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Introduction
Colorectal cancer (CRC) is the most common 
cancer in the United States,1 and is a major cause 
of cancer-related death.2 Different mechanisms 
and pathways associate with different clinical and 
pathological outcomes. African Americans (AAs) 
have a high CRC incidence,1,3,4 for which there 
are multiple reasons (environmental, socioeco-
nomic, genetic, and epigenetic).1,5 Aberrant DNA 
methylation is an epigenetic factor that is involved 
in virtually every step of CRC neoplastic transfor-
mation.6 Within promotor regions, short stretches 
of CpG rich regions (CpG islands) are primary 

targets of methylation.7 In the path to cancer, there 
is a modest depletion of cytosine methylation but 
considerable aberrant methylation.8 This aberrant 
promoter methylation generally associates with 
lower gene expression or complete silencing of 
tumor suppressor and caretaker genes.8

Global hypomethylation has also been recog-
nized as a cancer hallmark that associates with 
oncogenic transformation.3,9,10 Hypomethylation 
occurs commonly in highly and moderately 
repeated DNA seque nces including heterochro-
matic DNA re peats, dispersed retrotransposons, 
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and endogenous retroviral elements. Indeed, 
hypomethylation may directly affect karyotypic 
stability, and might initiate altered heterochro-
matic-euchromatic interactions favoring onco-
genesis.11 Genome-wide DNA hypomethylation 
has been associated with genomic instability, 
which may confer poor prognosis.12

Long interspersed element (LINE-1) methyla-
tion levels have been used to measure global 
DNA methylation where activation of LINE-1 
retrotransposons may lead to the transcription 
of adjacent genes, gene disruptions, chromo-
somal instability, or the generation of transcripts 
that regulate gene expression.13 Global methyla-
tion analysis revealed gradual hypomethylation 
of LINE sequences in the path to cancer, with 
less methylation in LINE sequences in cancer 
compared with adenoma samples, and in ade-
noma samples compared with normal colonic 
mucosa.3,13

Most CRCs develop from adenomatous polyps, 
while some develop through the serrated path-
way.14 Aberrant methylation plays an important 
role in the malignant transformation of such pol-
yps.15 However, the cumulative carcinogenic 
effect of parallel hypomethylation events in this 
process is still unknown.

In this research study, we investigated DNA 
hypomethylated targets in normal, adenoma, and 
cancer specimens from African Americans using 

Reduced Representation Bisulfite Sequencing 
(RRBS).

Materials and methods

Patients and tissue samples
The samples were obtained from AA patients 
who underwent colonoscopy or surgery for the 
removal of colonic lesions at Howard University 
Hospital (HUH) (Table 1). All samples were ana-
lyzed by an expert gastrointestinal pathologist of 
the HUH Department of Pathology and kept fro-
zen until used for DNA extraction. The samples 
consisted of a blood sample, a normal colon tis-
sue, a tubular adenoma, a tubullovillous adenoma 
and five cancers. Clinical, demographic, and 
pathology data were collected for all specimens 
(Table 1). Informed written consent was obtained 
from all participants. This research was approved 
by Howard University Institutional Review Board 
(IRB 06-MED-39).

DNA extraction
Genomic DNA was extracted from fresh frozen 
tissues. The samples were processed as previously 
described.16 Briefly, samples were homogenized in 
lysis buffer consisting of 100 mM Tris-HCl (pH 
8.5), 5 mM EDTA, 0.2% SDS, 200 mM NaCl. 
Proteinase K was freshly added at a final concen-
tration of 300 μg/ml. Samples were incubated 
overnight at 55°C to ensure that genomic DNA 

Table 1. Demographical characteristics of the analyzed samples.

