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Abstract
Genome-wide studies are increasingly becoming a must, especially for complex diseases such as cancer where
multiple genes and diverse molecular mechanisms are known to be involved in genes’ function alteration. In this
review, we report our latest genomic and epigenomic findings in African-American colorectal cancer patients. This
population suffers a higher burden of the disease and most investigators in this field are looking for the underlying
genetic and epigenetic targets that might be responsible for this disparity. We here report genome-wide copy number
variations, single nucleotide mutations and DNA methylation findings that might be specific to this population.

Keywords: Colorectal cancer; Genomics; Epigenomics; Exome
sequencing; DNA methylation; Single nucleotide mutations; Copy
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Introduction
Several studies have investigated the molecular mechanisms
leading to colorectal cancer (CRC), which is the third most common
cancer in the US [1]. Many of the CRC cases arise from adenomas, in a
process described as adenoma-carcinoma sequence [2]. The initiation
and progression of CRC are associated with alterations in the function
of oncogenes and tumor suppressor genes (TSG). These changes might
occur genetically or epigenetically. Indeed, three major mechanisms
that affect genes’ function in CRC have been described as CpG island
methylation phenotype (CIMP) where global DNA methylation
occurs, microsatellite instability (MSI) where uncorrected mismatch
repairs generated during DNA replication at nucleotides repeat
sequences (microsatellites) leads to their instability; and chromosomal
instability (CIN) where deletions, amplifications and translocations of
chromosomal fragments lead to global genome alterations [2]. Most
times, these mechanisms overlap within the same tumor [2]. In MSI
tumors, which occur in about 15% of CRC cases, DNA mismatch
repair genes are mutated or methylated which leads to tumors with an
MSI phenotype [3]. In contrast, the CIN phenotype is characterized
by global genomic rearrangements of chromosomal fragments [4].
The accumulation of chromosomal gains and/or losses throughout the
progression from high-grade adenomas to invasive carcinomas have
been established in CIN CRC tumors [5]. CIN results from specific
mutations or gene rearrangements as a consequence of structural defects
involving centromeres, telomere erosion, microtubule dysfunction,
chromosome breakage and failure of cell cycle checkpoints [5]. MSI
and CIN tumors have been considered as being mutually exclusive, and
it has been speculated that MSI tumors have stable diploid karyotypes
[6,7]. Nonetheless, recent studies have found that MSI and CIN can
occur in the same tumor [8,9]. Trautmann et al. reported that at least
50% of MSI-H tumors have some degree of simultaneous chromosomal
alterations [10]. Even though evidence for some degree of CIN could
be seen in the majority of MSI-H tumors, patterns of concrete gains
and losses between MSI-H and MSS tumors are still poorly understood.
One of the most important epigenetic events is DNA methylation
that is thought to occur during the early stages of colon oncogenic
transformation. Hence, molecular studies intended for the precise
identification of CRC methylation markers may provide useful insights
for a better understanding of CRC initiation and progression [11-13].
DNA methylation of some genes and their significance in CRC
have been well documented [11-13]. Several genes’ hypermethylation,
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including MLH1, p16INK4a, TIMP3 as well as other tumor suppressor
genes were studied by qualitative and quantitative approaches such as
qPCR, MSP (methylation specific PCR), and pyrosequencing [13]. The
abnormal methylation of CpG islands that are within gene promoters
is a well-studied epigenetic event, which can lead to the transcriptional
silencing of the corresponding tumor suppressor genes (TSGs) in CRC
tumors. Irrespective of the biological significances of methylationinduced silencing of TSGs, this epigenetic variation establishes
molecular signatures that can serve as promising specific biomarkers
for early detection of CRC. Such markers need to be validated using
genome-wide studies. Additionally, patterns of DNA methylation can
be practical for a more precise molecular classification of neoplastic
changes, as well as for the prediction of therapeutical responsiveness
and prognosis. As our current understanding of the role of genetic and
epigenetic alterations in colon carcinogenesis improves, better targeted
therapies for CRC might be developed in the population as a whole and
high-risk populations such as African Americans in particular [11-13].
Here, we review the outcome of genomic and epigenomic studies
performed in African Americans, a population that carries a higher
burden of CRC that needs to be addressed through targeted and
comprehensive studies.

