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all genes [1]. When a CGI becomes methylated, the associated promoter
is stably silent [2]. DNA methylation is essential for normal development
and is associated with genomic imprinting, X-chromosome inactivation
and carcinogenesis [3].

1. Introduction

DNA methylation is the most studied epigenetic phenomenon and is
defined as the addition of a methyl group to the cytosine base within

cytosine-guanine dinucleotides (CpGs) in humans. Approximately
80 to 90% of CpGs are methylated, whereas unmethylated CpGs are fre-
quently clustered in CpG islands (CGIs) at the promoter of over half of
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DNA methylation is a heritable change in gene expression not
encoded by the DNA sequence [4]. Furthermore, the heritability of
methylation states and the methylation gain or loss suggests that DNA
methylation is adapted for a specific cellular memory function during
development [2]. DNA methylation patterns vary in time and space,
and the methylation patterns differ between specific cell-types within
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Table 1

Racial/ethnic disparities in DNA methylation of human different tissues.

Resource Method Gene Difference Race References
Peripheral blood Combined bisulfite restriction LINE-1 Caucasians had signifcantly lower levels 480 Caucasians; 15 African-Americans; [8]
analysis (COBRA) of methylation than non-Caucasians 8 Hispanics; 2 Asians; 21 Native Americans
Peripheral blood Bisulfite pyrosequencing LINE-1 Non-Hispanic blacks and Hispanics had signifcantly 33 non-Hispanic whites; 69 non-Hispanic 9]
lower levels of methylation than non-Hispanic whites blacks; 58 Hispanics
Peripheral blood [3H]-methyl acceptance assay African-American women had lower level of DNA 32 African-Americans; 29 Caucasians; [7]
methylation than Hispanics and non-Hispanic Caucasians 24 Hispanics
Umbilical cord blood Human methylation 27 BeadChip Autosomal CpGs African-American newborns had lower levels 107 African Americans; 94 Caucasians [3]
of methylation than Caucasians
Breast tissue Methylation-specific PCR (MSP) CDKN2A (p16™) African-Americans women had lower level of CDKN2A 71 European-Americans; [10]
promoter methylation than European-Americans 69 African-Americans
Colorectal mucosa Bisulfite pyrosequencing ESR1(Era) and SFRP1 African Americans had lower level of ESR1 and SFRP1 22 African Americans; 325 Caucasians; [11]
promoter methylation than Caucasians and Hispanics. 22 Hispanics
Normal prostate tissue Bisulfite pyrosequencing TIMP3 and NKX2-5 African-American men had higher level of TIMP3 and 18 African Americans; 13 Caucasians [12]
NKX2-5 promoter methylation than Caucasians
Peripheral blood Bisulfite pyrosequencing OPRM1 African-Americans had a higher OPRM1 promoter CpG 70 African-Americans; 53 Hispanics; [13]
island mean methylation level than Hispanics and Caucasian 103 Caucasian
Peripheral blood Bisulfite pyrosequencing VDR Yoruba showed significantly higher methylation than 30 Yorubas; 28 Caucasians, [14]
Caucasians at several CpG sites in VDR promoter CGI 1060
Lymphoblastoid cell lines [llumima Infinium Human 27,578 CpG sites 8, 475 CpG sites differed between Caucasians and Yorubas 30 trios (mother/father/offspring) [6]
from the HapMap project Methylation 27 Bead Chip of Yoruban (West African) ancestry;
30 family trios of Northern European ancestry
Prostate tumor Real-time methylation-sensitive CD44 African-American men had a higher CD44 promoter 47 African-Americans; 64 Caucasians [17]
PCR methylation level than Caucasian
Prostate tumor Real-time methylation-sensitive CD44 African-American men had a higher CD44 promoter 41 African-Americans; 49 Caucasians [16]
PCR methylation level than Caucasian
Benign prostatic MSP PYCARD (TMS1/ASC) African-American men had a higher PYCARD promoter 12 African-Americans; 22 Caucasians [19]
hyperplasia (BPH) methylation level than Caucasian
Prostate tumor Bisulfite pyrosequencing AR, RAR[32, SPARC, TIMP3, African-American men had a higher AR, RARB2, SPARC, 18 African Americans; 13 Caucasians [12]
and NKX2-5 TIMP3, and NKX2-5 promoter methylation levels than Caucasians
Prostate tumor MSP RARB and APC African-American men had a higher RARB and APC promoter 211 African Americans; 300 Caucasians [20]
methylation levels than Caucasians
Breast tumor Bisulfite pyrosequencing CDH13 African-American women had a higher CDH13 promoter 32 African-Americans; 33 European-Americans [24]
methylation level than European-Americans
Breast tumors MSP SCGB3A1(HIN-1), TWIST1 Age <50 African-American women had a higher promoter 67 African Americans; 44 Caucasians [23]
(Twist), CCND2 (Cyclin D2), methylation levels of SCGB3A1, TWIST1, CCND2, and RASSF1
and RASSF1 (RASSF1A) than age <50 Caucasians
Normal colonic Bisulfite pyrosequencing LINE-1 Hispanics had higher levels of LINE-1 methylation than 388 individuals including Hispanics, [29]
tissue from individuals African Americans and Caucasians African Americans and Caucasians
with and without a
histologically-confirmed adenoma
Colorectal cancer MSP GPNMB, ICAM5, and CHD5 African-Americans had a higher GPNMB, ICAM5, and CHD5 51 Iranians; 51 African Americans [26]
promoter methylation levels than Iranians
Non-small cell lung cancer MSP MGMT and GSTP1 The methylation rates of MGMT and GSTP1 were significantly 196 USA and Australian cases; 288 [31]
higher in the 196 USA and Australian cases than in those Japan and Taiwan cases
from 288 Japan and Taiwan
Malignant pleural MSP GDF10 (BMP3b) Americans had lower level of GDF10 promoter 17 Japanese; 40 Americans [32]
mesothelioma methylation than Japanese
Malignant mesothelioma MSP IGFBP3 Americans had lower level of IGFBP3 promoter methylation 16 Japanese; 40 Americans [33]
than Japanese
Endometrial carcinoma Southern blot analysis Ribosomal DNA (rDNA) African American women had lower level of rDNA 39 African Americans; 176 Caucasians [36]
of Hpall-digested DNA methylation than Caucasians
Neuroblastomas MSP HOXA9 Germans had lower level of HOXA9 promoter 140 Japanese; 153 Germans [35]

