures of prenatal tobacco smoke, consist-

ing of 26 CpG sites that have reproducibly been associat-

ed with smoking exposure in a number of cohorts. The

investigators examined the potential for 26 aberrantly

methylated CpG to act as biomarkers of prenatal smoking

exposure [53�]. They were able to combine the 26 CpG

into a DNA methylation signature that accurately pre-

dicted prenatal smoking exposure status in early child-

hood, suggesting a blood derived DNA methylation

signature of in utero exposure to tobacco smoked. In a

landmark study by Horvath and colleagues, a signature of

353 CpG sites was discovered using 8000 samples from

51 tissues and cell types that accurately predicted chro-

nological age with a median error of 3.6 years across all cell

types [54��]. The relevance of this to human health is

becoming increasingly clear, with epigenetic age predict-

ing all-cause mortality risk independent of a combination

of risk factors such as smoking status, CVD and diabetes

in adults [55]. When measured in blood this has also
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shown utility in tracking the molecular aging associated

with obesity [56] and may be useful as a marker to track

the trajectory of health from early age to later life [57].

The striking feature of this age-associated methylation

signature is its reproducibility across many tissues, such

that it can accurately be determined in whole blood or

saliva. Given the demonstrated stability of DNA meth-

ylation, this will likely include samples stored for days (or

longer) at room temperature.

These studies have broad-reaching implications. For

example, DNA methylation signatures that reflect envi-

ronmental exposures, programmed in utero or otherwise,

could be useful biomarkers of modifiable pathways

around which to design intervention strategies. These

signatures could also reflect changes in cellular composi-

tion associated with disease progression. Beyond medical

science the application of DNA methylation signatures

for forensics is already being explored for the potential to

exploit methylation biomarkers on DNA recovered at the

scene of a crime to predict the age, tissue type and

smoking status of a perpetrator [58].

Challenges for developing methylation signatures with

clinical utility

Successful development of methylation signatures

requires consideration of a number of parameters. The

goals of the experiment and the clinical utility should

determine the appropriate choices around these param-

eters. Experimental design should address a clear clinical

need, and the choice of appropriate patient groups should

align closely to these goals. Investigators should consider

the utility of the signature — will it be used as a screening

tool, or a second line test? The choice of cell or tissue type

is often a trade-off between relevance to disease, practi-

cality and accessibility, though for a truly useful clinical

test the latter predominate. Mixed cell populations like

blood are easily accessible but owing to the tissue speci-

ficity of DNA methylation, reflect a mixture of the unique

methylation signature for each of its constituent cell

types. Effect sizes from whole blood methylation profiles

are often smaller due to the inherent noise, which can also

mask the ability to detect associations. Purified cell types

may be preferable but add to cost and handling time,

which may not align with the end goal. Methods have

been developed to de-convolute mixed cell DNA meth-

ylation signatures providing surrogate covariates of esti-

mated cell proportions [59,60].

The statistical approach should be appropriate for the

goals of the experiment. Differential methylation analy-

sis is typically suited for investigations into disease

aetiology by identifying novel associations at the ge-

nome-wide level. There may be other loci that exhibit

less of an association and do not meet the criteria for

genome-wide significance, but exhibit some correlation

with phenotypes of interest. Statistical approaches that
www.sciencedirect.com
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simultaneously model all methylation sites might there-

fore be more suited for problems of class classification or

class prediction [61]. Spurious associations are a constant

worry and replication is the only way to assess robustness

— key to the development of any truly relevant test.

Conclusions
Epigenetic modifications are now recognised as addition-

al components of disease under an expanded model of

gene–environment interactions. Characterizing the epi-

genetic pathways associated with allergic diseases has

the potential to both reveal novel aetiological insights,

and new markers with clinical potential for patient strat-

ification, or therapeutic targets. The integration of epi-

genomic information alongside conventional clinical

information to facilitate disease prediction is becoming a

realistic possibility, although examples of such approaches

are only just emerging. Large well-phenotyped cohorts

with longitudinal data will be required to enable charac-

terization of epigenetic pathways with clinical utility.

Although epigenetic biomarkers may be associated with

a variety of clinical outcomes of interest, they will need to

meet already well-established rigorous criteria to support

routine use for risk or outcome prediction in clinical

practise.
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Greco D, Söderhäll C, Scheynius A, Kere J: Differential DNA
methylation in purified human blood cells: implications for cell
lineage and studies on disease susceptibility. PLoS ONE 2012,
7:e41361.

28. Houseman EA, Accomando WP, Koestler DC, Christensen BC,
Marsit CJ, Nelson HH, Wiencke JK, Kelsey KT: DNA methylation
arrays as surrogate measures of cell mixture distribution.
BMC Bioinform 2012, 13:86.

29. McRae AF, Powell JE, Henders AK, Bowdler L, Hemani G, Shah S,
Painter JN, Martin NG, Visscher PM, Montgomery GW:
Contribution of genetic variation to transgenerational
inheritance of DNA methylation. Genome Biol 2014, 15:R73.

30. McVicker G, van de Geijn B, Degner JF, Cain CE, Banovich NE,
Raj A, Lewellen N, Myrthil M, Gilad Y, Pritchard JK: Identification
of genetic variants that affect histone modifications in human
cells. Science 2013, 342:747-749.