Array Comparative Genomic Hybridization (aCGH)
Findings
In many of our previous studies we reported on the role of MSI,
methylation of specific CRC genes such as p16 and MLH1, and
mutation of known genes such as KRAS and BRAF from African
American CRC patients. Our studies were influential in illuminating
some of the precise genetic and epigenetic alterations that happen in
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Gene
ABCA1
ACSL5
ADAM29
ADAMTS15
ADAMTS18
ADAMTSL3
APC
C10orf137
C15orf2
CD109
CD248
CD46(MCP)
CHL1
CNTN4
CSMD3
EPHA3
EPHB6
ERCC6
ERGIC3(SBDCAG84)
EVL
EXOC4(SEC8L1)
EYA4
FBXW7
GALNS
GNAS
GUCY1A2
HAPLN1
HIST1H1B
KCNQ5
KIAA1409
KRAS
KRT73(K6IRS3)
LGR6
LMO7
LRP2
MAP2
ACTL9
MKRN3
MLL3
MMP2
NF1
OBSCN
P2RX7
P2RY14
PHIP
PKHD1
PKNOX1
PRKD1
PTPRD
PTPRU
RET
RUNX1T1
SCN3B
SFRS6
SLC29A1
SLC44A4(C6orf29)
SMAD2
SMAD3
SMAD4
SYNE1
TBX22
TCF7L2
TGFBR2
TP53
TTLL3
UHRF2
UQCRC2
ZNF442

Chromosome
9q31.1
10q25
4q34
11q25
16q23
15q25.2
5q22
10q26.1
15q11
6q13
11q13
1q32
3p26.1
3p26
8q23.3
3p11.2
7q34
10q11.2
20q12
14q32.2
7q31
6q23
4q31.3
16q24.3
20q13.3
11q22
5q14.3
6p22
6q14
14q32.1
12p12.1
12q13.3
1q32.1
13q22.2
2q31
2q34-35
19p13.2
15q11
7q36.1
16q12-13
17q11.2
1q42.1
12q24
3q25
6q14
6p12.2
21q22.3
14q11
9p23-24
1p35
10q11.2
8q22
11q23.3
20q13.1
6p21
6p21.3
18q21.1
15q22.3
18q21.1
6q25
Xq21.1
10q25.3
3p22
17p13.1
3p25.3
9p24.1
16p12
19p13.2

African Americans (n=30)
Amplified (%)
Deleted (%)
1(3)
1(3)
1(3)
5(16)
0(0)
8(26)
3(10)
3(10)
11(36)
1(3)
1(3)
6(20)
2(6)
8(26)
1(3)
4(13)
0(0)
7(23)
8(26)
1(3)
11(36)
3(10)
4(13)
3(10)
2(6)
1(3)
4(13)
1(3)
14(46)
2(6)
3(10)
1(3)
18(60)
0(0)
3(10)
2(6)
20(66)
0(0)
4(13)
5(16)
18(60)
0(0)
4(13)
2(6)
0(0)
8(26)
14(46)
1(3)
19(63)
0(0)
3(10)
6(20)
1(3)
9(30)
11(36)
0(0)
9(30)
1(3)
5(16)
2(6)
8(26)
1(3)
11(36)
0(0)
4(13)
3(10)
17(56)
1(3)
6(20)
2(6)
6(20)
2(6)
0(0)
16(53)
15(50)
12 (40)
4(13)
8(26)
6(20)
8(26)
5(16)
7(23)
2(6)
1(3)
6(20)
0
14 (46)
3(10)
19(63)
11(36)
11(36)
0
1(3)
0
4(13)
12 (40)
1(3)
4(13)
10 (33)
5(16)
1(3)
10 (33)
12 (40)

5(16)
0(0)
1(3)
8(26)
3(10)
1(3)
1(3)
1(3)
1(3)
7(23)
6(20)
1(3)
6(20)
2(6)
2(6)
3(10)
0
2(6)
2(6)
16 (53)
6(20)
16 (53)
2(6)
4(13)
5(16)
1(3)
10 (33)
2(6)
1(3)
1(3)
7(23)