methylation than Japanese
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a single organ [5]. For example, genomic DNA hypomethylation is asso-
ciated with aging, and gene-specific promoter DNA hypermethylation
occurs in a tissue-specific manner. Moreover, established epigenetic
patterns during the fetal period can change during adulthood because
of environmental factors [6,7].

Various racial groups differ in their DNA methylation patterns in
both healthy and unhealthy tissue [3,8]. There is evidence that in differ-
ent racial groups, DNA methylation in cancerous tissues or changes in
DNA methylation occur during oncogenesis [3]. Endogenous and exog-
enous factors may influence epigenetic changes throughout life; there-
fore, epigenetics plays a role at the interface between the environment
and the genome, and the environment may act to alter cancer suscepti-
bility through DNA methylation [3,5,7,9].

2. Racial/ethnic disparities in the DNA methylation patterns of
healthy individuals

In a cancer-free population, the global genomic methylation of
leukocyte DNA was different among various racial groups (Table 1).
Hsiung et al. studied 526 healthy individuals who were controls in a
case-control study of head and neck squamous cell carcinoma and
found a 1.26% significantly higher level of leukocyte LINE-1 methylation
in non-Caucasians compared to Caucasians [ 10]. By contrast, Zhang et al.
observed 2.2% lower global DNA methylation levels as determined by
the pyrosequencing of LINE-1s in non-Hispanic blacks, and a 1.3%
lower level of leukocyte LINE-1 methylation in Hispanics compared to
non-Hispanic whites [11]. In normal cells, the majority of the LINE-1
loci are hypermethylated or partially methylated, and few LINE-1 loci
are hypomethylated [12]. Among healthy middle-aged women,
African-Americans (AAs) had lower global levels of DNA methylation
relative to Caucasians or Hispanics [9]. Although the DNA methylation
patterns differ between children and adults, racial differences remain
in children. Adkins et al. found that 13.7% of the autosomal CpGs in
newborns exhibited significantly different levels of DNA methylation
between AAs and Caucasians, and AA newborns had lower levels of
methylation, consistent with the results of Zhang. After the Human
Methylation 27 BeadChip was analyzed, the KEGG pathways enriched
for the loci with significant associations with race and DNA methylation
included four cancer pathways, pancreatic, prostate, bladder and
melanoma, with substantial differences in incidence between the
races, which were highly represented among the genes containing
significant race-divergent CpGs [3].

