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Completion of the human genome a decade ago laid the foundation for: using genetic 
information in assessing risk to identify individuals and populations that are likely to 
develop cancer, and designing treatments based on a person’s genetic profiling (precision 
medicine). Genome-wide association studies (GWAS) completed during the past few 
years have identified risk-associated single nucleotide polymorphisms that can be used as 
screening tools in epidemiologic studies of a variety of tumor types. This led to the conduct 
of epigenome-wide association studies (EWAS). This article discusses the current status, 
challenges and research opportunities in GWAS and EWAS. Information gained from GWAS 
and EWAS has potential applications in cancer control and treatment.
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In the last decade, an enormous amount of information has been available regarding genomic 
and epigenomic alterations and their use in cancer risk assessment, detection, diagnosis, prognosis 
and follow-up survival. The description below includes information about the current status of 
genome-wide association studies (GWAS) and epigenome-wide association studies (EWAS) and their 
potential implication in cancer control. The selection of literature related with GWAS and EWAS in 
different tumor types is based on the potential of variations identified in different studies in clinical 
implementation. Another point of consideration of inclusion is those studies which moved the field 
of GWAS and EWAS and provided potential markers for cancer diagnosis, prognosis and survival. 
Those studies that were not validated, either at the analytic level or clinical level have been omitted. 
I have summarized key studies in GWAS and EWAS in Tables 1–5.

GWAS in cancer risk assessment
Genetic epidemiology is widely used in identifying natural variations in the genome, namely single 
nucleotide polymorphisms (SNPs) and copy number variants, to investigate their association with 
cancer risk, prognosis and pharmacogenomics [86]. GWAS are population-based epidemiologic 
studies designed to identify genomic segments in which genetic variants may contribute to disease 
risk. Prior to GWAS, the candidate gene approach was applied to identify cancer-associated genetic 
variations. These initial studies provided limited information because the selected variants did not 
tag sufficient variability in the evaluated genes and the studies were underpowered. The introduction 
of GWAS demonstrated that the functional consequences of candidate causal variants generally 
affect transcriptional regulation rather than translation. GWAS have resulted in the identification 
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Table 1. The Cancer Genomic Atlas supported genome-wide association studies and epigenome-wide association studies 
conducted in different tumor types.

Cancer type SNPS and mutations DNA methylation Copy number variations Other features and/or 
characteristics

Breast cancer [1] Spicing mutation analysis 
was observed in 988 
samples out of 5206 
samples analyzed which 
led to identify new 
pathways in breast cancer 
development [2]

Histone alterations 
involvement in breast cancer 
progression [1]

Expressed SNVs were 
reported in ER+ breast cancer 
tumor samples [3]

The activity of histone 
deacetylase 8 was affected 
during progression of breast 
cancer as tested in more than 
500 tissue samples of highly 
characterized biospecimens 
collected in the TCGA 
program [1]

Colorectal 
cancer [4]

Mutation in APC, KRAs and 
BRFF [4]

CIMP phenotype, and 
correlation of microsatellite 
instability affecting colorectal 
cancer associated genes in 
samples acquired in the TCGA 
program [4]

Copy number variations 
associated with 18p11.32 [5] 
The role of these variations in 
tumor development is being 
investigated [5]

After CIMP phenotype was 
shown in colorectal cancer, it 
was reported later on in other 
tumor types also

Glioblastoma [6] Mutations in ATRX and 
TERT

DNA methylation profiling 
Hypermethylation as 
aprognostic biomarker 
after radiotherapy of 
IDH1 wild-type non-CIMP 
glioblastoma [7]

Multiple sites Telomerase length and 
telomere 
Integrated molecular 
analysis of progression from 
low-grade to high-grade 
glioblastoma 
1p/19q deletion [6]

Head and neck 
cancer [8]

Mutations in PIK3CA in 
HPV-positive samples, loss 
of TRAF3 and amplification 
of the cell cycle gene E2F1 
in smokers

  CDKN2A inactivation with 
frequent copy number 
alterations including 
amplification of 3q26/28 and 
11q13/22

Genomic alterations 
contribute to the activation of 
NF-kB pathway [8]

Melanoma [9] Mutations in BRAF, RAS 
[N,H,K], and NF1

CpG Island Mutator 
Phenotype (CIMP phenotype) 
was associated with IDHA1 
and ARID2 
EZH2-based silencing of 
tumor suppressor genes [10]

Significant 4q12 focal 
amplification containing the 
oncogene KIT 
Somatic copy number 
amplification [10]

Molecular characterization 
identified BRAF, RAS, and NF1 
subtypes 
Co-amplification of 
oncogenes PDGFRA and KDR, 
located adjacent to KIT [9]

Oral cancer [11] PIK3CA mutations at the 
rate of 4% [11]

Methylation in the enhancer 
region interrupted binding of 
chromatin looping factors and 
role of chronic inflammation 
in tumor predisposition was 
demonstrated in oral cell 
squamous carcinoma [12]

Amplification of MIR30B 
which correlated with 
has-miR30b [13]

SNPs rs114587137 and 
rs1784907 in intron 9 of 
PIK3CA in advanced stages 
of oral squamous cell 
carcinoma [11]

Prostate 
cancer [14]

Mutations in SPOP, 
FOXA1, and IDH1 helped 
in identifying seven 
subtypes of prostate 
cancer

Hypermethylation of IDH1 
Promoter and distal gene 
hypermethylation marks for 
prediction of prostate cancer 
recurrence [15]

Multiple (indolent and low 
Gleason tumors have fewer 
alterations compared with 
more aggressive tumors

Actionable lesions in the 
PI3K, MAPK, and DNA repair 
pathway provided crucial 
information for targeted 
therapeutics [14] 
AR/TP53 pathway was 
identified as the major 
pathway of survival in one 
TCGA study on samples from 
prostate cancer patients [15]

EWAS: Epigenome-wide association studies; GWAS: Genome-wide association studies; TCGA: The Cancer Genomic Atlas.
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of an impressive and growing number of dis-
ease- and trait-associated genetic variants. For 
example, in the case of thyroid cancer, the status 
of the germline variant rs966423 can be deter-
mined before treatment begins and this variant 
is a potential candidate for managing mortality 
risk via treatment modification [84]. Post-GWAS 
analyses, including pathway-based analyses 
and functional characterization of associated 
variants, have provided new insights into the 
 etiology and pathogenesis of different cancers.

GWAS on different cancers
GWAS have been conducted on a number of 
tumor types, including head and neck can-
cer [87], breast cancer [88], cervical cancer [33], 
lung cancer [71], gastric cancer [89], bladder 
cancer [77], head and neck cancer [8], prostate 
cancer [90], pancreatic cancer [80,91], thyroid 
cancer [18,84,86], melanoma [9], renal cell carci-
noma [16], glioblastoma [6] and colorectal can-
cer (CRC) [92]. GWAS conducted in different 
ethnic populations have identified susceptibil-
ity variants for different cancers. The National 
Cancer Institute [93] initiated a program called 
The Cancer Genome ATLAS or TCGA [94] 
where well preserved and highly characterized 
cancer tissue samples were analyzed for genomic 
(mutations, SNPs and copy number variations) 
and epigenomic variations (DNA methylation 
and in a few cases histone modifications) using 
the latest technologies. At different points I 

have discussed about the results coming from 
the TCGA project. Results from this program 
are likely to be used for the Precision Medicine 
Initiative [95]. Examples of GWAS in different 
tumor types are discussed below.