Sample type Gender Age Location

Normal blood Male 60 na

Normal colon tissue Male 60 Right

Tubular adenoma Male 59 Left

Tubulovillous adenoma Female 76 Right

Tumor Male 51 Left

Tumor Female 69 Right

Tumor Female 68 Right

Tumor Male 55 Left

Tumor Female 71 Left

na, not applicable.
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was completely dissociated from any DNA bind-
ing proteins. After digestion, genomic DNA was 
extracted using a Qiagen’s genomic DNA extrac-
tion kit, according to the manufacturer’s instruc-
tions (AllPrep DNA/RNA mini kit, Qiagen, 
Valencia, CA, USA). DNA quality and quantity 
were assessed using a NanoDrop spectrophotom-
eter and 0.8% agarose gel electrophoresis.

EpiQuest library construction
EpiQuest libraries were prepared according to 
manufacturer’s protocol [Zymo Research (ZR), 
Irvine, CA, USA] and as previously described.16 
Genomic DNA (200–500 ng) was digested with 
60 units of TaqI and 30 units of MspI (NEB, 
Ipswich, MA, USA) sequentially. Size-selected 
TaqI-MspI fragments (40–120 bp and 120–350 bp) 
were filled-in and 3′-terminal-A extended, 
extracted with a ZR DNA Clean and Con-
centrator-5 kit. Ligation to pre-annealed adapt-
ers containing 5′-methyl-cytosine was performed 
using the Illumina’s DNA preparation kit and 
protocol (Illumina, San Diego, CA, USA). 
Purified adaptor ligated fragments were bisulfite-
treated using the EZ DNA Methylation-Direct 
Kit (ZR). Preparative-scale PCR was performed. 
DNA Clean and Concentrator -purified PCR 
products were subjected to a final size selection 
on a 4% NuSieve 3:1 agarose gel. SYBR-green-
stained gel slices containing adaptor-ligated frag-
ments of 130–210 bp or 210–460 bp in size was 
excised. Library material was recovered from the 
gel (Zymoclean Gel DNA Recovery Kit, ZR) 
and sequence on an Illumina HiSeq Genome 
Analyzer.

EpiQuest sequence alignments and data 
analysis
Sequence reads from bisulfite-treated EpiQuest 
libraries were identified using standard Illumina 
base-calling software and then analyzed using a 
Zymo Research proprietary analysis pipeline 
according to manufacture recommendations 
(Zymo research) and as previously described.16 
Residual cytosines (Cs) in each read were first con-
verted to thymines (Ts), with each such conver-
sion noted for subsequent analysis. A reference 
sequence database was constructed from the 50-bp 
ends of each computationally predicted MspI-TaqI 
fragment in the 40–350 bp size range. All Cs in 
each fragment end then converted to Ts; converted 
reads were aligned to the converted reference by 

Bowtie. The number of mismatches in the induced 
alignment were then counted between the uncon-
verted read and reference, ignoring cases in which 
a T in the unconverted read matched to a C in the 
unconverted reference. For a given read, the best 
alignment was kept if the second best alignment 
had two more mismatches; otherwise the read was 
discarded as nonunique. The methylation level of 
each sampled cytosine was estimated as the num-
ber of reads reporting a C, divided by the total 
number of reads reporting a C or T. Fisher’s exact 
test or t-test was performed for each CpG site that 
has at least five reads covered. Also, promoter, 
gene body, and CpG island annotations were 
added for each CpG. The software pipeline was 
implemented in Python.

Bisulfite conversion and multiplex amplification
Samples were subjected to sodium bisulfite treat-
ment using the EZ DNA Methylation-Direct 
Kit. Targeted amplification was done via 
Fluidigm 48, the 48 Access Array using Zymo 
Research’s targeted sequencing service protocol. 
Sample loading, harvesting, and pooling were 
performed according to manufacturer’s protocol 
(Fluidigm). Methylation profiling data from AA 
patients were compared with a normal candidate 
peripheral blood specimen as well as a normal 
colorectal tissue. A pairwise DNA methylation 
analysis was performed between colorectal neo-
plasia samples such as tubular adenoma, tubulov-
illous, and tumor versus normal tissue samples 
(blood and normal colon).