Table 1: Comparison of African American aCGH data with cancer genes’ list from
Sjoblom et al. [24].

this population. We have also capitalized on our previous work and
conducted a whole genome analysis of copy number aberrations
in African American patients with CRC to find primary targets
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of amplification and deletion. More significantly, we performed a
phylogenetic clustering of the tumors based on aCGH data to establish
the sequential order of the detected aberrations.
The analyzed samples displayed that 17% (5 out of 30 tested tumors)
had the MSI-H phenotype (MSI-H tumors display instability at 2 or
more of the tested markers). This MSI-H rate rests at a higher rate than
that documented in the general population [14]. We also detected 4
tumors that were MSI-L (tumors with instability at no more than 1
of the tested markers) while the remaining 21 were MSS (tumors that
were stable for all tested markers). The average copy number variations
(CNVs) was 25.46 per tumor. The MSI-H tumors indicated a lower rate
of 19.0 CNV aberrations while the non-MSI-H tumors had a higher
rate of 26.7 CNVs. This quantitative CNV difference supports the
concept that MSI-L tumors are different than MSI-H tumors and that
they are primarily driven by chromosomal instability [15].
Chromosomes 3, 5, 7 and 8 were the most frequently altered
in our study population. Several publications reported that these
chromosomes carry genes of relevance to cancer in general and colon
cancer in particular. Deletion, mutation or methylation of MLH1, a
DNA mismatch repair gene on chromosome 3, leads to the MSI-H
phenotype [16]. PPM1L, which is another CRC gene on chromosome
3, was shown to have CNV in APC-negative familial adenomatous
polyposis CRC [17]. Chromosome 5 harbors the APC gene, another
critical CRC gene that has a crucial role in the early steps of colon
carcinogenesis in sporadic CRC and hereditary FAP syndrome.
Chromosome 5 displayed 41 aberrations equally distributed among
deletions and amplifications (20/21) [18]. Caretaker gene PMS2 [19],
a DNA mismatch repair gene, and TSG PIK3CG are on chromosome 7
[20]. Chromosome 8 was the one that showed the most aberrations (25
amplifications/23 deletions). This chromosome is known as a hotspot
for CRC tumor progression [21].
An additional chromosome with striking patterns of aberrations was
chromosome X, which contained 24 aberrations (14 amplifications/20
deletions). Chromosome X was especially shown to be amplified in
male patients. This chromosome has been described as the carrier of
tumor suppressor genes [22]. Only 4 out of 15 female CRC patients
displayed amplification for chromosome X in comparison to 10/15
male patients. Similar findings have also been observed in Japanese
male CRC patients [23].
After comparing our altered genes to Sjoblom et al. cancer genes’
list (Table 1) [24], we found that most of these genes were also altered
in our cohort, with 10 genes being primarily deleted, and 19 were
shown to be preferentially amplified. TP53 was equally amplified and
deleted in our set of samples. P53 (TP53) is a tumor suppressor gene
and it has been known to be altered through deletion leading to a loss
of function [25]. SMAD2 and SMAD4 were the most deleted genes in
this cohort (16 out of 30 samples).
This alteration profile is in line with the known TSG status of these
genes in many types of cancers [26]. Neurofibromin (NF1) was also
lost in many samples of our cohort, has been known to act as a TSG
in colon through the Ras pathway [27]. FBXW7, a component of the
SCF (Skp1/Cullin/F-box protein) E3 ubiquitin ligase complex, acts as
a TSG in many tissues and targets multiple transcriptional activators
and proto-oncogenes for ubiquitin-mediated degradation. The gene
FBXW7, which was deleted in several samples, influences murine
intestinal homeostasis, targeting Notch and Jun pathways’ [28].
With regards to the amplified genes, CD248 (TEM-1) amplification
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in 11 samples might be justified by its established role in tumor
angiogenesis [29]. Although EPHB6 is amplified in our cohort, its
function is known to be a metastasis suppressor in non-small cell lung
cancer, suggesting that it might have a different function in colon tissue
and/or in non-metastatic tumors [30]. The MMP2 gene was amplified
in our study population. The use of MMP1/2 inhibitors was shown to
promote cell invasion in CRC cell lines [31]. GNAS has been shown to
be activated through amplification primarily in ovarian cancer as well
as through activating mutations in colorectal cancer [32,33]. GNAS
was revealed to act through the activation of Wnt and ERK1/2 MAPK
pathways as was shown in mice models of colorectal cancer [33]. This
gene was primarily amplified in our study population. LMO7 gene, also
amplified in our samples, is known to mediate cell-specific activation
of Rho-MRTF_SRF pathway, where it plays a significant role in breast
cancer cells migration (Table 2) [34].
While the above discussion centered on genes already known to
be oncogenes or TSGs based on prior studies, most of the detected
aberrations affected genes without an annotated role in cancer in
general and colorectal cancer in particular. We used the global aCGH
data in a phylogenetic clustering analysis of the tumors to establish the
analyzed tumors relatedness and possible correlations with clinical,
pathological or molecular features. These analyses revealed that
gender, age and tumor location do not have an impact on the nature
of the chromosomal aberrations. The most striking discovery from
our parsimony analysis was the clustering of 80% MSI-H tumors in
the generated cladogram, away from MSI-L and MSS tumors. These
MSI-H tumors had fewer aberrations (<15) compared to MSI-L and
MSS tumors (>25). The parsimony phylogenetic analysis implies that
this difference is not only quantitative but also qualitative. This is in
agreement with Trautmann et al. findings regarding the difference
in nature of chromosomal alterations in MSI vs. MSS tumors [10].
CGH array data are very informative. Though, due to many of the
chromosomal aberrations spanning large genomic areas and affecting
many genes at once, it is difficult at present to assign weight and value
to genes within a given aberration. To distinguish between passenger
and driver genes within an aberration, CGH experiments need to be
added to genome, exome, and/or transcriptome sequencing data to
establish genetic variations within the amplified/deleted chromosomal
fragments and their impact on gene expression and function [35].