●● Lung cancer
Lung cancer is the second most common cancer 
in the USA, with about 221,200 new cases and 
about 158,040 deaths per year. Genetic varia-
tions have been shown to affect the length of 
survival in cancer patients, and investigators 
have identified susceptibility loci for lung can-
cer in the genomic region 15q25, which covers a 
cluster of nicotinic acetylcholine receptors, and 
three loci (20q13.2, 22q12.2 and 5p15.33) that 
have been associated with length of survival in 
lung cancer patients [71]. A significant association 
was observed in smokers and male patients. In 
another independent study, both genomic and 
epigenomic approaches were applied to evaluate 
epigenetic reprogramming during carcinogene-
sis. A functional 15q12 variant was identified as a 
risk factor for gene methylation when two SNPS 
at 15q12 (rs73371737 and rs7179575) driving 
gene methylation were used to analyze sputum 
samples collected from healthy controls and lung 
cancer patients [72]. Results of this study also 
indicated DNA double-stranded break repair by 
homologous recombination as a major pathway 
affecting susceptibility to gene methylation. 
Young et al. demonstrated that susceptibility to 

Table 1. The Cancer Genomic Atlas supported genome-wide association studies and epigenome-wide association studies 
conducted in different tumor types (cont.).

Cancer type SNPS and mutations DNA methylation Copy number variations Other features and/or 
characteristics

Renal cell 
carcinoma [16]

SNP array analysis 
indicated loss of one copy 
of the entire chromosome 
(on chromosome 1, 2, 6, 
10, 13, and 17)

Methylation array analysis 
indicated alterations at 64,000 
sites

Multiple copy number 
variations; 
Recurrent structural 
breakpoints within TERT 
promoter 
mtDNA copy number changes 
were also observed in 50% 
samples

Along with main genome, 
mitochondrial genome was 
also characterized in 66 
kidney cancer cases [16] 
Based on the data from TCGA 
it was observed that exonic 
MAT variant rs11762213 is an 
independent predictor of 
adverse time of recurrence 
in renal cancer and should 
be included in prognostic 
disease stratification [17]

Thyroid 
cancer [18]

Mutations in cancer driver 
genes FIF1AX, PPM1D, and 
CHEK2 in 496 samples

Several oncomiRs in less 
differentiated subgroups

Somatic copy number 
alterations were identified 
in 27% of tumors (mostly 
enriched in cases with no 
driver mutations)

Molecular characterization 
by GWAS and EWAS helped 
in reclassification of papillary 
thyroid cancer [18]

EWAS: Epigenome-wide association studies; GWAS: Genome-wide association studies; TCGA: The Cancer Genomic Atlas.
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Table 2. Genome-wide association studies and epigenome-wide association studies conducted in cancers regulated by 
hormones.

Cancer type EWAS Mutations and susceptibility loci SNPs and copy number variations

Breast 
cancer 

Histone analysis [19] 
Estrogen-mediated epigenetic 
repression of metallothionine-1 
gene cluster [20] 
Hypermethylation of LHX2, 
WT1, and OTP in genome-wide 
analysis [21] 

Several loci [22–24] 
11q24.2 [25] 

Polymorphism rs11249433 (1p11.2), rs13387042 (2q35), 
rs4973768 (3q24.1), rs4415084 (5p12), rs889312 (5q11.2), 
rs2180341 (6q22.33), rs2046210 (6q25.1), rs13281615 
(8q24), rs2981582 and rs1219648 (10q26)rs6504950 
(17q23) [110–112] 
Polymorphisms rs1219648, rs3757318, rs1926657, 
rs6556756, rs2046210, and rs4973768 [26] 
Polymorphism rs2059614 was associated with 
breast cancer survival in estrogen receptor-negative 
patients [25] 
Several polymorphism reported in a putative 
mammographic density locus [27] 
LRES [19] 
Polymorphism rs12325489C>T disrupts the binding site 
for miRNA-370; can be used for risk assessment [28] 
SNPS rs3757318, rs2046210, and rs4973768 useful for 
risk assessment [26]

Prostate 
cancer  

miRNA profiling, mRNA 
profiling, gene-expression 
profiling [29] 
Epigenetic dysregulation of 
cellular processes relevant to 
TNF-α-dependent apoptosis [30] 

Several loci [22] 
More than 70 genes correlated 
with the tumor grade and helped 
in diagnosis [29] 
2p15 [22]

SNPs rs1465618 (2p21), rs12621278 (2q31), rs2660753 
(3q12), rs10934853 (3q21), rs17021918 (4q22), rs7679673 
(4q24), rs9364554 (6q25), rs12155172 (7p15), rs10486567 
(7p15.2), ra6465657 (7q21.3), rs16901979 (8q24)
rs10993994 (10q11.2)rs4430796 (7q12), rs8102476 
(19q13.2), rs9623117 (22Q13) [22]
Polymorphism rs721048 [22] 

EWAS: Epigenome-wide association studies; SNP: Single nucleotide polymorphism.

chronic obstructive pulmonary disease (COPD) 
is associated with lung cancer [64] in a study with 
1400 participants subphenotyped for the pres-
ence of COPD and matched for smoking expo-
sure. The loci analyzed in this study included 
15q25, 4q31, 4q22, 6q21 and 1q23.

●● Breast cancer
Breast cancer is the most common cancer among 
females in the USA, with about 231,840 new 
cases and about 40,290 deaths per year. In breast 
cancer, high-, moderate- and low-penetrance 
genetic variants can explain more than 40% 
of familial cancer risk [88]. More than 90 risk 
loci have been identified for breast cancer using 
GWAS, and hundreds more are expected to be 
identified [88]. Chen et al. established multiple 
interactions among risk variants identified in 
several breast cancer GWAS [26]. These inves-
tigators used random forest (RF), multifactor 
dimensionality reduction (MDR) and logistic 
regression approaches to evaluate the association 
of these variants with breast cancer. The main 
risk variants that were evaluated in 477 breast 
cancer patients and 534 healthy controls were 
rs1219648, rs3757318, rs1926657, rs6556756, 

rs2046210 and rs4973768. To investigate 
whether genetic determinants affect patients 
after they are diagnosed with breast cancer, 
Guo et al. conducted the largest study to date 
using genomic and clinical information from 
37,954 patients [25]. This study included 6881 
estrogen receptor-negative (ER-) patients and 
23,059 estrogen receptor-positive (ER+) patients. 
The study identified one new locus on chromo-
some 11q24.2 (rs2059614) as being associated 
with breast cancer survival in ER- patients. This 
study also showed that germline genotyping 
can provide prognostic information for breast 
cancer patients. In another GWA study, a puta-
tive mammographic density locus was found at 
1q12-q21 [27]. Mammographic density is con-
sidered an intermediate phenotype for breast 
cancer.