Additionally, for breast tissue and colorectal mucosa, several genes
in AAs were hypomethylated relative to Caucasians in a cancer-free
population. Although hypermethylation of the tumor suppressor gene
CDKN2A (p16™*1) promoter occurs in breast tumors, hypermethylation
also appears in both preinvasive breast lesions and breast tissues from
apparently healthy women. CDKN2A hypermethylation in breast tissues
from healthy women was present in 28% of AA women, whereas it was
detected in 65% of European-American women [13]. ESR1 (Era) and
SFRP1 are associated with regulating growth, differentiation and tumor-
igenesis in the colon. AAs had significantly lower levels of ESR1
and SFRP1 promoter methylation in normal colorectal mucosa than
Caucasians and Hispanics [14].

However, significantly higher levels of methylation for NKX2-5 and
TIMP3 were detected in normal prostate tissue samples from AAs com-
pared to Caucasians [15]. The methylation level of the OPRM1 promoter
CpG island in the controls of a heroin addict case-control study was
compared, and African-Americans had a higher mean methylation
level (19.6%) of peripheral blood lymphocytes than the Hispanics
(16.1%) and Caucasians (17.4%) [16]. VDR promoter methylation was
screened by bisulfite pyrosequencing in a case-control study of tuber-
culosis (TB); however, there was no difference in the VDR promoter
CGI 1060 regional methylation between TB cases and controls, and the
mean site-specific methylation was significantly higher in Yorubas at

CpGs 2, 5,7, 8,10, 13, and 14, and significantly lower at CpGs 4 and 6
compared to Caucasians [17].

A non-parametric Wilcoxon test was performed to identify CpG sites
differing in methylation between Caucasians and Yorubas in 180 cell
lines derived from one African and one European population, and 8,
475 sites differed between the populations. These population-level dif-
ferences were small, with only 1,033 sites (3.9%) differing by an average
of over 10% methylation, and 3, 695 sites (14.0%) differing by over 5%.
Possibly because of their small magnitudes, the differences in DNA
methylation did not explain the variation in gene expression levels
between the different races, but racial disparities in DNA methylation
patterns occurred in healthy individuals [8].

3. Racial/ethnic disparities in the DNA methylation level of prostate
cancer

In the United Sates, the incidence and mortality of prostate cancer
(PC) are approximately 2-fold higher among AAs than Caucasians
and are very low in Asians [18]. Two studies by Woodson et al. [19,
20] examined racial differences in the methylation status of the
GSTP1, CD44, E-cadherin, RASSF1, RARb 2, EDNRB, Annexin-2, and
CAV1 genes in prostate tumors and observed only a slightly higher
frequency of CD44 methylation among AAs relative to Caucasians.
Comparison of GSTP1 methylation in prostate cancer samples with
their clinical and pathological outcomes showed that AAs with
GSTP1 methylation are 13.3 times more likely to have PC, whereas
in Caucasians, this ratio is only 3.8 [21]. These results suggest that
GSTP1 hypermethylation is a sensitive diagnostic marker for AAs
[18]. By contrast, Das et al. [22] observed that the CD44 and GSTP1
were not significantly different for methylation between popula-
tions, but there was a significantly higher methylation frequency
for PYCARD (TMS1/ASC) in benign prostatic hyperplasia (BPH) for
AAs. Higher AR, RARB2, SPARC, TIMP3, NKX2-5, RARB and APC promot-
er methylation levels were also observed for AAs compared to Cauca-
sians, whereas GSTP1 hypermethylation did not occur in AAs [22,23].
Although these data may be contradictory, studies in this area may
be useful for understanding the molecular basis of race-related dis-
ease, as well as in identifying biomarkers to better detect and assess
prostate cancer in a particular ethnic group.

