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Abstract

Background and Aims:  As ulcerative colitis [UC]-associated colorectal cancer [CRC] and sporadic 
CRC differ in presentation and molecular features, we sought to evaluate differences in the impact 
of DNA methylation on gene expression.
Methods:  DNA methylation was assessed in 11 UC-CRCs and adjacent tissue and 11 sporadic CRCs 
and adjacent tissue, using Illumina arrays. RNA sequencing was performed on 10 UC-CRCs and 
adjacent tissue and eight sporadic CRCs and adjacent tissues. Differences in DNA methylation 
and transcript expression, as well as their correlation in the same tissues, were assessed. 
Immunohistochemistry was performed for three proteins, ANPEP, FAM92A1, and STK31, all of 
which exhibited an inverse correlation between DNA methylation and transcript expression in UC.
Results:  Thirty  three loci demonstrated differences in DNA methylation between UC-CRC and 
adjacent tissue. In contrast, there were 4204 differentially methylated loci between sporadic colon 
cancer and adjacent tissue. Eight hundred eighty six genes as well as 10 long non-coding RNAs 
[lncRNA] were differentially expressed between UC-CRC and adjacent tissues. Although there 
were no differentially methylated loci between UC and sporadic CRC, 997 genes and 38 lncRNAs 
were differentially expressed between UC-CRC and sporadic CRC. In UC, 18 genes demonstrated 
a negative correlation between DNA methylation and transcript expression. Evaluation of protein 
expression related to three genes, ANPEP, FAM92A1, and STK31, confirmed down-regulation of 
ANPEP and up-regulation of STK31 in UC-CRC.
Conclusions:  Regulation of transcript expression by DNA methylation involves genes key to 
colon carcinogenesis and may account for differences in presentation and outcomes between 
inflammatory bowel disease and sporadic colon cancer.
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1.  Introduction

Chronic colonic mucosal inflammation can lead to colon cancer 
development in patients with inflammatory bowel disease [IBD].1,2 
Although population-based studies reporting the incidence of cancer 
in IBD differ in their risk assessments, likely related to heterogene-
ity in patient populations, surveillance strategies, and management 
of dysplasia, there is a consistently reported significantly increased 
risk of colon cancer development in patients with IBD-associated 
colitis compared with individuals without IBD.3–5 Improving our 
understanding of mechanisms of IBD-associated cancer are, there-
fore, critical in these high-risk patients in order to prevent the onset 
of neoplasia.

In accordance with the increase in risk, several biological dif-
ferences exist between IBD-associated and sporadic colon cancer. 
Unlike sporadic colon cancer, which is typically isolated and arises 
in non-dysplastic mucosa, ulcerative colitis [UC]-associated neopla-
sia is often multifocal. This finding reflects a broader ‘field effect’ 
of involved mucosa at risk in patients with IBD. Tumour develop-
ment and progression in sporadic colorectal cancer result from accu-
mulation of genetic alterations.6,7 Similar genetic changes influence 
carcinogenesis in IBD, although several of these events, including 
p53 mutations, microsatellite instability, loss of heterozygosity, and 
methylation of CpG islands, can occur before the development of 
dysplasia.8,9 Furthermore, aneuploidy, chromosomal alterations, and 
p53 loss of heterozygosity for example, can occur in normal-appear-
ing mucosa in IBD patients who harbour cancer elsewhere.10,11 In 
previous studies, we also demonstrated that gene expression changes 
were present in non-dysplastic mucosa in the rectum from UC 
patients harbouring a proximal neoplastic lesion. These changes can, 
therefore, serve as surrogate markers of more advanced dysplastic 
changes in other areas of the colon.12