●● Colorectal cancer
The estimated number of new colorectal cancer 
(CRC) cases is 132,700 and about 49,700 deaths 
per year in the USA. About 50 loci have been 
reported in the literature as being associated 
with CRC [96]. In a study of Asian consortia par-
ticipants, six new CRC susceptibility loci were 
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identified in 4725 cases and 9969 controls [97]. 
The value of association mapping in popula-
tions of African, European and Japanese ances-
try was studied by Wang et al., who identified 
susceptibility locus VTI1A [98]. This study may 
help to explain CRC etiology in trans-ethnic 
populations. Functional validation of suscepti-
bility locus 11q23 correlated with the expres-
sion of two genes (COLCA1 and COLCA2) by 
the immune system [99]. Post-GWAS analyses, 
mainly pathway-based analysis and functional 
characterization of associated variants, have 
provided new insights into the pathogenesis of 
different cancers. Generally, GWAS are expen-
sive, but Gaj et al. proposed conducting pooled 
sample-based GWAS that are cost effective and 
offer useful information [100]. As a pilot study, 
these investigators identified a new susceptibil-
ity locus in the Polish population when pooled 
sample-based GWAS were conducted.

●● Gastric cancer
The estimated number of new gastric cancer 
cases is 24,590 and about 10,720 deaths per year 
in the USA. Analysis of a gastric cancer GWAS 
dataset indicated the presence of susceptibility 
loci associated with different pathways in cancer 
progression [89]. Chromosome locus 8q24 was 
reported to be associated with different cancers 
including gastric cancer [55], and SNP rs4733616 

was specifically associated with gastric cancer. 
Gastric cancer GWAS facilitated the identifica-
tion of two tumor subtypes – gastric cardia and 
gastric noncardia – in a population study [101]. 
In another independent study, PSCA rs2294008 
was found to be associated with increased risk 
of gastric cancer and decreased risk of duodenal 
cancer [58].

●● Prostate cancer
The estimated number of new prostate can-
cer cases is 220,800 and about 27,540 deaths 
per year in the USA. More than 70 SNP loci 
have been reported to be associated with pros-
tate cancer risk [102,103]. To achieve population 
risk stratification for clinical studies, a GWAS 
was conducted using DNA from 25,074 pros-
tate cancer cases and 24,272 controls from the 
PRACTICAL consortium [103]. This study 
identified 23 new prostate cancer susceptibil-
ity loci. Agalliu et al. used a different approach 
and studied the effects of cancer family history 
and cumulative SNP risk prediction in men of 
Ashkenazic descent [90]. Results from different 
GWAS have implications for identifying high-
risk individuals at a younger age so that interven-
tions and therapeutic approaches can be planned. 
Prostate tumors do not all grow at the same rate, 
and some tumors are very aggressive in nature. 
Prostate cancer aggressiveness was explored in 

Table 3. Genome-wide association studies and epigenome-wide association conducted in gynecological cancers.

Cancer 
type

EWAS Mutations and susceptibility loci SNPs and copy number variations

Cervical 
cancer
 
 
 

Methylation profiling [31]
Genome-wide histone profiling [34]
Late genes L1 and L2 and the host 
gene DAPK showed progressive 
methylation corresponding with disease 
advancement [31]
Increased histone alterations (mainly 
H3K36me3 and H3K9Ac) in the HPV 
genome correlated with increased HPV16 
gene expression [34]

Chromosomal loss at 3p11-p14 contribute 
to cancer development [32]
PIK3CA and p53 mutations in 
adenocarcinoma, squamous cell 
carcinoma, and high-grade intraepithelial 
neoplasia of cervix [35] 

Copy number gain (CNG) at chromosome 
3q26 (spans from q26 to q29) containing 
200 protein coding genes including SOX2, 
ECT2, PRKCI and PI3KCA [33]
Deletion of Xq24 encoding a 
mitochondrial transporter protein [35,36]
Copy number gain at 3q, 1q, 19q and loss 
at 11q, 4q and 13q [37] 

Ovarian 
cancer
 

Genome-wide methylation analysis 
identified RUNX3 and CAMK2N1 
hypermethylation as prognostic markers 
for serous ovarian cancer [38] 
12 loci associated with serous epithelial 
ovarian cancer [41] 
Several loci [22,40]
Identified HOXB2, HOXB5, HOXB6, HOXB7 
at 17q21.32 and HOXD1, HOXD3 at 
2q31 [41]

Mutations in RAS/RAF/ERBB2 in 82% cases 
in genome-wide analysis [39] 
A wide spectrum of new BRCA1/2 
mutations [42]
 

Polymorphism rs2072590 (HOXD-AS1), 
rs2665390 (TIPARP), rs10088218 and 
rs10098821 (8q24), rs3814113 (9p22), 
rs9303542 (SKAP1) and rs2363956 
(ANKLE1) for epithelial ovarian cancer in 
Polish population [22,40]
 

EWAS: Epigenome-wide association studies; SNP: Single nucleotide polymorphism.
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Table 4. A comparison of DNA methylation changes, mutations, single nucleotide polymorphism, and copy number variations in 
genome-wide association studies and epigenome-wide association studies conducted in aerodigestive tumor types.

Tumor type GWAS/EWAS Mutations SNPs CNVs

Colorectal 
cancer
 
 
 
 

EWAS by profiling genome-
wide mRNA and miRNA 
expression [43]
Identified several potential 
regulatory networks; 
targeting relevant 
mRNA–miRNA networks 
as a potential therapeutic 
approach for CRC (for 
example is targeting 
EZH2) [43]
Genome-wide epigenetic 
profiling [48]
Deregulation of the 
prostaglandin synthase 
pathway. More specifically, 
PTGIS, PTGER3, PTGFR, and 
AKR1B1 were inactivated 
due to hypermethylation, 
along with other 
prostaglandins and their 
receptors in tumors [48] 

Several mutations at 23 
susceptibility loci [44]
mutations in KRAS 
and BRFF along with 
high microsatellite 
instability [46]
 
 
 

Polymorphism rs17716310
Histone modifications are predicted [45]
rs11987193 in Han Chinese population; 
may be useful in colorectal cancer 
pathology [47]
Out of 22 polymorphism identified, 
rs1321311 was found associated with 
survival; suggested to be a prognostic 
marker [49]
Polymorphism rs16892766 (8q23.3), 
rs10505477 (8q24.21), rs10795668 (10p14), 
rs3802842 (11q23), rs929218 (16q22.11), 
rs10411210 (19q13.11) [22,50,51]

Copy number variations 
at 5q31.1 [45]
Variation at 8q12 [47]
Meta-analysis from 
1000 genome project; 
at 1p36.2 marked by 
rs72647484 and at 
16q24.1 marked by 
rs16941835 within the 
lncRNA [44]
 