4. Racial/ethnic disparities in the DNA methylation level of breast
cancer

In the United States, AA women are more likely to develop aggres-
sive breast tumors than Caucasians [24]. Environmental factors that
change the methylation patterns may partially explain the difference.
The Illumina GoldenGate methylation bead arrays were used to analyze
117 Caucasian, 13 African American, 10 Hispanic and 10 Asian breast
cancer cases. The results showed that the patient race was significantly
associated with methylation class membership, with the majority of
AAs (54%) in class 2, and 40% of Hispanic cases in class 4 [25]. Hormone
receptor-negative tumors from young AA patients show distinct DNA
hypermethylation at SCGB3A1 (HIN-1), TWIST1 (Twist), CCND2 (Cyclin
D2), and RASSF1 (RASSF1A) compared to European-Americans (EA)
tumors, suggesting candidate tumor biological differences between
the two racial groups as they relate to cancer epigenetics [26]. When
the promoter methylation levels of seven tumor markers candidate
genes, CDKN2A, ESR1, RASSF1, RARB2, CDH13, SCGB3A1, and SFRP1,
were analyzed and the global methylation level was determined for
LINE-1 in breast tumors, a higher level of CDH13 promoter methylation
was detected for AA women than EA women. Therefore, CDH13 hyper-
methylation may contribute to the distinct molecular alterations
hypothesized for AA and EA tumors that possibly play a role during
the early onset of breast cancer [27].
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5. Racial/ethnic disparities in the DNA methylation level of
colorectal cancer

In Israel, the rate of colorectal cancer (CRC) differs significantly
among the different ethnic groups. The incidence is highest in Ashkenazi
Jews (European- and American-born Jews), intermediate in Sephardic
Jews (Asian- and African-born Jews), and lowest in Israeli-born Jews
[28]. African-Americans had higher GPNMB, ICAM5, and CHD5 promoter
methylation levels than Iranians [29]; however, there was no difference
in methylation of the MLH1 promoter between Jews and Israeli-born
Arabs [30]. Although the prevalence of CRC differs among different eth-
nic groups within the United States where AAs have a 10% higher inci-
dence of CRC than Caucasians, the incidence is the opposite for Israel
[31]. A higher level of global methylation was observed among Hispanics
and other racial groups compared to AA and Caucasians, and no differ-
ence in methylation levels in normal colonic tissue was observed from
individuals with and without a histologically confirmed adenoma [32].
Racial disparities have been observed in colorectal cancer and this may
partially explain the difference in incidence and aggressiveness of CRC
in various racial groups.

6. Racial/ethnic disparities in the DNA methylation level of
lung cancer

Johanning et al. [33] developed an immunohistochemical assay that
uses a monoclonal antibody to specifically bind to 5-methyl-2’-
deoxycytidine (5-mC) to assess the global DNA methylation in lung
squamous cell carcinomas (SCCs), and the results suggested that global
DNA hypomethylation is associated with the development of SCCs in
Caucasians but not AAs. In the associated uninvolved bronchial mucosa
and epithelial hyperplasia of 53 Caucasians and 23 AA, the 5-mC scores
of SCC were significantly lower than in the uninvolved bronchial muco-
sa (UBM) and epithelial hyperplasia (EH) in Caucasians. In AAs, howev-
er, the 5-mC staining of SCC was not significantly different from those of
the UBM or EH. The methylation rates of the two genes MGMT and
GSTP1 were significantly higher in the 196 US and Australian cases
(15% for MGMT and GSTP1) than in the 288 cases from Japan and
Taiwan (1% for MGMT and GSTP1) [34]. These results may reflect racial
differences in lung carcinogenesis or molecular pathogenesis.

7. Racial/ethnic disparities in DNA methylation level of malignant
mesothelioma

For malignant mesothelioma (MM ), the methylation status of MM in
Japanese patients was significantly higher than in US patients, suggest-
ing that geographic differences in the IGFBP3 and GDF10 (BMP3b) might
be influenced by ethnic or pathogenic differences, despite no evidence
to support the hypothesis that the incidence of MM differs among
different racial groups [35,36].

8. Racial/ethnic disparities in the DNA methylation level of other
tissues and cancers

The racial/ethnic differences in clinical and biologic risk factors and
outcomes of patients with neuroblastoma (NBL) were observed [37].
This difference may be partially explained by the DNA methylation
differences among different racial groups. For example, German NBL
patients had lower levels of HOXA9 promoter methylation than
Japanese NBL patients [38]. In endometrial carcinoma, rDNA methyla-
tion differences occurred between African-American female patients
and Caucasian patients. Because rDNA methylation is possible a marker
for aberrant methylation involving key growth-regulatory genes,
epidemiologic studies have shown that African-American female pa-
tients are twice as likely as Caucasian patients to die from endome-
trial carcinoma; therefore, the differences in rDNA methylation

may reflect underlying factors that contribute to the observed racial
differences in outcome [39].