31. Gibbs JR, van der Brug MP, Hernandez DG, Traynor BJ, Nalls MA,
Lai S-L, Arepalli S, Dillman A, Rafferty IP, Troncoso J et al.:
Abundant quantitative trait loci exist for DNA methylation and
gene expression in human brain. PLoS Genet 2010, 6:e1000952.

32. Teh AL, Pan H, Chen L, Ong ML, Dogra S, Wong J, MacIsaac JL,
Mah SM, McEwen LM, Saw SM et al.: The effect of genotype and
in utero environment on interindividual variation in neonate
DNA methylomes. Genome Res 2014, 24:1064-1074.

33. Waterland RA, Dolinoy DC, Lin JR, Smith CA, Shi X, Tahiliani KG:
Maternal methyl supplements increase offspring DNA
methylation at Axin Fused. Genesis 2006, 44:401-406.

34. Skinner MK, Manikkam M, Guerrero-Bosagna C: Epigenetic
transgenerational actions of endocrine disruptors. Reprod
Toxicol 2011, 31:337-343.

35. Stankiewicz AM, Swiergiel AH, Lisowski P: Epigenetics of stress
adaptations in the brain. Brain Res Bull 2013, 98:76-92.

36. Niemitz EL, Feinberg AP: Epigenetics and assisted reproductive
technology: a call for investigation. Am J Hum Genet 2004,
74:599-609.

37.
��

Koturbash I, Baker M, Loree J, Kutanzi K, Hudson D, Pogribny I,
Sedelnikova O, Bonner W, Kovalchuk O: Epigenetic
dysregulation underlies radiation-induced transgenerational
genome instability in vivo. Int J Radiat Oncol Biol Phys 2006,
66:327-330.

Evidence in humans that maternal nutritional status during pregnancy
causes systematic epigenetic changes at metastable epialleles.

38. Morgan HD, Sutherland HGE, Martin DIK, Whitelaw E: Epigenetic
inheritance at the agouti locus in the mouse. Nat Genet 1999,
23:314-318.

39. Dominguez-Salas P, Moore SE, Baker MS, Bergen AW, Cox SE,
Dyer RA, Fulford AJ, Guan Y, Laritsky E, Silver MJ et al.: Maternal
nutrition at conception modulates DNA methylation of human
metastable epialleles. Nat Commun 2014, 5:3746.

40. Richmond RC, Simpkin AJ, Woodward G, Gaunt TR, Lyttleton O,
McArdle WL, Ring SM, Smith ADAC, Timpson NJ, Tilling K et al.:
Prenatal exposure to maternal smoking and offspring DNA
methylation across the lifecourse: findings from the Avon
Longitudinal Study of Parents and Children (ALSPAC). Hum
Mol Genet 2014 http://dx.doi.org/10.1093/hmg/ddu739.
Current Opinion in Immunology 2016, 42:9–15 
41. Liu J, Ballaney M, Al-alem U, Quan C, Jin X, Perera F, Chen L-C,
Miller RL: Combined inhaled diesel exhaust particles and
allergen exposure alter methylation of T Helper Genes and IgE
production in vivo. Toxicol Sci 2008, 102:76-81.

42. Amarasekera M, Martino D, Ashley S, Harb H, Kesper D,
Strickland D, Saffery R, Prescott SL: Genome-wide DNA
methylation profiling identifies a folate-sensitive region of
differential methylation upstream of ZFP57-imprinting
regulator in humans. FASEB J 2014, 28:4068-4076.

43. Paul B, Barnes S, Demark-Wahnefried W, Morrow C, Salvador C,
Skibola C, Tollefsbol TO: Influences of diet and the gut
microbiome on epigenetic modulation in cancer and other
diseases. Clin Epigenet 2015, 7:112.

44. Rodriguez E, Baurecht H, Wahn AF, Kretschmer A, Hotze M,
Zeilinger S, Klopp N, Illig T, Schramm K, Prokisch H et al.: An
integrated epigenetic and transcriptomic analysis reveals
distinct tissue-specific patterns of DNA methylation associated
with atopic dermatitis. J Invest Dermatol 2014, 134:1873-1883.

45. Rastogi D, Suzuki M, Greally JM: Differential epigenome-wide
DNA methylation patterns in childhood obesity-associated
asthma. Sci Rep 2013, 3:2164.

46. Liang L, Willis-Owen SAG, Laprise C, Wong KCC, Davies GA,
Hudson TJ, Binia A, Hopkin JM, Yang IV, Grundberg E et al.: An
epigenome-wide association study of total serum
immunoglobulin E concentration. Nature 2015, 520:670-674.

47. Martino D, Joo JE, Sexton-Oates A, Dang T, Allen K, Saffery R,
Prescott S: Epigenome-wide association study reveals
longitudinally stable DNA methylation differences in CD4+ T
cells from children with IgE-mediated food allergy. Epigenetics
2014, 9:998-1006.

48. Yamashita M, Kimura M, Kubo M, Shimizu C, Tada T, Perlmutter RM,
Nakayama T: T cell antigen receptor-mediated activation of the
Ras/mitogen-activated protein kinase pathway controls
interleukin 4 receptor function and type-2 helper T cell
differentiation. Proc Natl Acad Sci U S A 1999, 96:1024-1029.

49. Mikeska T, Craig J: DNA methylation biomarkers: cancer and
beyond. Genes 2014, 5:821-864.
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