 

Esophageal 
cancer
 
 

Genome-wide 
methylation [52];
the major genes affected 
were PTK2, RND1, and UBL3 
which regulate recurrence 
of cancer [52] 

Sensitive locus for 
mutations 4q21 [22]
 
 

4q21 [22]
SNP rs1229984 in ADH1B [22]
SNP rs7922612 related with survival [22]

Germline copy number 
loss of UGT28 and gain of 
PLEC [53]
 
 

Gastric cancer
 

FAT4, a novel tumor 
suppressor identified 
by exome sequencing 
gets inactivated due to 
hypermethylation (field 
canerization) [54]
Epigenetic silencing of 
GLDC [57]

Susceptibility locus 
8q24 [55]
8q24.3 [58]

SNP rs4733616 [55]
SNP rs2294008 was associated with 
decreased risk of duodenal cancer [55] 
SNP rs2294008 was found to be 
associated with increased risk of gastric 
cancer and decreased risk of duodenal 
cancer [58] 
SNP rs2976392 [22]

Loss of CNV at 5q22 
region surrounding 
APC [56]
 

Hepatocellular 
carcinoma 
(liver cancer)
 

Epigenetic silencing 
of FOXD3 involved in 
proliferation, invasion and 
metastasis [59]
Hypermethylation of 
p15, p16, p21, p27, and 
RASSF1A [62]

Susceptibility locus 
1p36.22 [60]
 

SNP rs17401966 in KIF1B on chromosome 
1p36.22 that was highly associated with 
HBV-related HCC [60]
 

Loss of DNA copy number 
affecting expression of 
RGS17 and NR2E1 in liver 
cancer [61]
 

Lung cancer
 

miRNA profiling and HOXA9 
promoter methylation as 
biomarkers of lung cancer 
recurrence as determined 
by EWAS [63]
Genomic loss of KAT6B 
coding histone H3 lysine 
acetyltransferase [66]

COPD with lung cancer
Sensitive loci at 15q25, 
4q31, 4q22, 6q21, and 
1q23 [64]

In a study with 1400 participants sub-
phenotyped for the presence of COPD 
and matched for smoking exposure [64]
Polymorphism rs7963551 (study 
conducted in Chinese population) [67]

High copy number 
variation of cancer-
related miRNAs and 
DICER1 [65]
Somatic genomic 
rearrangements of TP73 
resulting its oncogenic 
activities [68]

CNV: Copy number variation; COPD: Chronic obstructive pulmonary disease; CRC: Colorectal cancer; EWAS: Epigenome-wide association studies; HBV: Hepatitis B virus; 
HCC: Hepatocellular carcinoma; GWAS: Genome-wide association studies; SNP: Single nucleotide polymorphism.
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a study of GWAS of African–Americans and 
European Americans [104].

●● Bladder cancer
Bladder cancer is the sixth most common cancer 
in the USA, with about 70,000 new cases and 
about 15,000 deaths per year. Three stages of this 
cancer are nonmuscle invasive (NMIBC), muscle 
invasive (MIBC) and metastatic disease. MIBC 
is considered genomically unstable and aggres-
sive [105]. An association with aggressive bladder 
cancer was demonstrated at locus 19q12, and the 
functional analysis indicated overexpression of 
cyclin E [77]. This study analyzed data from two 
GWAS with more than 5000 cases and more 
than 10,000 controls. The most significant SNPs 
identified were rs810237 and rs7257330, which 
were located in the 19q12 region. In prostate can-
cer, cyclin gene CCNE1 is the only functional 
gene located within the associated linkage dis-
equilibrium block for which functional analysis 
has shown promising results in risk prediction.

●● Pancreatic cancer
The estimated number of new pancreatic cancer 
cases is 48,960 and about 40,650 deaths per year 
in the USA (the incidence and mortality rate 
is almost the same for this cancer). Smoking, 
alcoholism, diabetes and K-Ras mutations are 
considered risk factors for pancreatic cancer, 
the fourth leading cause of cancer deaths in 
the USA. A limited number of GWAS have 
been conducted for pancreatic cancer [80,91,106]. 
Amundadottir et al. identified an association 
between a locus on 9q34 and pancreatic can-
cer [80]. The SNP rs505922, identified in this 
study, falls in the first intron of the ABO blood 
group gene. Based on the data, the authors have 
suggested that people in the O group have a 
lower risk of developing pancreatic cancer than 
those in blood groups A or B. In another study, 
analysis of GWAS data in about 2000 cases and 
2000 controls (from the Pancreatic Case Control 
Cancer Consortium, PC4) indicated an altered 
SLIT/ROBO pathway in pancreatic cancer [91]. 

Table 4. A comparison of DNA methylation changes, mutations, single nucleotide polymorphism, and copy number variations in 
genome-wide association studies and epigenome-wide association studies conducted in aerodigestive tumor types (cont.).

Tumor type GWAS/EWAS Mutations SNPs CNVs

Lung cancer 
(cont.)

 
 
 
 
 

Several loci, 5p15.33 
and 3q28 [22,69]
15q25, 20q13.2, 22q12.2, 
and 5p15.33 [71]
Different loci [73]
 
 

Polymorphism rs2736100 and rs7727912 
in 5p15.33, rs805297 and rs1802127 in 
6p21.33, and rs8034191 and rs12440014 
in 15q25.1 [70]
Gene promoter hypermethylation 
in smokers (in sputum samples); 
polymorphism rs73371737 and rs7179575 
drove gene methylation resulting in 
inactivation of GRBAB3 (epigenetic 
silencing) [72]
SNPs rs2395185, rs4488809, and 
rs4600802 were found associated with 
lung cancer in never smoker Chinese 
females exposed to coal [69]
Polymorphism rs401681 (5p15.33), 
rs3117582 (6p21.33), rs8034191 (15q24), 
rs75388767 (1p36.13), rs7023329 (9q210, 
rs1126809 (11q14), rs11170164 (12q12), 
rs910873 and rs1885120 (20q11.22) [22]
20q13.2 (rs4809957G >A), 22q12.2 
(rs36600C >T) and 5p15.33 (rs401681C >T) 
linked to patient survivor [71]

 
 
 
 
 

Oral cancer
 

Lymph node metastasis 
of oral squamous cell 
carcinoma prediction 
by hypomethylation of 
WISP1 [74] 

4q23 [34]
 

SNP rs991316, located in the ADH gene 
region of 4q23 indicated susceptibility to 
oral cancer [34]
Polymorphism rs1412115 on chromosome 
10 affecting NRP1 expression associated 
with increased risk of oral cancer [76]

CNV at 11q14.3 and 
6p21.3 associated with 
cancer pre-disposition [75]
 

CNV: Copy number variation; COPD: Chronic obstructive pulmonary disease; CRC: Colorectal cancer; EWAS: Epigenome-wide association studies; HBV: Hepatitis B virus; 
HCC: Hepatocellular carcinoma; GWAS: Genome-wide association studies; SNP: Single nucleotide polymorphism.
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Although smoking was considered in this study, 
the results could not be generalized because only 
data from pack years were available for this study. 
The authors indicated that misclassification of 
pack years due to imputation may have impacted 
their results. The small sample size used to study 
gene–environment interactions in this study was 
identified as another possible limitation. Copy 
number variations were observed in 60% of 
familial pancreatic cancer in one study [82].