9. Possible factors contributing to racial/ethnic disparities in DNA
methylation

These studies discussed above suggest that DNA methylation is diver-
gent between populations and that this divergence may be due in large
part to a combination of differences in allele frequencies and complex
epistasis or interactions between the gene and environment [8]. Although
DNA methylation is a stable epigenetic mark, numerous environmental
factors, including nutrition, exposure to environmental pollutants, and
social environment conditions, have been associated with variations in
DNA methylation [3]. Both shared and non-shared environments can
trigger methylation changes, and this may have evolutionary conse-
quences, even in the absence of sequence variation [7,40]. Evidence sug-
gests that DNA methylation may be altered by the dietary availability of
methyl groups. Folate, in the form of 5-methyltetrahydrofolate (MTHF),
is involved in the remethylation of homocysteine (Hcy) to methionine,
the precursor of S-adenosylmethionine (SAM), which is the primary
methyl donor for the majority of biological methylation reactions [32].
It is this plasticity that underlies much of the potential contribution of
DNA methylation to multi-factorial diseases, complex phenotypes and
racial disparity [3].

10. Limitations of the present study

There are several limitations of these studies that should be noted.
First, bisulfite sequencing is currently the gold standard for DNA meth-
ylation analysis in cancer, but this assay was not performed in some
studies [41,42]. Second, a vast majority of studies in Table 1 have
small sample sizes. loannidis [43] summarized several corollaries, one
of which is that the smaller the study conducted in a scientific field,
the less likely the research findings are to be true. Therefore, researchers
should design better studies and increase the sample size. Third, if a
particular human disease process is caused by the dysfunction of either
a specific cell-type or multiple cell-types, then the optimal approach is
to analyze the molecular changes in the afflicted cell-types specific
to the disease process [5]. Although many epigenetic studies rely on pe-
ripheral blood leukocytes as a surrogate for alterations in tumor cells,
there is very little evidence supporting the validity of inferring epigenet-
ic mechanisms of non-hematologic disorders from the epigenetic
analysis of blood leukocytes [5].

Acknowledgements

This study was supported by the Chongqing Key Laboratory of Birth
Defects and Reproductive Health Fund (No.0901), the Natural Science
Foundation Project of CQ CSTC (2009BA5082, 2012jjA10070), the
Science-Technology Research Program of the CQ Municipal Commission
of Education (KJ120326, KJ1400231), the Science-Technology Three
Items Project of CQ Yuzhong District (No.20130126) and the CQMU
Public Health School Fund (No.Gwzk201301).

References

[1] F. Antequera, A. Bird, Number of CpG islands and genes in human and mouse, Proc.
Natl. Acad. Sci. U. S. A. 90 (1993) 11995-11999.

[2] A. Bird, DNA methylation patterns and epigenetic memory, Genes Dev. 16 (2002)
6-21.

[3] RM. Adkins, J. Krushkal, F.A. Tylavsky, F. Thomas, Racial differences in gene-specific
DNA methylation levels are present at birth, birth defects research, Clin. Mol.
Teratol. A 91 (2011) 728-736.

[4] G. Quon, C. Lippert, D. Heckerman, J. Listgarten, Patterns of methylation heritability
in a genome-wide analysis of four brain regions, Nucleic Acids Res. 41 (2013)
2095-2104.

[5] S.Ogino, P. Lochhead, A.T. Chan, R. Nishihara, E. Cho, B.M. Wolpin, ].A. Meyerhardt,
A. Meissner, E.S. Schernhammer, C.S. Fuchs, E. Giovannucci, Molecular pathological


http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0005
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0005
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0010
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0010
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0015
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0015
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0015
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0020
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0020
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0020
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0025
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0025

262

[6

(7

8

[9

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]
[22]

(23]

Y. Xia et al. / Biochimica et Biophysica Acta 1846 (2014) 258-262

epidemiology of epigenetics: emerging integrative science to analyze environment,
host, and disease, Mod. Pathol. 26 (2013) 465-484.

K.C. Kim, S. Friso, S.W. Choi, DNA methylation, an epigenetic mechanism connecting
folate to healthy embryonic development and aging, J. Nutr. Biochem. 20 (2009)
917-926.

G.D. Smith, Epidemiology, epigenetics and the ‘Gloomy Prospect’: embracing ran-
domness in population health research and practice, Int. J. Epidemiol. 40 (2011)
537-562.

