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Abstract
Epigenetic epidemiology includes the study of variation in epigenetic traits and the risk of disease in populations.  Its application to the field of cancer has provided insight into how lifestyle and environmental factors influence the epigenome and how epigenetic events may be involved in carcinogenesis.  Furthermore, it has the potential to bring benefit to patients through the identification of diagnostic markers that enable the early detection of disease and prognostic markers that can inform upon appropriate treatment strategies.  However, there are a number of challenges associated with the conduct of such studies, and with the identification of biomarkers that can be applied to the clinical setting.  In this review, we delineate the challenges faced in the design of epigenetic epidemiology studies in cancer, including the suitability of blood as a surrogate tissue and the capture of genome-wide DNA methylation.  We describe how epigenetic epidemiology has brought insight into risk factors associated with lung, breast, colorectal and bladder cancer and review relevant research.  We discuss recent findings on the identification of epigenetic diagnostic and prognostic biomarkers for these cancers.
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Introduction
Epigenetic epidemiology includes the study of variation in epigenetic traits and the risk of disease in populations.  The merging of these two fields can facilitate insight into which epigenetic marks are associated with cancer, whether some of these marks explain the link between certain exposures and cancer, and how these epigenetic marks can be utilised as biomarkers.  Epigenetic epidemiology can therefore serve to promote primary cancer prevention by identifying risk factors and their method of action, secondary prevention by establishing markers of early disease, and tertiary prevention by establishing markers of disease progression and drug resistance.  Biomarkers can be identified by the adoption of appropriate study designs, in conjunction with a solid understanding of how any of the three cornerstones of epigenetics may be involved in carcinogenesis: DNA methylation; chromatin and histone modifications; and non-coding RNAs.
In addition to the identification of markers of drug resistance, insight into epigenetic dysregulation of the genome also provides new bases for therapies.  For example, azacitidine is a demethylating agent that acts through inhibition of DNA methyltransferases and has been approved for use with myelodysplastic syndromes.  It is currently in Phase I and Phase II clinical trials for use with diffuse large B-cell lymphomas, non-small cell lung cancers (NSCLC), breast cancer, pancreatic cancer, and oesophageal cancer.  Histone deacetylase inhibitors, such as vorinostat and romidepsin, have been approved for use with the treatment of T-cell lymphomas.  While no microRNA-based therapies have yet been approved for clinical usage, Phase I clinical trials are underway investigating the use of an miR-34 mimic, MRX34, with liver cancer and lymphoma patients.  It is therefore evident that better understanding the epigenetic basis of cancer is enabling the development of a range of new therapeutic options.
	In this review, we will describe how epidemiology studies have related epigenetic variation with environmental factors and have identified diagnostic and prognostic biomarkers that can be applied in the clinical setting.  We will describe the challenges in study design, and we will review progress that has been made in identifying biomarkers of disease risk, and especially the efforts in developing non-invasive means of screening patients.  We will focus exclusively on work using primary human tissues, and we will pay particular attention to large-scale and prospective studies due to their relative strength in identifying biomarkers and the epigenetic dysregulation associated with cancer.

The suitability of epigenetic biomarkers
Epigenetic traits have the potential to serve as excellent diagnostic and prognostic markers of cancer.  In addition to the stability of DNA methylation and the resistance of microRNAs to RNase-degradation, aberrant epigenetic events are frequently observed in early-stage cancers and in adenomas [1-7].  Significantly increased stochastic variation in DNA methylation has been observed in cervical cells of normal morphology in patients who went on to develop cervical cancer [8], and there is evidence that epigenetic-based tests may offer superior sensitivity to cytology-based ones in the early diagnosis of disease [6].
While gene-specific epigenetic modifications have been reported to occur with great frequency, such as hypermethylation of the RASSF1A promoter in >30% of lung [2], bladder [9] and breast [10-12] tumours, it is unlikely that a test based upon a single gene will suffice to identify a large proportion of early-stage cancers.  Subsequently, many studies have aimed to establish panels of genes whose synergy offer the greatest sensitivity [12-14].  An alternative approach that has been employed is to utilise the global changes that are commonly observed in tumours.  There is evidence that methylation boundaries are disrupted in cancer, such as those between CpG islands and shores, and that the cancer genome contains large regions of hypomethylated blocks [15].
Summation of total DNA genome methylation may therefore be able to serve as a comparatively simple diagnostic marker.  While high performance liquid chromatography (HPLC) and mass spectrometry are considered the ‘gold standard’ for estimating global methylation levels, they are not readily applicable to the clinical setting. Repetitive elements, such as LINE-1 and Alu, have been proposed as surrogate markers of global DNA methylation [16], while the pyrosequencing-based luminometric methylation assay (LUMA) has been developed as a simpler direct approach to estimating global DNA methylation [17].  However, while pyrosequencing enables the potential interrogation of DNA methylation at any CpG site, LUMA specifically assesses methylation at CCGG motifs.  LUMA is performed by restriction digests of genomic DNA using EcoRI in conjunction with one of HpaII (methylation-insensitive) or MspI (methylation-sensitive) that cleave DNA at CCGG motifs, and DNA methylation can then be quantified at these sites by the ratio of the peaks from the HpaII and MspI digests, as determined by pyrosequencing.  However, results by these two methods often do not correlate well [18,19].  In a comparison of these approaches, Lisanti and colleagues [20] reported that LINE-1 methylation corresponded best to results by HPLC (r2 0.96), with Alu displaying a weaker correlation (r2 0.78), while LUMA performed very poorly (r2 0.04), although LINE-1 was found to overestimate hypomethylation and to underestimate hypermethylation. LINE-1 methylation is also advantageous over LUMA in displaying less variation between samples taken at different time points [21].  Other studies have reported weaker correlations (r2 0.51 – 0.70) between the methylation of LINE-1 and Alu elements and global DNA methylation measured by HPLC [22].  While the use of repetitive element methylation is preferable to LUMA, their use as surrogate markers for global DNA methylation remains controversial.  Furthermore, a clear limitation of these surrogate markers of global methylation is their lack of specificity for different cancer types.  However, LINE-1 methylation is in itself of interest, both in terms of its role in carcinogenesis and its potential use as a biomarker, as will be discussed later in this review.