Barcoding/adapterization PCR
Amplicon pools for each sample was diluted 1:100 
and then amplified using barcoded adaptor-link-
ers received from Fluidigm according to manufac-
turer’s protocols. Reactions were cleaned up using 
DNA Clean and Concentrator-5, and the prod-
ucts were normalized by concentration and 
pooled. Sequencing, alignment, and data analysis 
libraries were denatured, diluted, and processed 
for sequencing on the Illumina MiSeq according 
to manufacturer’s protocols. The sequencing run 
was a 150-base paired-end run. Sequence reads 
were aligned and analyzed as described above.

Pathway analysis
Further analysis was performed using the 
Ingenuity Pathway Analysis (IPA) software. The 
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IPA ‘Upstream Regulator Analysis’ predicts 
upstream regulators by combining the directional 
methylation changes from our RRBS targeted 
methylation-sequencing, and knowledge from 
prior experimental reports on causal effects 
between molecules such as TSG (tumor suppres-
sor gene) and oncogenes, compiled in the IPA 
Knowledge Base. Upstream Regulator Analysis 
calculates a z-score based on the edge of dys-
regulation of all the downstream molecules and 
the uniformity of the existing evidence about 
the upstream–downstream relation, for every 
upstream regulator known to have a causal effect 
on at least four (activating and inhibiting up/
down) dysregulated genes/transcripts. Z-scores of 
<0 and >0 respectively indicate a significant 
inhibition and activation state of the upstream 
regulator, regardless of the actual expression level 
of these molecules (http://pages.ingenuity.com/rs/
ingenuity/images/0812%20upstream_regulator_
analysis_whitepaper.pdf). The Network Generation 
Algorithm links molecules based on experimen-
tally observed interactions, and orders based on 
their interconnectedness. In general, the more 
interactions with other network members, the 
more central a molecule will be in a network.

Results

RRBS data analysis revealed methylation  
target genes
RRBS sequencing data was analyzed in a pairwise 
manner to determine differentially hypermethyl-
ated and hypomethylated CpG sites (this study) 
with relevance to colorectal neoplastic transfor-
mation.16 Our results showed decreasing DNA 
methylation from normal to cancer, with an aver-
age methylation rate range from 0.22 (ELMO3) 
to 0.001 (SYNM) (Table 2). The RRBS analysis 

led to a list of genes that were hypomethylated in 
tubular adenoma, tubulovillous adenoma, and 
colorectal neoplasia verses normal samples (Table 
2 and Figure 1). Novel hypomethylated genes 
are ELMO3, SYNM, SLC6A2, and HMX2. All 
hypomethylated genes (83 genes) were analyzed 
with regards to their relevance to CRC, cancer in 
general, other diseases, and known cancer 
pathways.

ELMO3 gene. The RRBS results for the ELMO3 
(NM_024712) gene, located on chromosome 16, 
showed that the promoter was significantly hypo-
methylated at five CpG sites in adenoma.17 None of 
these CpG sites were methylated in tubulovillous 
adenoma and cancer samples compared with nor-
mal (Tables 2 and 3). The protein encoded by this 
gene is similar to a Caenorhabditis elegans protein 
that functions in phagocytosis of apoptotic cells and 
in cell migration. Other members of this small fam-
ily of ELMO proteins have been shown to interact 
with the dedicator of cytokinesis 1 protein to pro-
mote phagocytosis and affect cell shape changes.

SYNM gene. The promoter of the SYNM gene 
(NM_015286), located on chromosome 15, was 
significantly hypomethylated at two CpG sites in 
tumor samples. None of these CpG sites were 
found to be hypomethylated in normal tissues 
(Table 3). The protein encoded by this gene is an 
intermediate filament (IF) family member. IF 
proteins are cytoskeletal proteins that confer 
resistance to mechanical stress, and are encoded 
by a dispersed multigene family. This protein has 
been found to form a linkage between desmin, 
which is a subunit of the IF network, and the 
extracellular matrix, and provides an important 
structural support in muscle. Two alternatively 
spliced variants encoding different isoforms have 
been described for this gene.

Table 2. Novel identified hypomethylated genes in colon neoplasia progression.