Whole Exome Sequencing of Colorectal Tumors
Whole exome sequencing is likely to lead to the discovery of
specific driver mutations. Exponentially growing genomic databases of
many specimens across different racial/ethnic groups has the potential
to allow the detection of disease-causing and/or race-specific driving
mutations in neoplastic lesions [36-38].
We examined alterations which happen in major colorectal cancer
pathways and associated effectors using whole exome sequencing
(WES) in 12 pairs of African American CRC tumors along with their
matched normal showed that WNT and EGFR signaling pathways
were the most altered, highlighting their significance in colorectal
carcinogenesis, regardless of sex, age or race of the patients [39-41].
Our results defined a total of 52 genes that have been recently cited
by Vogelstein et al. [39]. It is noteworthy that many of the identified
mutations, especially in the APC gene are novel and different when
compared to previously reported mutations.
Copy number variations (CNVs) for the analyzed samples were
generated from the exome data using R software. No copy number
variations at the APC locus was detected for the analyzed samples. This
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is consistent with the fact that APC gene is a target of single nucleotide
variants (SNVs) rather than CNV alterations [39]. This noticeably
illustrates the intricacies between different genomic alterations
mechanisms in the path to cancer (Figure 1).
The number of variants was different among samples. Two samples
had more than 7 variants per 106 bases while ten had less than 3 variants
per 106 bases. The MSI status of the analyzed samples was established to
assess whether the high level of variants within the samples correlates
with the MSI-H status. To our surprise, the 3 MSI-H tumors were not
part of the hyper-mutated tumor samples [14,22,42-45].
Among the CRC genes established by the cancer genome atlas
database (TCGA) [40], the most frequently mutated genes were APC,
CACNA1C, DNAH17, FCRL5, KRAS, OBSCN, PR1L1, TELO2, ZNF568,
and SRMS. Beyond identifying new non-synonymous mutations and
candidate CRC genes, our study determined that we are far from having
a complete catalog of CRC genes, with many specific genes at clinically
significant frequencies within individual CRC tumors still awaiting
detection and experimental validation. The number of such genes is
still increasing steeply with the number of analyzed samples and tumor
types, which should reflect the diversity of the general population.
Two non-synonymous SNVs were found in tumor suppressor
TP53. KRAS gene displayed 4 non-synonymous and 1 non-frameshift
deletion. MSH3 and MSH6 had 2 and 1 non-synonymous variants,
respectively. MSH3 and MSH6 mutations are in line with a high
rate of MSI-H in African American CRC patients. Indeed, we have
previously reported an 18% rate of MSI-H in urban African American
CRC patients that was primarily assigned to another DNA MMR gene
methylation (MLH1). Our exome data shows that SNVs targeting other
DNA MMR genes do likely participate in the higher MSI rate in this
population [14,46,47].
Our results have shown 1 frameshift deletion in AXIN2 and 2 nonsynonymous alterations in ATM gene. We found 2 non-synonymous
variants in PIK3CA gene. Three non-synonymous variants were detected
in CACNA1C that belongs to the MAPK/Ca channel pathway [48].
In the APC gene, we detected 1 missense mutation, 5 frameshift
deletions, 5 stopgains, 2 frameshift insertions, and 1 non-frameshift
deletion. APC protein binds to many other proteins including
β-catenin which interacts with LEF-1/TCF DNA-binding proteins,
which in turn activates Wnt target genes through a unique C-terminal
activation domain [49,50]. APC is also recruited to Wnt target genes
upon activation of the pathway and regulates the periodic exchange of
β-catenin and TLE1/Gro co-repressor complexes [42-44].
Functional annotation of the mutated genes showed several
pathways including Wnt, cell adhesion, and ubiquitin-mediated
proteolysis pathways were altered genetically in the early stage
of colorectal tumorigenesis. Therefore, the functional biological
effects of these mutations especially in APC are reflected in the CRC
carcinogenicity. Annotation and functional analysis of the novel
mutations is likely to establish changes in the activity of APC protein,
due to their location in exons 5 and 15.
Also, many of the novel SNVs such as APC4664, APC3418, and
APC3862, are situated in exon 15, which is the APC exon most highly
associated with CRC risk. These mutations may contribute to major
biological alterations of this protein with clinical and pathological
implications in this population. These mutations are novel and as
such their frequencies are not known in African Americans and other
patients. It will be useful to establish such frequencies for personalized
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Caucasians
Amplified
(%)