Epigenome-wide Association Studies
It has become increasingly common for epigenetic epidemiology studies to use microarray or next-generation sequencing technology in order to assess epigenetic variation on a substantially larger scale, rather than using a surrogate marker of global methylation, such as LINE-1 (Figure 1).  Referred to as epigenome-wide association studies (EWAS), these can offer a cost-effective means of interrogating large numbers of loci without requiring infeasible quantities of starting material, and can bring insight by identifying novel genes and pathways implicated in disease.  The design and analysis of EWAS has been comprehensively reviewed by Michels et al [23].
	The most well-established of these approaches is the use of Illumina’s Infinium microarray technology, which can assess DNA methylation at single-nucleotide resolution.  These microarrays offer a robust and cost-effective approach to epigenome-wide screening, and their use in epigenetic epidemiologic studies is increasingly common (Figure 1), but data analysis is complex and requires careful consideration.  Whole-genome bisulfite sequencing is prohibitively expensive, and therefore sequencing-based approaches require stratification to enable their application to epidemiological studies.  Methyl-CpG binding domain protein sequencing (MBD-seq) and immunoprecipitation-based approaches, such as methylated DNA immunoprecipitation sequencing (MeDIP-seq) and chromatin immunoprecipitation sequencing (ChIP-seq), require substantial quantities of starting material and therefore cannot be readily utilised.  In contrast, reduced representation bisulfite sequencing (RRBS) can be utilised with as little as 10 ng of DNA and has been multiplexed to enable the co-preparation of 96 samples at once [24], thereby making it an attractive option to large-scale epidemiological studies.

Study design
The identification of epigenetic biomarkers requires an appropriate study design.  Retrospective case-control studies cannot determine the temporality of epigenetic modifications with regard to disease occurrence.  Moreover, in cancer development ‘drivers’ and ‘passengers’ cannot be distinguished, which prohibits identification of early markers of disease.  Prospective studies permit temporal associations and are therefore highly preferable for the identification of biomarkers (a summary of prospective studies described in this review can be found in Table 1).  However, these are substantially more expensive and time-consuming to perform, and the number of cases in case-control studies nested in prospective cohorts is commonly lower than that found with retrospective case-control studies.  Subsequently, most studies in the field are of a retrospective nature, but any targets identified by these studies require validation in prospective studies.
	Further consideration must be paid to the tissues used for study.  While the early involvement of epigenetic factors in carcinogenesis makes them highly suitable for roles as diagnostic markers, it also increases the likelihood of observing epigenetic field defects in adjacent normal tissue.  For example, methylation of the MGMT promoter in colorectal tumours is frequently accompanied by the same defect in adjacent normal tissue [25] and that loss of IGF2 imprinting is equally prevalent in distant normal tissue as in prostate tumours [26].  Microarray-analysis of adjacent bladder tissue revealed 142 loci that were aberrantly methylated in both the adjacent tissue and tumours in comparison with tissue from cancer-free individuals [27], while synchronous colorectal tumours display significantly correlated methylation at LINE-1 elements and CpG islands [28].  These field defects can inhibit the identification of biomarkers if adjacent tissue is used as a comparison.  This is perhaps exemplified by a meta-analysis of studies investigating MGMT methylation in NSCLC tumours [29], in which all five studies using matched healthy individuals as controls did not report hypermethylation in any of the control samples, while 3 of the 10 studies using adjacent tissue from patients reported hypermethylation in >15% of controls.  Furthermore, the use of normal tissue enables normal methylation ranges to be more accurately defined, and therefore for more accurate definitions of what constitutes hypo- and hypermethylation of the genes in cancers.

The use of blood as a surrogate tissue
Prospective epidemiology studies are commonly performed with several thousand participants.  Since it is not feasible to collect tissue samples, such as biopsies, from target organs in healthy individuals, prediagnostic specimen collection in prospective studies is restricted to blood, urine and other easily accessible tissues.  Blood-based biomarkers are also advantageous in the clinical setting as they facilitate easier and cost-effective methods of screening, and they substantially reduce the patient burden.  However, the suitability of blood as a surrogate tissue is controversial as there is conflicting evidence as to whether alterations in DNA methylation observed in tumours can also be detected in the blood of the patients.  For example, while there is evidence from case-control and prospective studies that the aberrant methylation of imprinted genes observed in breast and colon tumours is mostly not found in matched blood samples [30,31], a cross-sectional study reported loss of IGF2 imprinting in both colon tumours and matched blood samples, and proposed its use as a blood-based diagnostic marker of disease [32].  While some epigenetic marks can be found across tissues, such consistency across tissues is rare and it remains unresolved whether these represent more predictive biomarkers.
Whether such marks can be observed in surrogate tissues may depend upon their origins.  Alterations at the germline level may be seen across all tissues, while changes induced by in vitro exposures could be seen in tissues of the same developmental origins.  However, acquired alterations may be limited to the tumour, depending upon the nature of associated risk factors.  For example, the impact of airborne exposures will be most acute in the lungs due to the path they follow into the body.  Whether changes in DNA methylation may still be observed in the blood will depend in part upon the size of the particulate matter and whether they are able to pass into the bloodstream.
Consideration must also be given to the cause and specificity of epigenetic changes observed in blood.  DNA methylation profiles in peripheral blood are associated with changes in the distribution of leukocyte subpopulations [33], and accounting for differences in cell distribution statistically is therefore essential.  It has been proposed that such changes can be utilised to identify patients with tumours, although it is not clear whether these differences in DNA methylation profiles between cancer and healthy individuals may simply be due to underlying inflammation in cancer patients, rather than the cancer itself.  Koestler and colleagues [34] identified 50 differentially methylated regions associated with different leukocyte subtypes and reported that these could be used to discriminate between healthy controls and patients with head and neck squamous cell carcinomas and ovarian cancer.  However, such changes were not unique to the cancer type, with both eliciting a similar change in leukocyte populations.  Other blood-based diagnostic markers can similarly show a lack of specificity to tumour type.  SEPT9 has been proposed to be a blood-based marker of colorectal cancer (CRC) [35], but it has also been shown to be aberrantly methylated in lung and breast tumours [36,37], although the rate of positive detection in blood from patients with cancers other than CRC is only marginally higher than in controls [35].
Epigenetic changes observed in blood may also be induced by other risk factors as opposed to the tumours themselves, and therefore care must be taken to avoid confounding.  LINE-1 methylation is associated with toenail arsenic levels and smoking blond tobacco in healthy individuals [38], which are also risk factors for bladder and lung cancers.  While this may provide evidence of how such factors can influence the risk of disease, it may also underline the difficulty in identifying true blood-based diagnostic markers of disease, as opposed to markers of disease risk.  Indeed, Widschwenter and colleagues [39] commented that prediction of risk by gene-specific methylation and other risk factors are not independent, with the former being both a marker of exposures and a measure of individual response.
While circulating cell-free tumour DNA is present in plasma, the relative abundance, especially with early-stage disease, it is sufficiently low to inhibit its application to diagnostics.  However, the advent of next-generation sequencing has facilitated the development of approaches with significantly improved sensitivities that are able to utilise this material.  Promising results have been reported for the detection of neoplasms using techniques such as methyl-BEAMing [40], shotgun massively parallel bisulfite sequencing [41], and chromatin immunoprecipitation sequencing [42].  Furthermore, as the levels of DNA in plasma correlate with tumour size, its quantification may provide insight into treatment efficacy.