Components of the epigenome and EWAS
Epigenetics involves alterations in gene expression 
without structural changes in the DNA [107,108]. 
Cancer cells are characterized by epigenetic dys-
regulation, including global genome hypometh-
ylation, regional hypo- and hyper-methylation, 

altered histone modifications, altered miRNA 
and noncoding RNA profiling, chromatin acces-
sibility and disturbed genomic imprinting. DNA 
methylation is a potential tumor marker for sev-
eral cancers because of its heritable and stable 
characteristics [109]. DNA methylation at specific 
loci reflects the characteristic clinicopathologi-
cal features [52]. Genome-wide analysis of DNA 
methylation has revealed that epigenetic regula-
tion is not only a site-specific event but also spans 
long stretches of chromosome regions consisting 
of clusters of contiguous CpG islands [110,111]. 
Hypermethylation of the HOXA gene cluster 
was reported in breast and lung cancers [112]. 
Histones have four basic subunits, and in the 
native state they exist as an octamer. DNA winds 
around this octamer. Acidic histones neutralize 

Table 5. DNA methylation changes, mutations, single nucleotide polymorphism, and copy number variations in genome-wide 
association studies and epigenome-wide association studies conducted in other tumor types.

Tumor type Susceptibility loci or type of profiling 
conducted

Comments Ref.

Bladder cancer 19q12 rs8102137 within the cyclin E coding region 19q12 [77]

Bladder cancer GWAS TERTC/T and SLC14A1C/T associated with risk of bladder cancer 
in Indian population

[78]

Bladder cancer Several loci Polymorphism rs710521 (3q28), rs9642880 (8q24.21), rs2294008 
(8q24.2)

[22]

Glioma 5p15.33 Expression of TERT affected due to the SNP rs2736100 [22]

HCC (liver cancer) 1p36.22 SNP rs17401966 in KIF1B on chromosome 1p36.22 that was 
highly associated with HBV-related HCC

[60]

Lymphoblastic leukemia Several loci Polymorphism rs4132601 (7p12.2), rs10994982 (10q21.2), 
rs10821936 (10q11.22), rs2239633 (14q11.2)

[22]

Lymphocytic leukemia 2q13 Polymorphism rs17483466 [22]

Myeloproliferative 
neoplasm

9p24.1 JAK2 contains rs10974944 [22]

Nasopharyngeal 
carcinogenesis

Genome-wide methylation analysis Aberrant disruption of the Wnt, MAPK, TGF-β, and Hedgehog 
signaling pathways

[79]

Neuroblastoma 6p22.3 Polymorphism rs4712653 associated with gene FLJ22536 [22]

Pancreatic cancer 9q34 SNP rs505922 [80,22]

Pancreatic cancer GWAS SNP rs10818684 of the PTGS1 gene showed an interaction with 
diabetes in pancreatic cancer patients

[81]

Pancreatic cancer Several loci More than 90 non-redundant 
familial pancreatic cancer specific CNVs 
were found in 50 of 120 cases

Polymorphism rs3790844 (1q32.1), rs401681 (5p15.33), 
rs9543325 (13q22.1)

[82,22]

Renal cancer Genome-wide methylation Differential expression of five genes PITX1, FOXE3, TWF2, EHBPL1, 
and RIN1 associated with survival

[83]

Testicular cancer Several loci Polymorphism rs4699052 (4q24), rs4324715 (5q31.3), rs210138 
(6q21.3), rs995030 (12q22)

[22]

Thyroid cancer Various loci Polymorphism rs116909374, rs965513, rs944289, rs966423, and 
rs2439302 (polymorphism rs966423 linked to mortality)

[84]

Thyroid cancer 10q26.12 Heterogeneity in genetic susceptibility; rs2997312, rs10788123 
and rs1254167

[85]

Thyroid cancer 9q22.33 Polymorphism rs965513 [22]
CNV: Copy number variation; EWAS: Epigenome-wide association studies; GWAS: Genome-wide association studies; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; SNP: 
Single nucleotide polymorphism.
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DNA charge and maintain chromatin stability. 
The octamer histone binding is independent of 
surrounding DNA sequence and the N-terminal 
region of histones is subject to phosphorylation, 
acetylation and other modifications. Multiple 
histone modifications can take place within a 
short stretch of amino acids of histone tails. 
These modifications regulate transcription, 
DNA replication and DNA repair, and thus are 
part of the transformation process. Modification 
of histones may occur in large regions of chro-
matin, including coding and nonpromoter 
sequences, termed global histone modifications. 
The histone acetyltransferases (HATs) add the 
acetyl group to histones whereas the histone dea-
cetylases (HDACs) removes the acetyl group. 
The opposing activities of HATs and HDACs 
tightly regulate gene expression through chro-
matin modifications. HATs activity results in 
chromatin relaxation, whereas HDACs make 
chromatin compact. A number of modifications 
in the tail region of histones have been reported, 
such as acetylation, deacetylation, phospho-
rylation, poly-ADP ribosylation, methylation, 
ubiquitination, sumoylation, carbonylation, 
citrullination and glycosylation [108,113]. The 
functional importance of epigenetics lies in its 
ability to regulate gene expression. By altering 
chromatin conformation, epigenetic changes can 
modulate gene expression. In addition to DNA 
promoter methylation, DNase-I hypersensitive 
site mapping, whole-genome epigenetic map-
ping and ChIP-seq for histone characterization 
have enabled the identification of promoters, 
enhancers, insulators, shores and shells [114]. 
miRNAs, which are integral components of the 
epigenetic regulatory machinery, actively par-
ticipate in cancer development [115]. miRNAs act 
like tumor suppressors or oncogenes, depending 
on the tumor type and the stage of carcinogen-
esis [116–118]. During the past few years, high-
throughput technologies have been developed 
to determine miRNA profiling in biospecimens 
from healthy individuals and people with can-
cer. EWAS aim to systematically identify epi-
genetic variants associated with different can-
cers [108]. EWAS can provide information that 
is complementary to the information obtained 
from GWAS and can be useful in identifying 
high-risk populations and in designing novel 
cancer treatment approaches. Compared with 
genomic changes, which are static, epigenetic 
changes are dynamic. Current literature sup-
ports the idea that interindividual epigenetic 

alterations contribute to disease development, 
including carcinogenesis [119]. Similar to GWAS, 
EWAS focus on common variations in the popu-
lation – rather than on rare alterations in the 
epigenome – and might be more powerful in 
identifying risk-associated biomarkers. Recently, 
small-molecule inhibitors of selected epigenetic 
targets have been identified that cover classes of 
chromatin-associated epigenomic writers, erasers 
and readers [120]. Targeting epigenetic alterations 
may be more effective for therapeutic purposes 
than using a selective inhibitor of a single signal-
ing pathway. The possibility of reversing epige-
netic alterations may facilitate additional cancer 
treatment options. Epigenetic alterations are 
affected by environmental and other exogenous 
factors (Figure 1).