Gene Transcript Spearman 
correlation

p value 
(Spearman 
correlation)

Adjusted p 
value (false 
detection rate)

Normal Adenoma 
tubular

Adenoma 
tubulovillous

Cancer

ELMO3 NM_024712 –0.8610 1.03E–012 1.43E–008 0.2220 0.1580 0.0000 0.0000

SYNM NM_145728; 
NM_015286

–0.2899 6.30E–008 8.70E–004 0.0126 0.0138 0.0048 0.0008

SLC6A2 NM_001172504 –0.2963 4.44E–007 0.0061 0.0566 0.0366 0.0743 0.0109

HMX2 NM_005519 –0.2183 9.20E–007 0.0127 0.0087 0.0231 0.0771 0.0032
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SLC6A2 gene. For SLC6A2 gene (NM_001172501), 
located on chromosome 16, we found that one 
CpG site was significantly hypomethylated in 
tumor samples when compared with normal 

tissue (Table 3). This gene encodes a member of 
the sodium:neurotransmitter symporter family. 
This member is a multipass membrane protein 
responsible for the re-uptake of norepinephrine 

Figure 1. Location of hypomethylated CpG sites within the identified genes’ promoters: (a) ELMO3, (b) SYNM, 
(c) SLC6A2, (d) HMX2.

Table 3. Number of hypomethylated CpG sites per identified gene.

Genes Normal Tubular adenoma Tubulovillous adenoma Tumor

ELMO3 0 0 0 5

SYNM 0 0 0 2

SLC6A2 0 0 0 1

HMX2 0 0 0 1

https://journals.sagepub.com/home/tag


Therapeutic Advances in Gastroenterology 13

6 journals.sagepub.com/home/tag

into presynaptic nerve terminals, and is a regula-
tor of norepinephrine homeostasis. Mutations in 
this gene cause orthostatic intolerance, a syn-
drome characterized by lightheadedness, fatigue, 
altered mentation, and syncope. Alternatively, 
spliced transcript variants encoding different iso-
forms have been identified in this gene.

HMX2 gene. The promoter of the HMX2 gene 
(NM_005519), located on chromosome 10, was 
hypomethylated at one CpG site in tumor sam-
ples when compared with normal samples (Table 
3). The protein encoded by this gene is a member 
of the NKL homeobox family of transcription 
factors. Members in this family play an important 
role in organ development during embryogenesis. 
A related mouse protein plays a role in patterning 
of inner ear structures. In humans, variations in a 
region containing this gene have been associated 
with inner ear malformations, vestibular dysfunc-
tion, and hearing loss.

Ingenuity pathway analysis
The hypomethylated markers were analyzed for 
their potential biological function(s) using IPA 
software. ELMO3 was mapped to the Wnt/β 
catenin pathway, HMX2 was mapped to the 
NF-kβ and TGF-β pathways, whereas SYNM 
and SLC6A2 were mapped to the Wnt/β, TGF-β, 
P13K/AKT, VEGF, NF-kβ, and STAT3 signal-
ing pathways (Table 4 and Figure 2).

Pathway analysis of hypomethylated genes
Upstream and downstream regulator analysis 
identified MYOD, REB1, ZF5, and PAX5 as 
crosstalk regulators to SYNM, SLC6A2 and 

HMX2, respectively (Figure 1). Both endoge-
nous and exogenous molecules are included in 
this analysis. All other regulator types can be 
found in Table 4, and Figure 2. Significantly dys-
regulated molecules were sorted by their function 
or involvement in pathophysiological processes.

Network of dysregulated molecules
The following functions are likely affected by the 
demethylation of the four identified genes 
(Figure 2):

Apoptosis response: ELMO3, SYNM, SLC6A2, 
and HMX2 are part of apoptosis response since 
they interact with the Wnt-β catenin, TGF-β, 
NF-k β, and VEGF pathways.
Proliferation response: SYNM, SLC6A2, and 
HMX2 are part of proliferation response since 
they interact with the TGF-β pathway.
Inflammatory response: SYNM, SLC6A2, and 
HMX2 are part of inflammatory response because 
they interact with the NF-k β pathway.