Non-invasive sample collection as an alternative to the use of biopsies
Many tissues provide alternative non-invasive means to the use of peripheral blood.  As will be described later, exfoliated cells can be obtained from sputum to study the lung, from urine to study the bladder, and from stool to study the colon.  Further to these examples, a cytosponge method has been developed to retrieve cells from the oesophagus.  A screening approach based upon this method has been estimated by microsimulation modeling to possibly reduce the number of cases of oesophageal cancer by 19% for a disease with a mortality rate of greater than 80% [43].  In addition to the potential to screen for adenocarcinomas, this approach offers sensitivity and specificity of >90% in the identification of patients with segments of >2cm of the premalignant condition Barrett’s oesophagus [44].  Radiofrequency ablation offers a means of eradicating Barrett’s with a high success rate and low rates of recurrence, but 9% of patients suffer complications [45].  However, work from a prospective cohort of 98 patients with Barrett’s oesophagus identified a four-gene panel (GJA12, PIGR, RIN2, and SLC22A18) that was able to stratify patients with Barrett’s into three risk groups, with 17 of the 20 patients with high grade dysplasia or adenocarcinoma displaying methylation of >2 genes (Table 1) [13].  Epigenetic markers used in conjunction with non-invasive approaches may therefore serve to identify at-risk individuals for treatment, thereby reducing the cost of screening and treatment programs, and reducing unnecessary and painful procedures for patients.

Colorectal cancer
Perhaps the most widely-studied cancer with regard to epigenetic changes is that of the colorectum.  There is evidence that epigenetic silencing of genes may be an early event in the adenoma-carcinoma sequence, as suggested by the Vogelstein model [46].  The MGMT promoter has been reported to be methylated in 34% of adenomas [3], while Psofaki et al [47] reported aberrant methylation of the CDKN2A/p16 and MGMT promoters in 67% and 76% tubulovillous and villous adenomas respectively.  Together, this may suggest that epigenetic changes could serve as excellent markers of risk and for the diagnosis of early-stage tumours.  Furthermore, distinct colorectal cancer subtypes can arise through epigenetic mechanisms, such as microsatellite instability through the silencing of mismatch repair genes such as MLH1, which occurs in 20% of tumours [48], and the classification of tumours by CpG island methylator phenotype (CIMP) status, first described in 1999 [49].  Interestingly, a prospective study identified extreme hypomethylation (<40%) of LINE-1 in colorectal tumour tissue that clustered as a distinct group, and that these patients were younger at diagnosis [50].  This interesting finding may suggest a defect in the maintenance of global DNA methylation that gives rise to a distinct subset of tumours, which could benefit from alternative therapeutic approaches.
Many risk factors for colorectal cancer have been demonstrated to be associated with epigenetic changes in tumours.  Higher levels of processed meat intake and lower folate and fibre intake are associated with methylation of the APC 1A promoter in colorectal tumour tissue [51], smoking is associated with increased risk of CIMP-high tumours [52], while higher levels of alcohol intake are associated with increased global [53] and LINE-1 [54] hypomethylation in tumours.  Perhaps one of the best studied risk factors is that of folate intake.  Lower blood folate levels are associated with global DNA hypomethylation in both tumour tissue and blood [53,55], and lower folate intake with increased risk of LINE-1 hypomethylation [54].  However, there is conflicting evidence from studies nested within prospective cohorts as to whether high [56] or low [57] folate levels are associated with CIMP-positive tumours.
In addition to risk through exposures, individuals with a family history of CRC have a greater risk of developing tumours with lower LINE-1 methylation [58], which may explain how risk is conferred and how patients could be identified for surveillance.  Indeed, tumours associated with predisposing conditions often show marked differences in comparison to sporadic tumours.  Colorectal neoplasms associated with inflammatory bowel disease display distinct genetic and epigenetic profiles [59-61], while aberrant methylation of the first intron of the PTPRG gene is strongly associated with Lynch syndrome and is frequently present at the adenoma stage [62].  Even within sporadic tumours, consideration must be paid to genetic and epigenetic differences between proximal and distal tumours, such as the site-dependence and mutual-exclusivity of mutations in the KRAS and BRAF genes [63-65], and the associations between events, such as that between methylation of the APC and CDKN2A/p16 genes with mutations in codons 12 and 13 of KRAS [66].   Understanding the variation in the genetic and epigenetic changes observed between different subtypes of the disease will greatly aid the development of a diagnostic test panel that will offer maximal sensitivity and which can guide treatment strategies.
Global DNA methylation, as measured by HPLC or liquid chromatography/tandem mass spectrometry, does not appear to offer a blood-based means of detecting CRC risk.  Studies nested within the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial and the Nurses’ Health Study, both using prospectively-taken blood samples from more than 350 cases, identified no association between global methylation levels and risk of cancer (Table 1) [55,67].  Smaller scale retrospective studies have observed associations between the risk of adenomas and increased leukocyte methylation levels [4] and, conversely, leukocyte hypomethylation [53], but the relative power of the prospective studies would suggest that global DNA methylation cannot serve as a marker of disease.
	Gene-specific approaches have offered more promise.  SEPT9 has been promoted as a diagnostic marker, with sensitivity and specificity of 70% and 90% reported from a case-control study [35].  However, when tested in a prospective study of asymptomatic individuals undergoing screening by colonoscopy, the sensitivity dropped to 48% (Table 1) [68].  This underlines the need for prospective studies to evaluate biomarkers of disease risk.  This is perhaps further exemplified by the study of another potential marker, IGF2.  A cross-sectional study of 172 patients identified loss of IGF2 imprinting as potentially an excellent blood-based marker of risk (adjusted OR 21.7) with loss of imprinting observed in both blood and colon tissue [32].  However, a case-control study nested within the Northern Sweden Health and Disease Study prospective cohort reported no correlation between IGF2 methylation in leukocytes and colon cancer risk [69], and nor was an association observed in prospectively-taken blood samples from the European Prospective Investigation into Cancer and Nutrition (EPIC) study, despite hypermethylation of the locus being observed in 80% of tumours from the same patients [31] (Table 1).  As the cross-sectional study by Cui et al [32] reported a stronger association for loss of IGF2 imprinting with tumours than adenomas, and as no association was observed elsewhere in prospectively taken samples, it may therefore be that IGF2 is not a driver of carcinogenesis and so is not useful as a biomarker of early disease.  More promisingly, Lange et al [70] used publically available microarray data sets to identify THBD and C9orf50 as potential CRC-specific tumour markers, ensuring that these genes are not aberrantly methylated in other tumour types, before investigating their performance in prospectively-taken serum and plasma samples.  These two loci were shown to detect CRC tumours with sensitivity of 71% and specificity of 80% (Table 1).