●● EWAS on different cancers
Although the number of EWAS conducted 
to date is much smaller than GWAS, selected 
examples are discussed below. In a genome-
wide screening study in a Gambian population, 
scientists identified the epiallele VTRNA 2–1 
and found it to be sensitive to environmental 
changes and involved in innate immunity [121]. 
In another genome-wide methylation study, two 
alleles in the imprinted region were found to be 
regulated differently, one by methylation and the 
other independent of methylation [122]. Because 
the epigenome is tissue specific and genomic 
context-dependent, and because interindividual 
epigenetic variations are considered to be etio-
logic factors, Lowe et al. proposed that buccal 
cells would be more informative than blood for 
use in EWAS [123]. In two studies that analyzed 
functional genomic data consisting of histone 
modifications and DNase-I hotspots to deter-
mine whether there is any correlation between 
such sites and previously identified GWAS hits, 
a correlation was observed [124,125].

●● Lung cancer
Smoking has been identified as a risk factor 
for lung and bladder cancers and other dis-
eases, including respiratory and cardiovascular 
diseases. In the past, the effects of tobacco on 
health have been observed and long-term or 
short-term changes due to tobacco use have been 
studied. Compared with never smokers, the risk 
of lung cancer is much higher in former smok-
ers. However, the evolution of epigenetic altera-
tions after stopping smoking has not been stud-
ied in detail. In such projects, EWAS should be 
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Figure 1. Factors affecting the epigenome. Environmental factors (such as radiation, infectious 
agents, toxic substances), stochastic events and genetic variations can alter the components of the 
epigenome, resulting in an intermediate phenotype and finally disease development. In turn, a 
disease also can influence the epigenome and the environment. There is evidence of the influence of 
intermediate phenotypes on genetic variations.
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conducted on hundreds of participants to better 
characterize smoking-related biological effects 
and their influence on disease development and to 
identify epigenetic biomarkers for future use. In a 
study of more than 700 women, Guida et al. dem-
onstrated that genome-wide methylation profiling 
could distinguish between those who had stopped 
smoking and normal healthy women [126]. This 
series of EWAS was the largest to date conducted 
in two European populations. The investigators 
identified two classes of CpG sites. The first class 
consisted of reversible sites that lose statistical sig-
nificance following smoking cessation. The sec-
ond class consisted of persistent sites that remain 
differentially methylated for a considerable length 
of time (after 35 years) following smoking ces-
sation. A homogeneous distribution of methyla-
tion levels across both sites was observed during 
a visual inspection of about 750 CpG sites in 

never and current smokers. The approach used 
by Guida’s group relied on a binary recording of 
smoking status as a function of time since stop-
ping smoking, which was useful in determining 
the time taken for potential epigenetic smoking-
associated marks to disappear. Guida’s group 
also used genome-wide gene expression data to 
identify transcripts associated with specific CpG 
sites. In previous work, Guida et al. identified 
numerous CpG sites that were differentially 
methylated in current smokers only. Data on 
the reversal of methylation in individuals who 
quit smoking also are being generated. Another 
study explored F2RL3 gene-specific methylation 
changes in never smokers, former smokers and 
smokers [73]. Wan et al. evaluated genome-wide 
methylation and cigarette smoking and reported 
three differentially methylated sites between the 
first and last quartiles of time since individuals 
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quit smoking [127]. This study has potential 
for determining the risk profiling of smoking-
induced chronic diseases, including lung cancer.

Genome-wide methylation analysis of more 
than 100 individuals with non-small-cell lung 
cancer and matching controls identified 2414 
genomic positions that were differentially meth-
ylated between tumor and nonmalignant tis-
sue samples [128]. More than 70 differentially 
methylated genes were found to be involved in 
transcription regulation, which was confirmed 
by epigenetics-based inhibitor analysis. Further 
research confirmed HOXA2 and HOXA10 as 
epigenetic markers of squamous cell carcinoma 
prognosis in people with lung cancer. A few epi-
genetic variations have been established before 
gastrulation, in the very early embryonic stage. 
EWAS can be conducted at this stage to evalu-
ate early stage epigenetic alterations. In another 
study, variation in cancer associated miRNA 
genes was observed in lung cancer [65].

●● Nasopharyngeal carcinoma
Genome-wide methylation analysis of naso-
pharyngeal carcinoma tumors showed aber-
rant disruption of the Wnt, MAPK, TGF-β 
and Hedgehog signaling pathways [79]. These 
pathways play a central role in the carcinogen-
esis process. The examples cited here emphasize 
the significance of association studies and the 
utility of epigenetic markers in cancer control. 
Nawaz et al. identified nasopharyngeal car-
cinoma patients by screening populations in 
Morocco using methylation approaches [129]. 
These investigators also compared methylation 
profiling in samples from different geographic 
locations and different ethnicities.

●● Colorectal cancer
A stepwise accumulation of genetic and epige-
netic alterations results in the transformation of 
normal colon cells to cancer cells. Karpinski et al. 
reported three distinct methylation clusters 
(high-, medium- and low-methylation epitypes) 
in CRC, which may be useful as a reference in 
the epigenotyping of people with CRC in the 
future [130]. More than 500 tumor tissues (ade-
noma and carcinoma) and 222 adjacent normal 
tissues were analyzed for epigenetic profiling. The 
results indicated deregulation of the prostaglan-
din synthase pathway. More specifically, PTGIS, 
PTGER3, PTGFR and AKR1B1 were inacti-
vated due to hypermethylation, along with other 
prostaglandins and their receptors in tumors [48]. 

Combining methylation epigenotypes with gene 
mutations and cytogenetic alterations (copy 
number variants and microsatellite instability) 
occurring in CRC has enabled the characteriza-
tion of different CRC types. Vishnubalaji et al. 
looked for epigenetic therapeutic targets for CRC 
by profiling genome-wide mRNA and miRNA 
expression, which resulted in their identify-
ing several potential regulatory networks [43]. 
These investigators suggested targeting relevant 
mRNA–miRNA networks as a potential thera-
peutic approach for CRC. An example is targeting 
EZH2, which was regulated by hsa-miR26a-5p 
and members of the let-7 family of miRNAs, with 
the expectation of the reduction in H3K27me3 
resulting in reduced cell proliferation.