DNA methylation plays a critical role in the control of gene 
expression that regulates normal cellular processes. In cancer, DNA 
is globally hypomethylated, although promoter hypermethylation 
of tumour suppressor genes also occurs.13,14 Previous studies exam-
ining DNA methylation in patients with IBD offer several lines of 
evidence to support the hypothesis that these epigenetic modifica-
tions contribute to inflammation and IBD-associated tumourigen-
esis. First, increased methylation patterns are seen in patients with 
chronic colitis.15,16 Several of these genes are also hypermethylated 
in IBD-associated neoplasia.8,15,17,18 Second, animal studies demon-
strate that a methylation field defect at several CpG islands occurs 
early in the course of inflammation before neoplasia develops.19 
The contribution of these epigenetic changes to tumourigenesis 
remains unknown; however, as recent studies have demonstrated, 
IBD-associated cancers have less frequent methylation changes than 
sporadic colon cancers, and a functional analysis of hyper- and 
hypo-methylated genomic regions in chronic colitis has not been 
performed.20,21 In the current study, we sought to identify differences 
in DNA methylation and gene expression between sporadic colon 
cancers and IBD-associated cancers, in order to identify epigeneti-
cally regulated genes specific to inflammation-induced colon cancer.

2.  Methods

2.1.  Patients
Subjects were enrolled at the time of surgery, and consented under 
University of Chicago Institutional Review Board numbers 10-209A, 
15573A, and 12758A. Subjects were included if they had either 
sporadic colon cancer or ulcerative colitis-associated colon cancer. 

A diagnosis of ulcerative colitis was confirmed by the treating gas-
troenterologist and histological review by a gastrointestinal patholo-
gist. All UC-associated colon cancers used in the analysis were 
confirmed histologically to arise in an area of the colon involved 
by IBD. Samples were excluded from the analysis if a patient had 
a known hereditary colon cancer syndrome. Tissue was obtained 
immediately following colectomy by mucosal stripping, and placed 
in RNAlater by the Human Tissue Research Core facility at the 
University of Chicago.

2.2. Tissue processing
Tissue was homogenised using the Bullet BlenderR [Next Advance, 
Averill Park, NY] and extraction performed using the AllPrep DNA/
RNA/miRNA kit [Qiagen, Hilden, Germany]. DNA and RNA con-
centrations were assessed using the NanoDrop ND-1000 [NanoDrop 
Technologies, Wilmington, DE] and RNA quality with the Agilent 
2100 bioanalyser [Agilent Technologies, Santa Clara, CA].

2.3.  DNA methylation analysis
A total of 44 DNA samples [11 sporadic colon cancers and adjacent 
tissue, 11 UC-associated colon cancers and adjacent tissue] were used 
for the methylation assay. Bisulphite modification was performed on 
1 µg of DNA from each sample, using the EZ DNA Methylation kit 
[Zymo Research, Irvine CA]. Bisulphite-converted DNA was pro-
filed by by Illumina Infinium HumanMethylation450 to interrogate 
485  000 methylation sites per sample at single-nucleotide resolu-
tion. The raw iDAT format data were processed using the SWAN 
normalisation algorithm in the Partek Genomics suite.22 Probes with 
single nucleotide polymorphisms [SNPs], with cross-hybridisation 
and not on autosomes, were filtered out of analysis. Batch effects of 
slides were removed by the ComBat program. The processed β val-
ues (average intensity for methylated/[average intensity for methyl-
ated and unmethylated + α]) for 267 996 methylation loci were used 
for further statistical analysis. Paired or unpaired t tests and multiple 
testing corrections were used to detect differentially methylated loci 
[DML] between IBD-associated cancer or sporadic colon cancer, and 
adjacent non-dysplastic tissue, as well between cancer groups [IBD 
cancer vs sporadic colon cancer] and normal groups [non-dysplastic 
normal tissue adjacent to a sporadic cancer vs non-dysplastic UC 
tissue adjacent to a UC-associated cancer].