The benefit of using stool samples to identify colonic neoplasms has recently been demonstrated.  Following promising results in the identification of neoplasms in patients with inflammatory bowel disease [71], methylation of BMP3 and NDRG4 were taken forward for use in conjunction with an immunochemical assay for haemoglobin and the detection of KRAS mutations, using -actin as a reference gene to establish DNA levels, for the detection of colorectal tumours [72].  Using an algorithm to calculate a score based upon these measurements, this stool-based approach offered superior sensitivity to the faecal immunochemical test in the detection of tumours (92% vs 74%) and advanced precancerous lesions (42% vs 24%), at the expense of a reduction in specificity (87% vs 95%).  Stool-based epigenetic markers therefore offer great promise as part of a cost-effective frontline test to identify patients for screening by colonoscopy, and this work demonstrates how epigenetic and genetic markers can complement each other to great effect.
There is substantial evidence that tumour subtypes associated with epigenetic alterations are associated with prognosis.  Microsatellite-instable tumours are associated with favourable prognosis [73].  Work within the prospective Nurses’ Health and Health Professionals Follow-up studies has identified that CIMP-positive tumours are associated with poor differentiation [74] and significantly reduced cancer-related mortality [75].  Elsewhere, Han and colleagues [76] did not observe an association between CIMP status and disease-free survival, but did report that hypermethylation of two genes associated with CIMP status, NEUROG1 and CDKN2A/p16, were associated with reduced survival.  As this study focussed on a very distinct patient cohort, all with Stage II or Stage III CRC treated by FOLFOX, this finding may suggest that the relationship between CIMP status and progression may be complex.  
Hypomethylation of LINE-1, but not Alu, is significantly associated with recurrence (HR 9.6) and impaired patient survival (HR 4.6) in early-stage rectal cancer [1], and with worse overall cancer-specific mortality for all colorectal tumours (HR 2.37 with a 30% decrease in LINE-1 methylation) [77].  It is not clear whether the discrepancy in the magnitude of these associations is the product of the difference in study design, with the retrospective study reporting greater risks than the prospective, or whether LINE-1 hypomethylation may be particularly implicated in rectal cancer.
CDKN2A/p16 promoter hypermethylation has been reported in 25-30% of tumours [78,79], but there is conflicting evidence as to its utility as a prognostic marker.  Retrospective studies of 212 colorectal patients [80], 285 Stage II and III colorectal cancer patients receiving fluoropyrimidine adjuvant therapy [66] and 381 rectal cancer patients [63] reported associations between the methylation of the gene promoter and recurrence, reduced survival and reduced recurrence-free survival.  However, a prospective cohort study of 326 CRC patients [79] and a study nested within two prospective studies incorporating 902 colorectal tumours [78] both reported no association between hypermethylation of this gene and overall or recurrence-free survival.  The strength of prospective studies and the relative sample sizes would suggest that CDKN2A/p16 methylation is perhaps not of value as a prognostic marker.  It is also unlikely that MGMT could serve as a prognostic marker, despite its usage with gliomas, as Shima et al [81] reported that it was not associated with cancer-specific mortality or survival [81], while Kim et al [66] similarly observed no association between MGMT promoter methylation and survival in patients with rectal cancer.  More promisingly, low expression of miR-128 has been reported to be associated with poor survival, which may be through the disrupted regulation of one of its targets, NEK2, which was identified by multivariate analysis to be associated with overall survival [82].
Histone modifications appear to be better indicators of prognosis than of risk.  Approaches that require chromatin immunoprecipitation are not readily suitable for epidemiologic studies on account of requiring large quantities of DNA.  Immunohistochemical detection of histone modifications is one approach that can facilitate their study due to the minimal sample requirements and cost.  Furthermore, prognostic markers identified by such an approach could be readily utilised in the clinic by using commercially-available antibodies in conjunction with sections from tumour tissue taken for pathological analysis.  Reduced levels of H3K27me2 and increased levels of H3Ac and H3K4me2 are associated with poor prognosis in CRC patients [83,84].  Benard et al [1] similarly reported that lower levels of H3K27me3 and higher levels of H3K9Ac are associated with worse survival in rectal cancer, but not distal recurrence.  H3K27me3 was further associated with local recurrence, but, interestingly, H3K9Ac was only associated when LINE-1 methylation levels were high.  In contrast to findings in NSCLC, overexpression of the histone modifier EZH2 is associated with improved prognosis in CRC [85].
Epigenetic profiling of tumours may also provide insight into the efficacy of treatment strategies.  A number of studies have concluded that tumours with microsatellite instability show reduced benefit from 5-flurouracil (5-FU) treatment [86-88], although improved benefit has been reported for 5-FU and irinotecan treatment [89].  However, a meta-analysis of 12,782 patients from 31 studies concluded that it was not possible to determine whether these tumours display reduced benefit or not [73].  In microsatellite-stable tumours, lower levels of LINE-1 methylation have been reported to be associated with improved survival of patients treated with 5-FU in comparison with those treated by surgery alone, while patients with high methylation levels received no significant benefit [90].  The authors demonstrated in vitro that 5-FU treatment induces DNA double-strand breaks via increased LINE-1 expression, thereby providing a mechanism for this action.  Moutinho and colleagues [91] performed EWAS-based analysis of cell lines that are sensitive and resistant to oxaliplatin to identify the SRBC gene as conferring resistance to the drug.  Methylation of this gene was then demonstrated to be frequent in primary tumours (39 of 131) and to be associated with impaired progression-free survival (HR 1.83).
Evidence from the study of colorectal cancer demonstrates how epigenetic epidemiology can provide tremendous clinical benefit.  In addition to a greater understanding of risk factors for CRC, including familial history of the disease, there are promising results from the identification of blood- or, in particular, stool-based diagnostic markers that could be used in screening populations.  Furthermore, insight into tumour subtypes, such as CIMP status, and the identification of markers of response to therapy should serve to reduce disease-related mortality.