●● Cervical cancer
During the progression of cervical cancer, the 
human papillomavirus (HPV) genome and cel-
lular genes are regulated by both genetic and 
epigenetic mechanisms [131]. When 104 samples 
of HPV-positive cancer biospecimens and their 
control counterparts were analyzed by methyla-
tion, HPV-late genes L1 and L2 and the host gene 
DAPK showed progressive methylation corre-
sponding with disease advancement [31]. Also for 
cervical cancer, genome-wide methylation analy-
sis identified a group of genes that were associated 
with cancer invasiveness [132]. The implications 
of epigenetic drugs in drug-resistant cervical can-
cer cells also were explored recently. The authors 
suggested that global methylation is associated 
with the development of drug resistance and 
could serve as a therapeutic biomarker [133]. The 
interaction between genomics and epigenomics 
in cervical cancer was studied by Lando et al., 
who demonstrated that promoter hypermethyla-
tion and chromosomal loss at 3p11-p14 contrib-
ute to cancer development [32]. In another study, 
increased histone alterations (mainly H3K36me3 
and H3K9Ac) in the HPV genome correlated 
with increased HPV16 gene expression [34]. 
Another component of epigenetic regulation, 
miRNA expression, also was found to be involved 
in the development of cervical cancer [134].

●● Prostate cancer
Several dietary components interact with epige-
netic machinery and are known to have poten-
tial to prevent cancer. Genome-wide methyla-
tion profiling was studied to evaluate the effects 
of natural food components with demethylating 
and acetylation inhibitory properties in prostate 
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cancer cells [135]. This study demonstrated the 
utility of genome-wide methylation studies 
in therapeutics. Chemopreventive agents also 
were evaluated for their effects on decreasing 
prostate cancer events using whole-genome 
methylation approaches [136]. When prostate 
cancer tumor samples collected from different 
patients at different stages of disease devel-
opment were analyzed for miRNA profiling, 
mRNA profiling, gene-expression profiling 
and mutation and SNP analysis, 74 genes were 
found to be correlated with tumor grade [29]. 
miR-34a played a key role in the development 
of prostate cancer, along with the p53 pathway 
and MET oncogene variant T992I. Based on 
epigenetics information, another group of inves-
tigators started to include epigenetic inhibitors 
with androgen-receptor inhibitors as a novel 
therapeutic approach to prostate cancer treat-
ment [137]. In another study, a gene-methylation 
prediction model was proposed that could pre-
dict the recurrence of prostate cancer with 80% 
sensitivity and 85% specificity [138].

●● Renal cancer
Renal cell carcinoma represents about 3% of all 
human malignancies. Genome-wide methyla-
tion contributed to the development of stratifi-
cation criteria for renal cell carcinoma [83]. CpG 
island-based assays were conducted in formalin-
fixed samples and a correlation between meth-
ylation patterns and survival was observed. 
Based on CpG island methylation patterns, 
subjects could be categorized into five lower risk 
to higher risk groups that showed differential 
expression of five genes in renal cancer: PITX1, 
FOXE3, TWF2, EHBPL1 and RIN1.

●● Esophageal cancer
A combination of genome-wide methylation 
analysis and gene expression was applied to iden-
tify genes and pathways that contribute to the 
development of esophageal cancer in a northeast 
Indian population [139]. Altered methylation and 
gene expression were observed in pathways for 
cell adhesion, integrin signaling and cytoskel-
eton organization. The major genes affected 
were PTK2, RND1 and UBL3. The ‘integrome’ 
proposed by these authors represents integration 
of pathways, methylation status and gene expres-
sion in esophageal cancer. Other investigators 
identified epigenetic regulation of the transmem-
brane AJAP-1 and its association with recurrence 
of esophageal cancer [52].

●● Breast cancer
Genome-wide methylation analysis was con-
ducted in breast cancer patients and controls, 
which led to the identification of large DNA 
methylation contiguous gene clusters of about 
70 kb that might serve as prognostic markers for 
breast cancer [20]. These clusters were reported in 
both ER+ and ER- breast cancer tumors. Other 
investigators used a quantitative approach based 
on statistical methods and machine learning 
algorithms to quantify methylation differences 
in cases and controls and identify differentially 
methylated regions from genome-wide meth-
ylation profiles [140,141]. To elucidate the role of 
estrogen in the coordinated repression of gene 
clusters located at 16p11.2 in breast cancer, 
the concept of long-range epigenetic silencing 
(LRES) was studied. The results showed that 
persistent estrogen-mediated LRES recruited an 
H3K27me3-repressive chromatin mark that may 
be useful in diagnosing breast cancer [19].

In Table 1, results from several studies of 
GWAS and EWAS have been summarized. 
Examples of those geneomic and epigenomic 
variations have been included which are well 
studied by several investigators.

Challenges & research opportunities
Information on environmental, epidemiologic, 
genetic, epigenetic and modifiable factors can 
be combined to develop clinically useful risk-
prediction models. Each of these factors alone 
may be weakly or moderately informative when 
considered individually; however, a combina-
tion of these components may provide better 
approaches for risk assessment, screening and 
therapy in cancer.

GWAS have advantages in identifying popu-
lations at high risk of developing cancer. For 
example, GWAS: do not require an initial 
hypothesis; use digital and additive data that can 
be mined and augmented without data degrada-
tion; provide data on the ancestry of each sub-
ject, which assists in matching case subjects with 
control subjects; provide data on both sequence 
and copy-number variations; and encourage the 
formation of collaborative consortia, which tend 
to continue for subsequent analyses.

GWAS have limitations, however, includ-
ing the need for samples from a large number 
of cases and controls, which can be challeng-
ing to organize. Also in GWAS, finding loci, 
not genes, can complicate the identification of 
pathogenic changes on an associated haplotype, 
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and the detection of alleles that are common 
(>5%) in a population. Many SNPs are located 
in the susceptibility loci, making it challenging 
to identify and prioritize variants that influence 
the regulatory sequences that actually contrib-
ute to a disease phenotype. Although GWAS 
provide one avenue to identify genomic regions 
containing potential common risk alleles of 
cancer, the increased risk attributable to such 
regions is typically modest. In addition, the 
actual SNPs identified by GWAS rarely have 
obvious effects on protein coding regions, nor 
are they linked to clear causal variants in adja-
cent genes. The lack of validation cohorts for 
risk variants identified in different GWAS is an 
additional challenge. In general, GWAS have not 
been able to identify genetic loci that are effective 
classifiers of a disease, limiting their application 
in the clinic for genetic testing (clinicians still 
depend on histopathological data in diagnosing 
cancer). Nonetheless, the integration of GWAS 
and EWAS data has the potential to explain the 
functional consequences of genetic variation. In 
a GWA study on ovarian cancer, SNP rs6674079 
located on 1q22 was found to be associated with 
histone modifications [142]. Findings from GWAS 
such as this may be useful in u nderstanding 
 clinical outcomes in ov arian cancer.

Another major problem is that several SNPs 
reported in different GWAS could not be repro-
duced by independent investigators. Efforts are 
undergoing to increase the number of partici-
pants in these studies and improving the research 
design so that validated SNPs can be identified.

As noted above, sample size is a critical ele-
ment in both GWAS and EWAS. The small size 
reduces the statistical power to detect loci with 
a moderate effect (false-negative results) and 
increases the risk of spurious findings (false-posi-
tive results). Furthermore, because negative find-
ings are difficult to publish, there is a possibility 
of bias in the direction of false-positive findings 
whenever new association results are published. 
Many GWAS and EWAS results vary across eth-
nicities, implying that findings in one popula-
tion should be replicated in another population. 
Utilizing cohorts, consortia and international 
collaboration may resolve some of these issues.