Discussion
Reduced representation bisulfite sequencing 
(RRBS) was used to establish genome-wide DNA 
methylation alterations. This technique’s single-
base resolution has already been used on the same 
set of samples to establish hypermethylated tar-
gets in the path to cancer.16 Here, we re-examined 
the same data with an emphasis on hypomethyl-
ated gene targets and identified specific CpG sites 
in ELMO3, SYNM, SLC6A2, and HMX2 as pri-
marily novel unmethylated targets in cancer spec-
imens but not in other colonic lesions, these genes 
were also found to be implicated in many impor-
tant pathways relevant to neoplastic transforma-
tion. In the TCGA database, three of these genes 
were neither hypo nor hypermethylated while 
HMX2 gene was reported as hypermethylated. It 
is worth noting that most specimens in the TCGA 
database are from Caucasian patients. As such, 
this might account for the discrepancy since all 
our samples are from AA patients

In mammals, the ELMO family consists of three 
proteins, ELMO1, ELMO2, and ELMO3. The 
ELMO1 protein has been shown to play impor-
tant roles in cytoskeleton rearrangements dur-
ing phagocytosis and cellular migration. 
However, while ELMO2 and ELMO3 are 
expected to possess similar functions as ELMO1, 

Table 4. Genes’ mapping to known molecular 
pathways.

Pathways Hypomethylated genes

Wnt/β catenin ELMO3, SYNM, SLC6A2

TGF-β SYNM, SLC6A2, HMX2

VEGF SYNM, SLC6A2

NF-k β SYNM, SLC6A2, HMX2

JAK/STAT3 SYNM, SLC6A2

P13k/AKT SYNM, SLC6A2
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no transcriptional regulation information is cur-
rently available for ELMO3.18

ELMO3, as an oncogene, was found to be overex-
pressed in primary non-small cell lung cancer 
(NSCLC) in combination with its promoter hypo-
methylation; these cancer-specific events are asso-
ciated with metastasis.19 ELMO3 was also found 
to play a role in the migration of epithelial cells 
from the crypt to the villus tip.20 IPA analysis 
mapped ELMO3 to Wnt/β catenin pathway, 
which plays a central role in colon carcinogenesis.

Our results showed that ELMO3 promoter is 
hypomethylated in adenoma but not in normal 
samples, which might be explained by the involve-
ment of this gene in intestinal epithelial cell 
migration. To our knowledge, this is the first time 
that ELMO3 has been cited as a novel hypometh-
ylated gene in CRC. The present study suggests 
that DNA methylation of CpG sites located −133 
to −118 bp upstream from the transcription start 
site of ELMO3 may affect the expression of this 
gene. CpG −133 to −118 are located in the 
MYOD binding site (Figure 1). MYOD is a tran-
scription factor of the basic helix-loop-helix fam-
ily and the myogenic factors subfamily. It is 
involved in muscle differentiation, induces 

fibroblasts to differentiate into myoblasts, and is 
essential for repair of damaged tissue. The impact 
of the hypomethylated ELMO3 gene has been 
reported in lung cancer, and is consistent with 
our results that this gene may play an important 
role in colorectal carcinogenesis.

The synemin (SYNM) gene encode proteins in 
the IF family. These are cytoskeletal proteins that 
confer resistance to mechanical stress, and pro-
vide important structural support in muscle.21 
The silencing of synemin results in a significant 
decrease in tumor proliferation and increased 
tumor apoptosis,22 whereas its hypomethylation is 
associated with aggressive forms of breast can-
cer.23 Our results revealed that demethylation of 
SYNM promoter was significant in adenoma to 
tumor samples. This is the first implication of 
SYNM as a novel hypomethylated gene in CRC. 
The present study suggests that DNA methyla-
tion of CpG sites located −184 to −169 bp 
upstream from the transcription start site of 
SYNM may affect the expression of this gene. 
CpG −184 to −169 are located in the REB1 
binding site. REB1 is frequently found in yeast 
promoters, and is capable of remodeling chroma-
tin domains and enabling activation or repres-
sion by other transcription factors in diverse 