Lung cancer
There is evidence that the leading risk factors for lung cancer, tobacco smoke and air pollution, can influence DNA methylation in the lungs and in blood.  A study nested within the EPIC cohort reported hypomethylation of F2RL3, AHRR and two intergenic regions in the blood of smokers in comparison to non-smokers [92].  A follow-up study from the same group demonstrated that four loci, including AHRR, may serve as blood-based markers of tobacco smoke exposure [93].  While many exposure studies report small but statistically significant changes, the methylation of AHRR was 20% lower in current smokers than in individuals who had never smoked.  Although the study size is small, the immediate biological relevance of the AHRR gene, which is involved in the metabolism of cigarette smoke, in conjunction with the substantial change in methylation levels in both lung tissue and blood would suggest that this could be a potential marker for disease risk.  Furthermore, former smokers still displayed hypomethylation, if at a lesser degree, indicating that this gene could serve as long-term marker of exposure.  Smoking during pregnancy has also been reported to be significantly associated with aberrant methylation of AHRR in cord blood, thereby linking in utero exposures to risk of disease [94].
In 2013, air pollution was officially classified as carcinogenic by the World Health Organisation, and there is increasing evidence to suggest that these pollutants induce epigenetic changes that may be implicated in carcinogenesis. Methylation of LINE-1 elements is decreased in leukocytes in response to recent exposures to high levels of black carbon and PM2.5 [95], while methylation of LINE-1 and Alu elements are significantly associated with long-term, but not short-term, exposure to PM10 pollutants in workers at a steel plant [96].  Interestingly, subfamilies of repetitive elements have different susceptibilities to changes following exposure to different air pollutants, with LINE-1 subfamilies with a greater evolutionary age displaying the greatest susceptibility following exposure to PM10 particles and benzene [97].  PM2.5 exposures have also been demonstrated to influence DNA methylation in a gene-specific manner, with NBL2 methylation positively associated with silicon and calcium exposures in Chinese truck drivers [98].
As many lung cancers are detected at a late stage, it would be of enormous benefit to establish high-throughput and cost-effective means of screening for this disease.  Subsequently there has been a substantial body of research into the use of blood, sputum and bronchial washings as a non-invasive means of screening.  A nested case-control study reported no association between the methylation of five genes (CDKN2A/p16, GSTP1, MGMT, MTFHR and RASSF1A) in peripheral blood and the case/control status of the individuals (Table 1) [99].  However, a nested case-control study using sputum identified the methylation of three genes, CDKN2A/p16, DAPK, and RASSF1A, that conferred a significant increase in risk (OR > 1.5) in a high-risk population of smokers (Table 1) [14].  Furthermore, in sputum collected within 18 months of diagnosis, individuals with hypermethylation of at least three genes from a six-gene panel that also included GATA5, MGMT and PAX5  were observed to have a 6.5-fold increase in the risk of lung cancer, although 36% of controls similarly displayed hypermethylation of >3 genes.  In samples taken 19-72 months prior to diagnosis, hypermethylation of CDKN2A/p16 alone was observed to confer an 80% increase in risk of developing cancer.  However, in contrast, another nested study observed that CDKN2A/p16 and RASSF1A were each only hypermethylated in 1 of 18 sputum samples [100].  As these studies used the same technique to measure methylation (methylation-specific PCR) and similarly studied a cohort of smokers, it is not clear why this discrepancy exists.  A test based upon the methylation of a single gene, SHOX2, was reported to offer sensitivity of 40% and specificity of 96% [101], which could therefore form the basis for the development of a multi-gene diagnostic test.  However, it should be noted that 45% of samples produced an invalid result according to the manufacturer’s protocol, which would suggest that the assay is not yet ready for the clinical setting.  MicroRNA expression levels have also shown promise, with a panel of five genes offering 83% sensitivity and 100% specificity in a small-scale prospective study (Table 1) [102].  Elsewhere, a two-gene panel consisting of miR-31 and miR-210 has alone been reported to provide sensitivity of 65% and specificity of 90%, and these genes are being carried forward into a prospective study investigating early detection of tumours in heavy smokers [103].
Promisingly, there is evidence that these non-invasive epigenetic tests can out-perform cytological ones.  A case-control study reported that a test based upon the hypermethylation of four genes (CDKN2A/p16, RASSF1A, TERT, and WT1) in bronchial washings offered superior performance to a cytology-based test in the same samples [6].  This test had sensitivity and specificity of 82% and 91% respectively, with 64% sensitivity for tumours at stage T1 and positive test results in 74% of cytology-negative samples.  A nested case-control study of 82 cytologically-negative sputum samples from cancer patients and 37 matched controls  reported that 73-78% of the methylation changes observed in the FHIT, CDKN2A/p16 and RAR genes in NSCLC tumours were also observed in sputum from the same patients (Table 1) [104].  In combination with five genetic markers, the authors described how methylation of CDKN2A/p16 and RAR could be used as a diagnostic test with sensitivity of 82% and specificity of 75%, although it should be noted that the frequency of positive methylation test results in controls was high (14% and 22% for CDKN2A/p16 and RAR respectively). Sputum has also been used to establish that SULF2 and PCDH20, which are hypermethylated in lung cancer, are similarly so in chronic mucous hypersecretion, which is a risk factor for cancer development [105].  A prospective study would be required to establish whether these genes could identify patients for surveillance.
Repeated sampling has been demonstrated to improve the sensitivity of sputum-based approaches [106], while other refinements may also offer significant improvements in the accuracy of results.  Nikolaidis and colleagues [6] accounted for the heterogeneity of cell types in sputum and bronchial washings by adjusting the methylation threshold for their four-gene test to account for the presence of lymphocytes.  Differences between ethnicities may also need to be addressed.  Leng et al [107] reported separate diagnostic panels for populations from Colorado and New Mexico, having previously observed that Native American ancestry in the Hispanic population in New Mexico reduced the risk of methylation of 12 genes associated with lung cancer [108].  This may suggest that differences in ethnicity and exposures may complicate the design of a single widely-used test for use in the clinic.
	In addition to non-invasive biomarkers for assessment of risk and early detection, promising work has targeted epigenetic dysregulation as prognostic markers.  A meta-analysis of 18 studies identified hypermethylation of CDKN2A/p16 as predictive of reduced disease-free survival [109], while Nadal et al [5] observed an association between methylation of miRNA-34b/c in 59 of 140 early stage lung cancers and significantly reduced disease-free survival.  Following an EWAS approach, Sandoval et al [7] identified five genes that were significantly associated with recurrence of disease (HR 3.24) in both training and validation cohorts of Stage I tumours.  Perhaps of particular interest is HIST1H4F, as NSCLCs are susceptible to the chemotherapeutic use of histone deacetylase inhibitors.  The overexpression of another histone modifier, EZH2, which is a member of the Polycomb-group, is similarly associated with poor prognosis for NSCLC patients [85].  While most studies have focussed on epigenetics in isolation, Ko and colleagues [2] have demonstrated that the hypermethylation of RASSF1A can be used in conjunction with the expression of TP63 to identify early non-small cell lung cancers without lymph node involvement that have poor rates of recurrence-free survival.
There is increasing evidence that the aberrant expression of microRNAs may serve as excellent biomarkers of disease progression.  One of the most promising studies was that by Bediaga et al [110], in which a test based upon the expression of eight microRNA genes was found to provide sensitivity and specificity of 98% and 96% respectively.  These genes were tested in both fresh-frozen and formalin-fixed paraffin-embedded tissue, and they are therefore excellent candidates for further investigation in a prospective study.  Elsewhere, the expression of miR-221 has been reported to be associated with recurrence [111], high levels of miR-146b expression are significantly associated with reduced survival (HR 2.7) [112], and the overexpression of miR-21 and miR-200c in NSCLC tumours are similarly associated with impaired survival, while high levels of miR-21 in serum is associated with lymph node metastases and advanced stage disease [113].  Further evidence for the utility of microRNA expression comes from a prospective study into response to cisplatin and vinorelbine, which identified that a two-gene panel, of miR-149 and miR-375, that was significantly associated with response to therapy [114].  Furthermore, the authors reported a four-gene panel that was associated with overall survival.
Understanding how risk factors, such as tobacco smoke and air pollution, influence the epigenome has enabled potential diagnostic markers of early disease to be identified.  Most promisingly, evidence from prospective studies suggests that aberrant DNA methylation and microRNA expression can be identified in the sputum and bronchial washings of high-risk individuals, and therefore could serve to identify lung tumours at an earlier stage.