EWAS are associated with a range of issues 
that generally are not encountered in GWAS. 
One such issue involves the specific tissue on 
which EWAS are performed. Surrogate tissues 
sometimes are preferred for EWAS. Platform 
selection presents another challenge because a 

balance must be maintained between cost–effec-
tiveness and genome coverage. A few general 
challenges and research opportunities in GWAS 
and EWAS are presented in Figure 2.

Large-scale projects that include the genome 
and epigenome (e.g., Encyclopedia of DNA 
Elements [ENCODE], Roadmap Epigenomics, 
International Human Epigenome Consortium 
[IHEC] and Functional Annotation of the 
Mammalian Genome [FANTOM]) have gener-
ated genome-wide maps of functional elements in 
diverse human tissue types (normal and cancer-
ous) [111,143–145]. Chen et al. supported the iden-
tification of functional SNPs by incorporating 
high-throughput sequencing of epigenetic and 
transcription factor datasets [146]. Use of high-
quality specimens from the Cancer Genome 
Atlas (TCGA) [94] for genomic and epigenomic 
analysis has provided excellent results in identi-
fying tumor-associated diagnostic markers [147]. 
TCGA recently reported that DNA methylation 
inhibitors trigger antiviral immune response in 
cancer [148]. Such studies could be possible only 
after completing genome-wide methylation 
analysis of highly purified tumor samples [149].

To address intra-individual variation in 
EWAS, Shvetsov et al. measured short-term 
temporal trends in a genome-wide methylation 
study in blood samples and observed significant 
variation in trends in 10.9% of CpG loci before 
cell type adjustment and in 3.4% of loci after 
adjustment [150]. The results of this study also 
showed that genomic location at or near CpG 
islands or functional regions has little effect on 
the inter- and intra-individual variability of a 
CpG locus. Variation within an individual tends 
not to exceed a certain threshold.

GWAS and EWAS information can be uti-
lized in designing precision medicine approaches 
that require integration of omics technolo-
gies, patient exposure history, next-generation 
sequencing, computational biology, genome 
medicine, medical informatics, disease-specific 
dynamic biomarkers and networks, efficacy-
dependent therapies and predictive progno-
sis [151–153]. Understanding and interpreting 
data from epigenomics, metabolomics, prot-
eomics and microbiomics also are required for 
precision medicine. One of the goals of precision 
medicine is to provide patients with customized 
diagnoses, prognoses and therapy [153]. Basically, 
establishing and integrating clinical informat-
ics, molecular mechanisms of cellular biology 
and function, and individual data analysis and 
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Figure 2. Potential challenges and research opportunities. Both GWAS and EWAS have challenges and need improvement. Because 
the field is still developing, addressing these challenges and finding new research opportunities will be beneficial in the long term. 
EWAS: Epigenome-wide association studies; GWAS: Genome-wide association studies.
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mining are needed to develop the precision med-
icine approach. Efforts are under way to develop 
new methods and systems to translate clinical 
descriptive information into the formats needed 
for digitally named clinical informatics.

Conclusion
Genetic and epigenetic regulations are involved 
in almost all steps of tumor initiation, develop-
ment, progression and metastasis. Both genomic 
and epigenomic alterations occur almost simul-
taneously during carcinogenesis. As a result, 
understanding both is essential for cancer 
diagnosis and prognosis. GWAS are useful in 
screening populations at high risk of develop-
ing cancer, and EWAS can provide therapeutic 
targets. However, the modest increased risk of 
cancer associated with the known genomic and 
epigenomic variations, for the most part, not 
medically actionable.

Future perspective
It is expected that better powered GWAS, EWAS 
and genome-wide sequencing projects will con-
tinue to identify new cancer causal variants. 
These studies will facilitate increased under-
standing of the underlying mechanisms of cancer 
development and improved treatment strategies. 
It is further expected that cost- effective GWAS 
and EWAS approaches will be available and 
that the information from GWAS and EWAS 
will be useful in screening for and managing 
cancer. Also expected is the growth of epide-
miologic data that link dietary, environmental 
and lifestyle exposures to the different genomic 
and epigenomic signatures of different cancers. 
This also will facilitate the design of preventive 
strategies to counteract the onset of genetic or 
epigenetic changes in healthy individuals and 
foster development of novel therapeutic strate-
gies that target altered epigenetic components. 

Challenges Potential solutions and research opportunities

Selection of
samples and
sample size

• Blood and urine are the best noninvasively collected samples, but are suitable for GWAS, not EWAS
• Results from biofluids should be confirmed in a small number of tissue samples

Study design

• Selection of cohort vs case–control study design
• Both GWAS and EWAS need large sample sizes
• The problem of participant ‘drop out’ needs to be resolved
• Longitudinal studies are needed for EWAS

Validation of
results and cost

• Most GWAS and EWAS have been identified by different investigators in their own laboratories
• Validation in independent institutes is essential
• GWAS are less expensive than EWAS; industrial input is needed to reduce cost

Complex
bioinformatics

• Both GWAS and EWAS produce huge datasets that are difficult to interpret
• Storing and mining large amounts of data is challenging
• A collaborative and comprehensive international effort is needed

Data sharing
and data
integration

• Team science is the key to success in implementing the results of GWAS and EWAS in the clinical setting
• Data integration remains challenging; programs such as NIH BD2K may resolve this
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To achieve this, the approach has to be person-
alized/personalized with inclusion of the latest 
information (profiling from genomics, epig-
enomics, metabolomics and transcriptomics) in 
diagnosis and prognosis. The day is not far when 
personalized medicine in cancer can facilitate 
tailoring preventive, diagnostic and therapeu-
tic approaches to molecular profiling and other 
technologies applicable to an individual or popu-
lation. There seems an interest in academicians, 
government and industry to enhance efforts in 
this direction as all these sectors are planning 
to enhance molecular profiling based person-
alized medicine in improving health. It is also 
expected that personalized medicine will bring 
novel therapeutic strategies with emphasis on 
gene-oriented treatment. This is the right time to 
validate what we know in the field and start edu-
cating clinicians and other health professionals 

in the field of GWAS and EWAS so that they 
can interpret results easily and imply them for 
improving health.
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EXECUTivE SUMMARY
 ●  It is anticipated that some of the genetic and epigenetic markers identified by genome-wide association studies 

(GWAS) and epigenome-wide association studies (EWAS) will contribute to an improved understanding of the 
relationship between cancer susceptibility and molecular mechanisms of cancer as well as to developing new 
approaches in risk prediction and cancer control.

 ●  Also anticipated is the growth of epidemiologic data that link dietary, environmental and lifestyle exposures to the 
different genomic and epigenomic signatures in different cancers.

 ●  Differences in tumor behavior arise due to genomic and epigenomic changes. These changes can be measured 
quantitatively and can be used in cancer diagnosis and prognosis, as well as in following survival.
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