Deleted
(%)

African Americans
(n=30)
Amplified
(%)

Deleted
(%)

Gene

Chromosome

THRB

3p24.3

32

13

3

RAF1

3p25

14

20

6

60

3

RFC2

7q11.2

36

CYLN2

7q11.23

36

MET

7q31

23

LPL

8p22

E2F5

8q22-q21.3

LPL

8p22

EXT1

8q24.11-q24.13

MYC

8q24.12-q24.13

EGR2

10q21.3

60

0

10

40

53

0

32

46

6

36

46

0

10

13

23
36
23

23

DMBT1

10q25.3-q26.1

3

16

LRRC32

11q13.5

32

10

13

ATM

11q22.3

27

10

16

INS

11p tel

32

26

6

BRCA2

13q12-q13

36

60

0

RB1

13q14

41

53

0

MAP2K5

15q23

32

3

20

23

30

30

10

33

23

SP6

17ptel

TOP3A

17p11.2

LLGL1

17p12-17p11.2

36

10

33

FLII

17p12-17p11.2

23

10

33

HIC1

17p13.3

32

20

30

CTDP1

18q tel

45

0

40

LAMA3

18q11.2

14

0

40

BCL2

18q21.3

23

0

40

DCC

18q21.3

32

0

50

TPD52L2

20qtel

27

76

3

18

TOP1

20q12-q13.1

32

56

0

TNFRSF6B

20q13

32

53

3

NCOA3

20q13

32

63

0

AURKA

20q13

36

56

0

CSE1L

20q13

27

63

0

MYBL2

20q13.1

32

63

0

PTPN1

20q13.1-q13.2

23

63

0

CYP24A1

20q13.2

36

63

0

ZNF217

20q13.2

32

63

0

PRPF6

20q13.3

27

60

3

16

20

33

13

23

13

30

13

PCNT

21qtel

XIST

Xq13.2

STS

Xp22.3

KAL1

Xp22.3

18
36
23
36

Table 2: Comparison of African American a CGH data with those from caucasian
patients from Lassmann et al. [72].