Breast cancer
Breast cancer subtypes are epigenetically distinct, with tumours displaying differing LINE-1 methylation profiles according to the expression of the oestrogen and progesterone receptors [115-119] and BRCA1 inactivation [119].  The identification of these differences in methylation profiles may suggest that different breast cancer subtypes may be candidates for azacitidine treatment, just as expression of the hormone receptors identify patients who will benefit from endocrine therapy.  Furthermore, these observations may also bring insight into how the different subtypes arise.  Silencing of the oestrogen receptor can occur through promoter methylation [120], and inactivation of BRCA1 and BRCA2 are also commonly through epigenetic mechanisms, although estimates of the frequency of this event vary substantially, from 17% of tumours to 60% [121,122].  Other epigenetic events are similarly frequent, with RASSF1A reported to be hypermethylated in 65-85% of breast tumours [10-12], HIN1 hypermethylated in 63% [12], and RAR in 28% [12].  Interestingly, methylation of tumour-suppressor genes, such as RAR, CDKN2A/p16 and HIN1, has been shown to be a common occurrence in women at high-risk of developing breast cancer due to their familial history of the disease, but who lack BRCA1 and BRCA2 mutations [123].  This may therefore provide evidence for alternative pathways involved in familial cases of disease, in addition to mutation or silencing of the BRCA genes.
There have been a large number of studies aiming to identify blood-based diagnostic markers for breast cancer.  Brennan et al [124] observed an association between the hypermethylation of ATM in blood with increased risk of breast cancer in two of three prospective populations (Table 1).  SLC19A3 hypermethylation has also been demonstrated to be a promising marker in plasma, with a positive predictive value of 90% and negative predictive value of 85% [125].  One of the most promising, albeit small-scale, blood-based studies identified eight genes that are significantly differentially methylated between plasma samples from patients with cancer and healthy controls, seven of which also displayed a significantly higher level of methylation in tumour and serum samples compared to normal breast tissue in a second cohort [126].  APC, CST6, BRCA1 and CKDN1A/p21 displayed particular promise, with comparatively small ranges of values in controls and significantly higher methylation in samples from patients, and tests based upon the methylation of BRCA1 and CKDN1A/p21 displayed sensitivities of 75% and 88% respectively, based upon specificities of 90%.  Furthermore, Chimonidou et al [127] reported that the CST6 promoter was methylated in cell-free DNA from the plasma of 19% of patients within a pilot study and 40% in an independent cohort, while methylation was never observed in healthy controls.  However, a nested case-control study using pre-diagnosis serum samples from the New York University Women’s Health Study cohort observed that APC, GSTP1 (two of the eight genes from the Radpour et al study), RAR and RASSF1A were not differentially methylated between breast cancer patients, women with benign breast disease, and healthy controls (Table 1) [128], while a large case-control study of 902 blood samples from patients and 990 controls reported no significant association between hypermethylation of the BRCA1 promoter and risk of breast cancer [129].  In addition to gene-specific changes, a population-based study of 1,055 cases and 1,101 controls reported that women in the highest quintile for global DNA methylation, as analysed by LUMA, had a 2.4-fold increase in the risk of developing breast cancer [19].  No such associations were observed with LINE-1 methylation.
Blood-based markers may also serve to identify patients with a familial risk of disease, as has been investigated within the prospective Sister Study, in which blood was taken from the sisters and half-sisters of patients with breast cancer.  Epigenome-wide methylation scanning has revealed 250 differentially-methylated genes between individuals who went on to develop breast cancer and those who had not (Table 1) [130].  Although their suitability as biomarkers of risk may not be applicable to general population due to their association with familial disease, these could be useful in the surveillance of high-risk populations.  Another study within the same cohort identified that lower quartiles of LINE-1 methylation are associated with increased risk of disease (Table 1) [131], although the range of methylation values within each quartile were extremely narrow.  In contrast, results from within the Breast Cancer Family Registry suggest no correlation between breast cancer risk and the methylation of LINE-1 and Alu repetitive elements, but a significant correlation was observed with Sat2 methylation (Table 1) [132].  Considering the narrow range of LINE-1 values reported within the Sister Study, and the similar mean Sat2 methylation values for the cases and controls within the Breast Cancer Family Registry, it is perhaps unlikely that repetitive element methylation can act as a marker of breast cancer risk.
	As with other cancers, epigenetic events in breast tumours can provide insight into disease prognosis.  Interestingly, the hypermethylation of BRCA1 and BRCA2 were significantly associated with high rates of overall and disease-free survival in a Tunisian population [121], but BRCA1 hypermethylation is associated with worse prognosis in Taiwanese [133] and English [134] populations, despite the fact that the prevalence is similar across the populations (61%, 56% and 59% respectively).  However, a meta-analysis of nine studies and 3,205 patients reported that hypermethylation of the BRCA1 gene is significantly associated with impaired disease-free survival (HR 3.92) [122].  LINE1 hypomethylation is also significantly associated with reduced overall and disease-free survival, and with lymph node metastases [135].  A retrospective study of 670 tumours from an American cohort reported associations between the methylation of GSTP1, RAR and TWIST1 and cancer-specific mortality, and the authors described how hypermethylation of 4-5 genes from a 10-gene panel was associated with a 1.66-fold increased risk of cancer-specific mortality, and 6 or more genes with a 2.45-fold increase in risk [12].  However, no association was observed between RASSF1A methylation and risk of mortality.  This is in contrast to the finding of Buhmeida et al [11], who reported significant associations between the hypermethylation of this gene and impaired disease-free survival and risk of lymph node metastases in an Arabic population.  Swift-Scanlan et al [136] similarly reported an association between hypermethylation of RASSF1A and lymph node positive disease, in addition to significant associations between hypomethylation of ER and disease recurrence, and hypomethylation of CCND1 and TWIST with metastases.
	The associations with outcomes may in part be through mediation of drug response.  Hypermethylation of BRCA1 is associated with improved cisplatin response in triple-negative patients [137], RASSF1A methylation has been shown to be associated with resistance to docetaxel [138], while methylation of the CDO1 promoter was associated with outcomes in a cohort of anthracycline-treated oestrogen receptor-positive tumours with lymph node involvement [139], although further work is required to establish whether methylation of this gene is associated with the tumour type, the therapy type, or both.  Furthermore, RASSF1A methylation may also serve as a marker of response to ACT (Adriamycin, Cytoxan, and Taxol) therapy.  In a pilot study of 21 patients, RASSF1A methylation was not detectable in serum from the 4 patients who achieved complete pathological response, but was still detectable in patients with a minimal or partial response [10].  A larger-scale follow-up is required, and attention must be paid as to how tumour stage and size influence the detection rates for this gene. While the retrospective nature of the study would not enable the deduction as to whether RASSF1A confers drug resistance or is merely serving as a marker of surviving tumour cells, the authors demonstrated that cell lines transfected with RASSF1A showed a synergistic effect with docetaxel in arresting the cell cycle.
There is a substantial body of evidence implicating the aberrant expression of microRNAs in the progression of breast cancer.  In particular, they have been associated with tumour grade [140], subtype [141-143], survival [141,144] and response to radiotherapy [141].  MicroRNAs could therefore provide insight into disease progression and response to therapy.  For example, the expression of miR-27a, miR-30e, miR-155 and miR-493 in tumours is associated with response to anthracycline treatment in triple-negative breast cancer [145].  Furthermore, there is evidence that these microRNAs can be detected in blood for use as non-invasive markers of disease.  A meta-analysis has revealed that levels of miR-21 are associated with prognosis in a range of cancers, including those of the breast, colon, lung, liver and prostate [146].  The levels of miR-34a, miR-93 and miR-373 are higher in serum from cancer patients than healthy controls, and higher still in patients with metastases [142], while levels of miR-195 and let-7a have been observed to be 19- and 11-fold higher respectively in blood from breast cancer patients, with these levels decreasing to levels resembling those of controls following tumour resection [143].  Individually, miR-373 was able to detect disease with sensitivity of 77% and specificity of 100%, and miR-195 offered sensitivity of 86% and specificity of 100%.  These two microRNAs are therefore excellent candidates to be taken forward for further investigation.  However, while case-control studies have identified potential candidates for use as biomarkers, there have been few prospective studies investigating these.  One of the few, a nested case-control study of 410 sisters of breast cancer patients, identified 21 miRNAs that were differentially expressed in serum from individuals who went on to develop cancer themselves and those who were cancer-free (Table 1) [147].  However, as the authors noted, the differences in expression were small (4 - 19%), which makes their use with individual patients.
The aberrant expression of microRNAs may result from epigenetic dysregulation of the genes.  Aure et al [140] identified 70 miRNAs that were aberrantly expressed in breast tumours, of which 22 were primarily due to gene hypermethylation and a further 24 were the result of a combination of methylation aberrations and changes in copy number.  Forty-one of these miRNAs were similarly aberrantly expressed in an independent validation set, and two were associated with tumour grade.  Lehmann et al [148] observed that miR-9-1, miR-124a3, miR-148, miR-152 and miR-663 were each hypermethylated in >34% of breast tumours, with miR-148 methylated in 86%, and that these events were significantly correlated with the methylation of RASSF1A, CCND2, DAPK and SOCS1.
In summary, subtypes of breast cancer have distinct epigenetic profiles, but there is limited evidence for blood-based diagnostic markers of disease that are applicable to the general population, although markers of risk have been identified in individuals with a familial history of the disease.  Evidence from case-control studies suggests that microRNA expression may bring insight in prognosis and response to therapy, and these require further investigation in prospective studies.