H.B. Fraser, L.L. Lam, S.M. Neumann, M.S. Kobor, Population-specificity of human
DNA methylation, Genome Biol. 13 (2012) R8.

M.B. Terry, .S. Ferris, R. Pilsner, ].D. Flom, P. Tehranifar, R.M. Santella, M.V. Gamble, E.
Susser, Genomic DNA methylation among women in a multiethnic New York City
birth cohort, Cancer Epidemiol. Biomarkers Prev. 17 (2008) 2306-2310.

D.T. Hsiung, CJ. Marsit, E.A. Houseman, K. Eddy, C.S. Furniss, M.D. McClean, K.T.
Kelsey, Global DNA methylation level in whole blood as a biomarker in head and
neck squamous cell carcinoma, Cancer Epidemiol. Biomarkers Prev. 16 (2007)
108-114.

F.F. Zhang, R. Cardarelli, ]. Carroll, K.G. Fulda, M. Kaur, K. Gonzalez, ] K. Vishwanatha,
R.M. Santella, A. Morabia, Significant differences in global genomic DNA methylation
by gender and race/ethnicity in peripheral blood, Epigenetics 6 (2011) 623-629.
N. Kitkumthorn, A. Mutirangura, Long interspersed nuclear element-1 hypomethy-
lation in cancer: biology and clinical applications, Clin. Epigenetics 2 (2011)
315-330.

R.G. Dumitrescu, C. Marian, S.S. Krishnan, S.L. Spear, B.V. Kallakury, D.J. Perry, J.R.
Convit, F. Seillier-Moiseiwitsch, Y. Yang, ].L. Freudenheim, P.G. Shields, Familial
and racial determinants of tumour suppressor genes promoter hypermethylation
in breast tissues from healthy women, J. Cell. Mol. Med. 14 (2010) 1468-1475.

K. Wallace, M.V. Grau, AJ. Levine, L. Shen, R. Hamdan, X. Chen, J. Gui, RW. Haile, E.L.
Barry, D. Ahnen, G. McKeown-Eyssen, ].A. Baron, J.P. Issa, Association between folate
levels and CpG Island hypermethylation in normal colorectal mucosa, Cancer Prev.
Res. (Phila) 3 (2010) 1552-1564.

B. Kwabi-Addo, S. Wang, W. Chung, J. Jelinek, S.R. Patierno, B.D. Wang, R. Andrawis,
N.H. Lee, V. Apprey, ].P. Issa, M. Ittmann, Identification of differentially methylated
genes in normal prostate tissues from African American and Caucasian men, Clin.
Cancer Res. 16 (2010) 3539-3547.

D.A. Nielsen, S. Hamon, V. Yuferov, C. Jackson, A. Ho, . Ott, M. Kreek, Ethnic diver-
sity of DNA methylation in the OPRM1 promoter region in lymphocytes of heroin
addicts, Hum. Genet. 127 (2010) 639-649.

C. Andraos, G. Koorsen, ].C. Knight, L. Bornman, Vitamin D receptor gene methyla-
tion is associated with ethnicity, tuberculosis, and Taql polymorphism, Hum.
Immunol. 72 (2011) 262-268.

H. Enokida, H. Shiina, S. Urakami, M. Igawa, T. Ogishima, D. Pookot, L.C. Li, Z.L.
Tabatabai, M. Kawahara, M. Nakagawa, CJ. Kane, P.R. Carroll, R. Dahiya, Ethnic
group-related differences in CpG hypermethylation of the GSTP1 gene promoter
among African-American, Caucasian and Asian patients with prostate cancer, Int. J.
Cancer (J. Int. Cancer), 116 (2005) 174-181.

K. Woodson, J. Hanson, J. Tangrea, A survey of gene-specific methylation in human
prostate cancer among black and white men, Cancer Lett. 205 (2004) 181-188.

K. Woodson, R. Hayes, L. Wideroff, L. Villaruz, ]. Tangrea, Hypermethylation of
GSTP1, CD44, and E-cadherin genes in prostate cancer among US Blacks and Whites,
Prostate 55 (2003) 199-205.

L.C. Li, Epigenetics of prostate cancer, Front. Biosci. 12 (2007) 3377-3397.

P.M. Das, K. Ramachandran, J. Vanwert, L. Ferdinand, G. Gopisetty, .M. Reis, R. Singal,
Methylation mediated silencing of TMS1/ASC gene in prostate cancer, Mol. Cancer 5
(2006) 28.