therapeutical management approaches and also to assess whether these
mutations have any specific racial specificity [51].
There have been other relatively large genome-wide or exome
sequencing studies [39-41] on CRC, but only one of them specifically
targeted African American patients using WES. This recent publication
by Guda et al. on novel recurrently mutated genes in African Americans
with CRC provided a set of novel genes that seem to be primarily
targeted by mutation in African Americans [52]. They specifically
discussed EPHA6 and FLCN, the top genes in their 20 genes’ panel,
identified in microsatellite stable (MSS) and low mutation rates
CRC tumors. Their approach was focused on detecting genes with
differential mutation rates between African Americans and Caucasians
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while our approach’s focus was to look for distinct mutations within
known cancer pathways. There are limited exome studies in African
Americans with CRC. As such, it is a challenging task to predict the
frequency and incidence of any mutation, be it in a novel or wellknown cancer gene. Both of our studies combined, account only for
41 whole exome sequenced African American CRC tumors. Therefore,
more exome studies are needed in this population to have a meaningful
evaluation of mutations’ weight and to assess cohorts’ variations in the
context of CRC disease and disparity, nationwide.
When we checked Guda et al.’s newly identified genes and
mutations in our samples, we found 7 somatic protein-changing
mutations common between the two cohorts [53]. These mutations
occurred in 5 genes, including APC and KRAS. These mutations
were found in 6/12 of our samples and 12/29 samples in Guda et al.’s
dataset. We have 9 somatic protein-changing mutations in 6 genes
(particularly WDR87) from their 20 genes panel, but none observed
in their two top genes: FLCN and EPHA6. That result is not surprising
because the complete mutation frequency of these two genes reported
in their dataset is low (2.91% and 5.83%, respectively). Considering
all of the mutations observed for the samples, we have 459 mutations
in 18 out of the 20 genes with WDR87 as the dominantly targeted
gene. Accordingly, these 20 genes mutational profile in our cohort
gives more credibility to their findings as to the potential race specific
nature of these genes as targets of mutation in African Americans with
CRC. If supplemented with our approach of looking for novel, highly
pathogenic mutations within known cancer pathways and genes, the
outcome would likely allow a better definition and understanding of
race-specific cancer genes and mutations.

Methylome Study of Colorectal Lesions from African
Americans
Several approaches were used to establish DNA methylation status
in cancer specimens. Qualitative (MSP: methylation specific PCR) and
quantitative (qPCR, methylight, pyrosequencing) techniques have
been widely used. These techniques, however, were still used at the
gene-specific level with a pre-knowledge of the methylated target gene.
Our understanding of epigenetic studies at the genomic level have
become possible thanks to advances in high-throughput technologies,
such as next-generation sequencing and methylation microarrays. We
recently published a microarray methylome study that exemplified a
genome-wide methylation-based clustering of various genes and loci
in CRC neoplasia specimens as a function of CRC status [54]. We also
recently used the reduced representation bisulfite sequencing (RRBS),
to analyze methylome profiles in various colon tissues and validated
a subset of highly methylated targets in an independent cohort of
colorectal specimens.
RRBS uses sodium bisulfite modified DNA that is digested with
specific restriction endonucleases to enrich for GC-rich regions
allowing a focused (reduced representation) sequencing of primarily
CpG rich genomic regions. The application of this technique in
the context of our study led to the identification of several potential
methylation markers. Indeed, we noted a gradual hypomethylation
of LINE (long interspersed nuclear elements) sequences during the
progression of colorectal carcinogenesis. Cancer samples showed
less methylation in LINE sequences than adenoma samples. The
same was true for adenoma samples that also had lower methylation
of these repeat elements than normal colon samples. Interestingly,
this was specific for LINE, but not SINE (short interspersed nuclear
elements) sequences that displayed similar methylation pattern across
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⇐

Circos Plot, circular arrangement of all alterations in tumors and normal pairs using Circos version 0.63 (http://circos.ca/). From the outside to the inside of the plot, 1)
chromosome, 2) number of total mutations in 10 Mb (red implies >1000 combined mutations in 12 samples in 10 Mb. Green implies <100), 3) histogram of number of
synonymous mutations in 10 Mb (Black), 4) histogram of number of missense mutations in 10 Mb (Orange), 5) tiled plot of nonsense mutations (Red) (we used tiled
plot since the number of mutations are not very high), 6) tiled plot of non-stop mutations (Green), 7) tiled plot of frameshift insertions and deletions (Dark Green), Arrow
show APC loci in chromosome 5.
Figure 1: Circular arrangement of all alterations in tumors and normal pairs.