Bladder Cancer
Exposure to arsenic and tobacco smoke have been established as leading risk factors for bladder cancer, and these have been demonstrated to be associated with epigenetic changes in healthy populations.  A Spanish study of 892 healthy individuals observed that LINE-1 methylation levels in blood are associated with toenail arsenic levels and smoking blond tobacco [38], and the former is an observation that has also been made elsewhere in healthy individuals [149].  However, while statistically significant, some of these methylation changes were very small, with the mean methylation in non-smokers and individuals who smoke blond tobacco differing by only 0.3%.  The biological significance of such small changes remains unclear, but studies of environmental exposures will seldom observe large changes in apparently healthy individuals.  It is therefore important to view results in the light of current knowledge regarding risk factors and observations in tumour tissue, with exposure studies serving as a bridge to identify how these may be involved in the process of carcinogenesis and to help identify potential markers of early disease.  Elsewhere, there is evidence that in utero arsenic exposures may influence DNA methylation in the unborn child.  Using the Illumina 450K microarray platform, Koestler and colleagues [150] observed that 18% of interrogated CpG sites displayed significantly different methylation between quartiles of arsenic exposure, although these associations were no longer significant after correction for multiple hypothesis testing.
In tumours, epigenome-wide profiling of 14 arsenic-induced and 14 non-arsenic-induced urothelial carcinomas revealed 13 sites that significantly differed between the groups, with hypermethylation of CTNNA2, KLK7, NPY2R, ZNF132 and KCNK17 associated with cumulative arsenic intake, three of which had previously been implicated in bladder cancer and arsenic-induced carcinogenesis [151].  A case study of 351 tumours has shown that CDKN2A/p16, RASSF1A and PRSS3 are hypermethylated in 30-34% of bladder cancers, and that current smokers have a significant 2.4-fold greater risk of CDKN2A/p16 hypermethylation, while higher levels of arsenic measured in toenails significantly increase the risk of RASSF1A and PRSS3 hypermethylation by 3.5- and 2.8-fold respectively [9].  Interestingly, the risk of RASSF1A hypermethylation was 50% lower among current smokers, but not significantly so.
	There has been a significant body of work investigating whether these epigenetic changes could prove to be useful as diagnostic and prognostic markers.  A study of 285 cases and 465 controls identified that patients with LINE-1 methylation below 74%, as measured in peripheral blood, had an increased risk of developing bladder cancer (OR 1.80) [149].  However, this usefulness of this marker is questionable as these individuals represented the lowest decile of DNA methylation in the 750 subjects included in the study, and the odds ratio was lower than that for current smokers (OR 2.46).  Perhaps more promisingly, there is evidence that the epigenetic profiling of tumour tissue can identify patients at risk of aggressive disease.  In one microarray-based study of 310 bladder tumours, unsupervised clustering of the 267 genes displaying substantial changes ( > 0.2) between normal and tumour tissue revealed four distinct classes of tumour, two of which were significantly associated with increased risk of invasive disease (ORs of 3.93 and 4.89) [152].  Furthermore, water arsenic levels were associated with two of the four classes, which may suggest that arsenic-induced tumours develop through distinct pathways.  This could serve to explain why hypermethylation of RASSF1A was observed to be associated with exposure to arsenic but not tobacco smoke by Marsit et al [9].  While interrogation of 267 loci may not be currently feasible for the clinical setting, a smaller panel of genes within this set could potentially be identified and used to identify aggressive tumours.
	Cells exfoliated from the bladder can be isolated from urine, and these offer an excellent means of developing non-invasive diagnostic tests for bladder cancer.  Renard et al [153] adopted a candidate gene approach in urine samples taken from 157 patients with bladder cancer and 339 individuals with non-cancerous urological disorders, and they observed that the hypermethylation of TWIST and NID2 together provided a potential diagnostic test for bladder cancer with sensitivity and specificity of 90% and 93% respectively.  When taken forward to a prospective study, these decreased to 75% and 71% respectively (Table 1) [154].  However, as the authors described, the test may still have a clinical application by reducing the number of individuals referred for cystoscopy, as particular low-risk groups can be identified through low levels of methylation for these two genes.  Furthermore, the prospective cohort used by Abern et al only contained 24 patients who went on to develop bladder cancer; something which is a problem for all but the largest of epidemiologic studies and which provides incentive to perform retrospective case-control studies, despite their own inherent drawbacks.  In another prospective study of 248 patients with microscopic hematuria, 170 of whom were later diagnosed with bladder cancer, the methylation of 18 tumour-suppressor genes was investigated and RUNX3 showed particular promise, being hypermethylated in 58 of 170 cases in comparison to only 8 of the 78 controls (Table 1) [155].
	As with lung cancer, epigenetic epidemiologic studies have provided insight into how risk factors, such as tobacco smoke and arsenic exposure, can affect the epigenome and subsequently how bladder tumours can arise.  Gene-specific DNA methylation in exfoliated cells in urine holds particular promise for utilisation as diagnostic markers of disease, especially in high-risk populations.