Figure 2. IPA of identified hypomethylated targets. (a) ELMO3, (b) SYNM, (c) SLC6A2, and (d) HMX2.
CP, conical pathway; IPA, ingenuity pathways analysis.
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pathways.24 However, the most likely function of 
its binding site in the controlling region of 
SYNM is to prevent the formation of nucle-
osomes over the upstream activation sequence.25 
SYNM was mapped to the Wnt/β, TGF-β, P13K/
AKT, VEGF, NF-kβ, and STAT3 signaling 
pathways. The impact of the hypomethylated 
SYNM gene has been reported in breast cancer, 
and is in line with our findings regarding its 
important role in colorectal carcinogenesis.

The solute carrier family 6, member 2 gene, 
SLC6A2, is a norepinephrine transporter gene 
located on chromosome 16q12.2.26 This gene 
shows altered expression in cancer tissue, particu-
larly head and neck cancer, which makes it a good 
candidate along with other genes to be used as a 
marker in determining molecular signatures in 
tumor tissues.27 The present study suggests that 
DNA methylation of CpG sites located −105 to 
–94 bp upstream from the transcription start site 
of SLC6A2 may affect the expression of this gene. 
CpG −105 to −94 are located in the binding site 
to which ZF5 can bind. ZF5 encodes a zinc finger 
protein, which contains five C2H2-type zinc fin-
gers showing homology with the zinc finger of the 
Kruppel family, and binds to two sites in the 
C-MYC promoter.28 Our results showed that the 
SLC6A2 promoter is hypomethylated in tumor 
cells compared with normal samples. SLC6A2 
was mapped to the Wnt/β, TGF-β, P13K/AKT, 
VEGF, NF-kβ, and STAT3 signaling pathways. 
To our knowledge. this is the first implication of 
SLC6A2 as a hypomethylated gene in AA with 
CRC. The impact of the hypomethylated SLC6A2 
gene has been reported in head and neck cancer, 
and is consistent with our findings that this gene 
may be involved in colorectal carcinogenesis.

The H6 family homeobox 2 gene, HMX2, is a 
highly conserved homeobox transcription factor 
that functions as tumor suppressor gene.29 HMX2 
showed significant hypomethylation in breast 
cancer patients in Denmark; the population with 
the highest incidence of breast cancer.30 Our 
results showed that the HMX2 promoter was 
hypomethylated in tumor compared with normal 
samples. This is the first time that HMX2 has 
been cited as a novel hypomethylated gene in AA 
with CRC. HMX2 was mapped to the NF-kβ and 
TGF-β pathways. The impact of the hypomethyl-
ated HMX2 gene has been reported in breast can-
cer, and is consistent with our results that this 
gene may play an important role in colorectal 

carcinogenesis. The present study suggests that 
DNA methylation of CpG sites located −97 to 
−70 bp upstream from the transcription start site 
of HMX2 may affect the expression of this gene. 
CpG −97 to −70 are located in Pax5 binding site. 
Pax5 is a critical regulator of B-cell maturation, 
where it controls the differentiation, function and 
identity of B lymphocytes, it has also been associ-
ated with human B-cell tumors.31

We are aware of the limitations of this study, such 
as the small sample size; this is due primarily to 
the high cost associated with RRBS methodology. 
The novel hypomethylated targets identified need 
to be further validated in a large cohort of AAs. 
Their specific hypomethylation status in this pop-
ulation needs to be validated in a cohort contain-
ing patients of other ethnic/racial groups. Once 
validated, these genes and associated pathways 
might serve as novel therapeutic targets.

In conclusion, we have reported four new dis-
tinct CpG methylation targets in AAs with 
CRC. Our results reveal that most somatic cells 
are primed for global hypomethylation in regions 
of the genome that are typically hypomethylated 
in cancer cells. These markers were found to be 
involved in major carcinogenesis pathways and 
may be of a potential interest as CRC markers 
in AAs.
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