D. Tang, O.N. Kryvenko, N. Mitrache, K.C. Do, M. Jankowski, D.A. Chitale, S. Trudeau,
A. Rundle, S.A. Belinsky, B.A. Rybicki, Methylation of the RARB gene increases
prostate cancer risk in black Americans, J. Urol. 190 (2013) 317-324.

[24] ]. Couzin, Cancer research. Probing the roots of race and cancer, Science 315 (2007)

[25]

592-594.
B.C. Christensen, K.T. Kelsey, S. Zheng, E.A. Houseman, CJ. Marsit, M.R. Wrensch, J.L.
Wiemels, H.H. Nelson, M.R. Karagas, L.H. Kushi, M.L. Kwan, J.K. Wiencke, Breast

cancer DNA methylation profiles are associated with tumor size and alcohol and
folate intake, PLoS Genet. 6 (2010) e1001043.

[26] J. Mehrotra, M.M. Ganpat, Y. Kanaan, M.J. Fackler, M. McVeigh, ]. Lahti-Domenici, K.

[27]

[28]

[29]

[30]

[31]

Polyak, P. Argani, T. Naab, E. Garrett, G. Parmigiani, C. Broome, S. Sukumar, Estrogen
receptor/progesterone receptor-negative breast cancers of young African-American
women have a higher frequency of methylation of multiple genes than those of
Caucasian women, Clin. Cancer Res. 10 (2004) 2052-2057.

S.Wang, T.H. Dorsey, A. Terunuma, R.A. Kittles, S. Ambs, B. Kwabi-Addo, Relationship
between tumor DNA methylation status and patient characteristics in African-
American and European-American women with breast cancer, PLoS ONE 7 (2012)
e37928.

M. Barchana, 1. Liphshitz, P. Rozen, Trends in colorectal cancer incidence and mortality
in the Israeli Jewish ethnic populations, Familial Cancer 3 (2004) 207-214.

P. Mokarram, K. Kumar, H. Brim, F. Naghibalhossaini, M. Saberi-firoozi, M. Nouraie,
R. Green, E. Lee, D.T. Smoot, H. Ashktorab, Distinct high-profile methylated genes
in colorectal cancer, PLoS ONE 4 (2009) e7012.

A.Vilkin, Y. Niv, T. Nagasaka, S. Morgenstern, Z. Levi, Z. Fireman, F. Fuerst, A. Goel, CR.
Boland, Microsatellite instability, MLH1 promoter methylation, and BRAF mutation
analysis in sporadic colorectal cancers of different ethnic groups in Israel, Cancer
115 (2009) 760-769.

A. Ghafoor, A. Jemal, V. Cokkinides, C. Cardinez, T. Murray, A. Samuels, M. Thun,
Cancer statistics for African Americans, CA Cancer J. Clin. 52 (2002) 326-341.

[32] ].C. Figueiredo, M.V. Grau, K. Wallace, AJ. Levine, L. Shen, R. Hamdan, X. Chen, R.S.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Bresalier, G. McKeown-Eyssen, R.W. Haile, J.A. Baron, J.P. Issa, Global DNA hypome-
thylation (LINE-1) in the normal colon and lifestyle characteristics and dietary and
genetic factors, Cancer Epidemiol. Biomarkers Prev. 18 (2009) 1041-1049.

CJ. Piyathilake, O. Henao, A.R. Frost, M. Macaluso, W.C. Bell, G.L. Johanning, D.C.
Heimburger, A. Niveleau, W.E. Grizzle, Race- and age-dependent alterations in
global methylation of DNA in squamous cell carcinoma of the lung (United
States), Cancer Causes Control 14 (2003) 37-42.

S. Toyooka, R. Maruyama, K.O. Toyooka, D. McLerran, Z. Feng, Y. Fukuyama, A.K.
Virmani, S. Zochbauer-Muller, K. Tsukuda, K. Sugio, N. Shimizu, K. Shimizu, H. Lee,
C.Y. Chen, K.M. Fong, M. Gilcrease, J.A. Roth, ].D. Minna, A.F. Gazdar, Smoke expo-
sure, histologic type and geography-related differences in the methylation profiles
of non-small cell lung cancer, Int. ]. Cancer (J. Int. Cancer), 103 (2003) 153-160.
K. Kimura, S. Toyooka, K. Tsukuda, H. Yamamoto, H. Suehisa, J. Soh, H. Otani, T. Kubo,
K. Aoe, N. Fujimoto, T. Kishimoto, Y. Sano, H.I. Pass, H. Date, The aberrant promoter
methylation of BMP3b and BMP6 in malignant pleural mesotheliomas, Oncol. Rep.
20 (2008) 1265-1268.