Insights into other cancers
There have been promising developments into the identification of epigenetic biomarkers for a range of other cancers.  In particular, the hypermethylation of APC, GSTP1, RAR and RASSF1A have shown promise in clinical trials aimed at identifying diagnostic markers for prostate cancer [156,157] and may be applicable to tests using urine from patients [158].  The hypermethylation of the MGMT promoter appears to be an excellent marker with gliomas, being associated with survival [159] and the response to therapy [160,161].

Future prospects
The prospects for the application of epigenetic biomarkers in the clinical setting are excellent.  Increasing numbers of potential diagnostic and prognostic markers are being identified for a range of cancers, although many promising leads are still to be validated in prospective studies.  The advent of increasingly sensitive technologies, and with these becoming ever more affordable, is facilitating the development of sensitive tests based upon a panel of genes.  Furthermore, there have been promising results regarding the application of epigenetic testing to non-invasive sample collections.  Questions remain over the potential for blood-based diagnostic tests, however.
	Non-invasive technologies may also improve the identification of biomarkers.  Most large-scale prospective studies only collect blood samples due to the cost and effort of collecting other tissue samples.  However, the development of methods that use non-invasive sample collections, such as sputum, urine and stool, may facilitate other approaches within prospective studies.
	Further aiding epigenetic epidemiologic research is the development of new, large-scale tissue banks that offer increasingly detailed profiling of tumours, thereby enabling greater stratification of studies.  The need for cancer-free normal tissue, free from field defects, for comparison to tumour samples is being met by facilities such as the Susan G. Komen for the Cure Tissue Bank at Indiana University, which offers normal breast tissue and matched blood samples from healthy volunteers.
As new developments and questions arise in the field of epigenetics, so do new opportunities.  New insight into the role of 5-hydroxymethylation and the TET family of enzymes will further our understanding of the maintenance of genomic DNA methylation, and how aberrant methylation may arise in (pre-)malignant cells.  This could facilitate the identification of early markers of disease and disease risk.

Conclusions
Epigenetic epidemiology is providing important insight into how epigenetic alterations are associated with the development of cancer.  This is being utilised to benefit patients through a better understanding of risk factors, and by the identification of novel biomarkers that enable early detection of disease and which can inform upon appropriate treatment strategies.  The cost and duration of prospective studies can be prohibitive, but they remain the ‘gold standard’ for the identification and validation of biomarkers.
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Figure legends
Table 1: The performance of potential epigenetic diagnostic markers as assessed within prospective studies.  The sensitivities (Sens.), specificities (Spec.), odds ratios (OR) and hazard ratios (HR) are provided, with 95% confidence intervals (95% CI) where appropriate.

Figure 1:  Utilisation of approaches for the study of global, repetitive element, genome-wide, and site-specific methylation by year.  The number of publications by year are given for high performance liquid chromatography (HPLC), luminometric methylation assay (LUMA), LINE-1 and Alu repetitive elements, Illumina Infinium microarrays (Illumina) [Golden Gate, 27K, or 450K], reduced representation bisulfite sequencing (RRBS), and methylated DNA immunoprecipitation (MeDIP).
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Table 1: The performance of potential epigenetic diagnostic markers as assessed within prospective studies.
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Figure 1:  Utilisation of approaches for the study of global, repetitive element, genome-wide, and site-specific methylation by year.
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Author Cancer Tissue Target Cases Controls __[Observation
Abern [154] Bladder Bladder TWIST, NID2 i Sens. 75%, Spec. 71%
Garcia-Baquero [155]|Bladder Urine RUNX3 170 78 Sens. 30-37%, Spec. 82-86%
Deroo [131] Breast Blood LINE-1 294 646 HR 1.75 (95% CI: 1.19 - 2.59)
Wu [132] Breast Blood LINE-1, Alu 282 347 No significant associations

Breast Blood Sat-2 282 347 OR 2.09 (95% CI: 1.09 - 4.03)
Brooks [128] Breast Blood APC, GSTP1, RARD, RASSF1A 50 100 No significant associations
Ito [31] Breast Blood IGF2 228 895 No significant associations
Brennan [124] Breast Blood ATM 640 741 OR 1.89 (95% Cl: 1.36-2.64)
Xu [130] Breast Blood Panel of 57 differentially-methylated CpGs 298 612 Prediction accuracy 65.8%

Breast Blood Panel of 5 differentially-methylated CpGs 298 612 Prediction accuracy 64.1%
Godfrey [147] Breast Blood 21 miRNAs 205 205 p<0.05 between cases and controls
Huang [55] Colon Blood Global methylation (HPLC) 370 493 No significant associations
Nan [67] Colon Blood Global methylation (LC/MS) 358 661 No significant associations
Church [68] Colon Blood SEPT9 53 1547 Sens. 48%, Spec. 92%
Ito [31] Colon Blood IGF2 225 895 No significant associations
Kaaks [69] Colon Blood IGF2 97 190 No significant associations
Lange [70] Colon Blood THBD, C9orf50 75 66 Sens. 71%, Spec. 80%
Alvi [13] Esophageal |Esophageal |GJA12, PIGR, RIN2, SLC22A18 37 61 Sens. 94%, Spec. 97%
Hsu [104] Lung Lung, sputum |CDKN2A/p16, RARD, with 5 genetic markers 82 37 Sens. 82%, Spec. 75%
Belinsky [14] Lung Sputum CDKN2A/p16, DAPK, GATAS, MGMT, PAX5b, RASSF1A (98 92 Sens. 65%, Spec. 65%

Lung Sputum CDKN2A/p16 98 92 OR 1.6 (95% CI: 0.7 - 5.0; non-sig.)
Leng [107] Lung Sputum 7-gene panels for 2 populations 104 154 Sens. >70%, Spec. 75%
Roa [102] Lung Sputum miR-21, miR-143, miR-155, miR-210, miR-372 24 6 Sens. 83%, Spec. 100%
Vineis [99] Lung Blood CDKN2A/p16, GSTP1, MGMT, MTFHR, RASSF1A 99 93 No significant associations
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