the analyzed tissues. These repeat sequences were known as “junk
DNA”. However, recent studies, primarily from the ENCODE project
[53-57], have revealed that these sequences play major roles in DNA
expression and regulation. Indeed, Hur et al. reported that LINE-1
hypomethylation led to the activation of multiple oncogenes in CRC,
hence providing a mechanistic explanation for one of the biological
roles of LINE elements’ hypomethylation in colon cancer [58]. These
findings are of interest because they reflect the way methylation
alterations facilitate the recruitment of oncogenes in the carcinogenic
pathway while most of the focus in methylation studies was on tumor
suppressor genes. The expression of some oncogenes seems to be
unleashed by hypomethylation of regulatory regions embedded within
LINE sequences.
As for methylated promotor regions, data analysis led to the
identification of specific CpG sites that were located within the
following genes; ATXN7L1, BMP3, EID3, GAS7, GPR75 and TNFAIP2
with the following number of identified CpG sites; 2, 7, 15, 1, 24 and
1, respectively. Validation experiments allowed 4 of these genes to be
successfully confirmed as potential methylation markers.
EID3 acts as a repressor of nuclear receptor-dependent
transcription possibly by interfering with CREBBP-dependent coactivation [59,60]. EID3 may function as a co-inhibitor of other
CREBBP/EP300-dependent transcription factors, and its methylation/
silencing likely affects several genes that promote cell proliferation and
division [61,62]. Ingenuity pathway analysis (IPA) positioned this gene
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within the Sept9 proteins network. Sept9, a CRC stool methylation
marker is a member of this network. The association of EID3 with such
a well-recognized biomarker is a confirmation of the RRBS based data
credibility.
IPA analysis also placed two other validated genes, BMP3, and
GAS7, in TGFβ1 and insulin pathways. GPR75 was not shown to have
been located on this same network, probably, due to lack of published
related functional data. Indeed, other GPR proteins were within TGFβ1
network. The co-positioning of these methylated markers in the same
pathway along with insulin and TGFβ1 is important as it puts colon
neoplasia in the large picture of diabetes-associated molecules such
as insulin and TGFβ1. African Americans are indeed well known
to have a higher incidence and predisposition to diabetes [63,64].
Increased insulin production is very common during the neoplastic
transformation [65]. This is perhaps associated to the hormone
signaling pathway, which has many elements in common with several
growth factors’ signaling pathways such as TGFβ1. Higher levels of
this growth factor have been reported in the serum of several types of
cancer patients. Also, it has been reported that insulin signaling directly
interacts with that of the Ras oncogene [66]. It is worth noting that
BMP3 methylation in stools has been found to be linked to CRC in IBD
patients [67]. There are however very few publications that are available
for these 4 markers, which attest to their novelty as CRC methylation
markers [68,69].
There are some genes (NDRG, Sept9) of which the methylation
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status has already been established in other populations such as
Caucasians. However, for the 4 methylation genes (EID3, BMP3,
GAS7, and GPR75) we report in African American CRC patients,
there have been no other documented investigation except for GAS7,
which is a Korean publication reported recently [69]. For the other
three genes as stated above, our report is the first in the framework of
CRC. GAS7 hypermethylation has recently been shown in CRC Korean
patients, but no functional studies have been reported [69]. In another
study in breast cancer, it has been shown that BMP3 and GAS7 have
major epigenetic differences that affect gene expression, which can
play a significant role in the induction and maintenance of different
phenotypes [70].
These 4 novel methylation gene targets (BMP3, EID3, GAS7, and
GPR75) need to be validated in a larger African American cohort as
well as in other populations, and their function need to be analyzed to
dissect further their correlation to other known pathways, especially
the Insulin/TGFβ1.
As for the TNFAIP2, this gene’ methylation was not validated
and it was found to be hypomethylated in the validation set. The
hypomethylation status is more in tune with its involvement in
invasion and metastasis. [71]
In a study we recently published, we described a series of genes that
were cited in many studies as methylation targets in colorectal cancer
patients but still not cited in any CIMP genes’ list [54]. Of this list of
15 genes, 4 were methylated in this RRBS dataset. These genes-SFRP1,
3OST2, LAMA1, and KCNQ5- might be eligible now to make the CIMP
genes’ list since our current RRBS data reflect their methylation status
in the analyzed samples [72].