K. Tomii, K. Tsukuda, S. Toyooka, H. Dote, T. Hanafusa, H. Asano, M. Naitou, H.
Doihara, T. Kisimoto, H. Katayama, H.I. Pass, H. Date, N. Shimizu, Aberrant promoter
methylation of insulin-like growth factor binding protein-3 gene in human cancers,
Int. J. Cancer (J. Int. Cancer), 120 (2007) 566-573.

T.O. Henderson, S. Bhatia, N. Pinto, W.B. London, P. McGrady, C. Crotty, C.L. Sun, S.L.
Cohn, Racial and ethnic disparities in risk and survival in children with neuroblastoma:
a Children's Oncology Group study, J. Clin. Oncol. 29 (2011) 76-82.

K. Asada, N. Watanabe, Y. Nakamura, M. Ohira, F. Westermann, M. Schwab, A.
Nakagawara, T. Ushijima, Stronger prognostic power of the CpG island methylator
phenotype than methylation of individual genes in neuroblastomas, Jpn. J. Clin.
Oncol. 43 (2013) 641-645.

M.A. Powell, D.G. Mutch, ].S. Rader, T.J. Herzog, T.H. Huang, P.]. Goodfellow, Ribo-
somal DNA methylation in patients with endometrial carcinoma: an independent
prognostic marker, Cancer 94 (2002) 2941-2952.

KJ. Verhoeven, JJ. Jansen, PJ. van Dijk, A. Biere, Stress-induced DNA methylation chang-
es and their heritability in asexual dandelions, New Phytol. 185 (2010) 1108-1118.

K. Mensaert, S. Denil, G. Trooskens, W. Van Criekinge, O. Thas, T. De Meyer, Next-
generation technologies and data analytical approaches for epigenomics, Environ.
Mol. Mutagen. 55 (2014) 155-170.

T. von Kanel, AR. Huber, DNA methylation analysis, Swiss Med. WKkly. 143 (2013)
w13799.

[43] J.P.A.loannidis, Why most published research findings are false, PLos Med. 2 (2005)

696-701.


http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0025
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0025
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0030
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0030
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0030
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0035
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0035
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0035
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0040
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0040
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0045
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0045
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0045
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0050
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0050
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0050
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0050
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0055
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0055
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0055
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0060
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0060
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0060
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0065
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0065
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0065
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0065
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0070
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0070
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0070
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0070
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0075
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0075
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0075
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0075
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0080
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0080
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0080
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0085
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0085
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0085
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0090
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0090
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0090
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0090
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0090
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0095
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0095
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0100
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0100
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0100
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0105
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0110
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0110
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0110
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0115
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0115
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0115
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0120
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0120
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0125
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0125
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0125
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0125
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0130
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0130
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0130
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0130
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0130
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0135
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0135
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0135
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0135
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0140
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0140
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0145
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0145
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0145
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0150
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0150
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0150
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0150
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0155
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0155
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0160
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0160
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0160
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0160
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0165
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0165
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0165
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0165
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0170
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0170
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0170
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0170
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0170
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0175
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0175
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0175
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0175
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0180
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0180
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0180
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0180
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0185
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0185
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0185
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0190
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0190
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0190
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0190
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0195
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0195
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0195
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0200
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0200
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0205
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0205
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0205
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0210
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0210
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0215
http://refhub.elsevier.com/S0304-419X(14)00054-7/rf0215

	Racial/ethnic disparities in human DNA methylation
	1. Introduction
	2. Racial/ethnic disparities in the DNA methylation patterns of healthy individuals
	3. Racial/ethnic disparities in the DNA methylation level of prostate cancer
	4. Racial/ethnic disparities in the DNA methylation level of breast cancer
	5. Racial/ethnic disparities in the DNA methylation level of colorectal cancer
	6. Racial/ethnic disparities in the DNA methylation level of lung cancer
	7. Racial/ethnic disparities in DNA methylation level of malignant mesothelioma
	8. Racial/ethnic disparities in the DNA methylation level of other tissues and cancers
	9. Possible factors contributing to racial/ethnic disparities in DNA methylation
	10. Limitations of the present study
	Acknowledgements
	References