5. Ried T, Knutzen R, Steinbeck R, Blegen H, Schrock E, et al. (1996) Comparative
genomic hybridization reveals a specific pattern of chromosomal gains and
losses during the genesis of colorectal tumors. Genes Chromosomes Cancer
15: 234-245.
6. Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, et al. (1993)
Clues to the pathogenesis of familial colorectal cancer. Science 260: 812-816.
7. Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M (1993) Ubiquitous
somatic mutations in simple repeated sequences reveal a new mechanism for
colonic carcinogenesis. Nature 363: 558-561.
8. Goel A, Arnold CN, Niedzwiecki D, Chang DK, Ricciardiello L, et al. (2003)
Characterization of sporadic colon cancer by patterns of genomic instability.
Cancer Res 63: 1608-1614.
9. Tang R, Changchien CR, Wu MC, Fan CW, Liu KW, et al. (2004) Colorectal
cancer without high microsatellite instability and chromosomal instability: an
alternative genetic pathway to human colorectal cancer. Carcinogenesis 25:
841-846.
10. Trautmann K, Terdiman JP, French AJ, Roydasgupta R, Sein N, et al. (2006)
Chromosomal instability in microsatellite-unstable and stable colon cancer. Clin
Cancer Res 12: 6379-6385.
11. Ashktorab H, Daremipouran M, Goel A, Varma S, Leavitt R, et al. (2014) DNA
methylome profiling identifies novel methylated genes in African American
patients with colorectal neoplasia. Epigenetics 9: 503-512.
12. Ashktorab H, Rahi H, Wansley D, Varma S, Shokrani B, et al. (2013) Toward
a comprehensive and systematic methylome signature in colorectal cancers.
Epigenetics 8: 807-815.
13. Fatemi M, Paul TA, Brodeur GM, Shokrani B, Brim H, et al. (2014) Epigenetic
silencing of CHD5, a novel tumor-suppressor gene, occurs in early colorectal
cancer stages. Cancer 120: 172-180.
14. Brim H, Mokarram P, Naghibalhossaini F, Saberi-Firoozi M, Al-Mandhari M, et
al. (2008) Impact of BRAF, MLH1 on the incidence of microsatellite instability
high colorectal cancer in populations based study. Mol Cancer 7: 68.

Conclusion

15. Carethers JM (2011) One Colon Lumen but Two Organs. Gastroenterology
141: 411-412.

Integrative genome-wide studies to elucidate CRC driver
genes

16. Hitchins MP, Lin VA, Buckle A, Cheong K, Halani N, et al. (2007) Epigenetic
inactivation of a cluster of genes flanking MLH1 in microsatellite-unstable
colorectal cancer. Cancer Res 67: 9107-9116.

Our data above reflect the need for comprehensive genomewide studies that should integrate copy number variations, along
with methylome, and exome studies to delineate the intricacies of
genomic and epigenomic mechanisms that trigger and promote colon
oncogenic transformation []. It is worth noting however that the few
studies with limited number of samples have been performed so far.
This constitutes a major limitation in the field of cancer research in
general, and colorectal cancer in particular in minority populations. As
such, there has to be more research with large sample sizes to further
dissect the role of each gene altering mechanism and to define specific
driver genes in a given tumor. Such findings will be instrumental in
determining the type of therapy that is most suitable for a particular
patient and in predicting prognosis based on genome-wide established
profiles.

17. Thean LF, Loi C, Ho KS, Koh PK, Eu KW, et al. (2010) Genome-wide scan
identifies a copy number variable region at 3q26 that regulates PPM1L in APC
mutation-negative familial colorectal cancer patients. Genes Chromosomes
Cancer 49: 99-106.
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