‘Multiple test corrections’ is a statistical method to control false 
discoveries when multiple hypotheses are tested simultaneously in 
large-scale analysis. The q-value measures hypothesis testing signifi-
cance with respect to the positive false-discovery rate [pFDR] in mul-
tiple hypothesis testing.23 For each pairwise comparison, DML were 
detected with false-discovery rate [FDR; q] ≤0.05, and mean differ-
ence between groups ≥0.2. Lists of unique related genes were gener-
ated for these loci, and their relationship was visualised by a Venn 
diagram. Hierarchical clustering visualisation of the DML showed 
that samples from the same group clustered together.

2.4.  RNA sequencing
RNA was prepared for sequencing using the Ribo-zero rRNA 
Removal kit [Illumina] with 1 μg of total RNA on a total of 36 
samples [eight sporadic colon cancers and adjacent tissue, and 10 
UC-associated cancers and adjacent tissue]. The rRNA-depleted 
samples were then converted to cDNA with reverse transcriptase 
and random primers using the TruSeq RNA Library Preparation 
Kit [Illumina]. Each library was then sequenced according to 
manufacturer’s specifications using six samples per lane in the 
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Illumina HiSeq platform, producing a total of 881 090 887 75-bp, 
paired-end reads. Base conversion was performed using Illumina’s 
OLB v1.9.

Sequence quality was assessed using FastQC v0.11.2 [Babraham 
Bioinformatics: http://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/] to explore quality distribution and other sequence char-
acteristics. Then, reads were aligned to the human genome [Gencode 
GRCh37.p13 v19] using the splice-aware aligner STAR v2.4.0k 
[optional parameters: –outSAMtype BAM SortedByCoordinate–
outSAMstrandField intronMotif –outSAMattributes NH HI NM AS 
nM –outFilterIntronMotifs RemoveNoncanonical].24 Aligned reads 
were then post-processed using Sambamba v0.5.1,25 and various 
quality metrics were collected using Picard [Broad Institute: http://
broadinstitute.github.io/picard/]. Alignments were quantified using 
FeatureCounts v1.4.6 [optional parameters:-p -t exon -Q 1 -g gene 
id -s 2].26 The counts were filtered to include only expressed protein 
coding genes. Differences were assessed using various linear models 
in DESeq2, with an adjusted p-value cutoff of 0.05.27

2.5. Within-group model
To control for genotype effects, a linear model encompassing both 
the tissue [CRC vs adjacent] and group variables [IBD vs spo-
radic] was employed. Thus, the IBD and sporadic groups were 
analysed separately using the following model: expression = inter-
cept + patient + tissue. After fitting the model, all further analyses 
focused on the [tumour] − [adjacent non-dysplastic tissue] specific 
contrast. Basic principal component analysis [PCA] plots revealed 
that one IBD patient was an outlier, and this was dropped from all 
analyses.

In order to evaluate for the impact of inflammation on differen-
tial expression in UC-associated colon cancers, separate models were 
fitted for active and inactive IBD samples with contrasts between 
the tumour and adjacent tissues [expression = patient + tissue]. The 
significantly differentially expressed gene sets were then compared 
between the active and inactive samples.

2.6.  Global difference model
To detect genes where the difference between the tumour and nor-
mal samples depended on whether the patient was from the IBD or 
the sporadic group, the following intercept-free model was fitted: 
expression  =  IBDadjacent  +  IBDtumour  +  sporadicadjacent  +  sporadictumour. 
Here, the dependent variables represent binary vectors containing 
the membership [or non-membership] of each sample in the various 
group-tissue combinations. After fitting the model, further analyses 
focused on the following contrast.

2.7. Within-tissue models
To compare differences in expression between tumour or normal 
samples across patient groups, the tumour and normal tissues were 
analysed separately using the following model: expression =  inter-
cept + group. After fitting the model, all further analyses focused on 
the [IBD] − [sporadic] specific contrast.

2.8.  Enrichment analysis
After detecting differentially expressed genes [DEGs], the log2 fold 
change for all genes was used to detect up- and down-regulated 
pathways and ontologies using the Generally Applicable Gene-set 
Enrichment for pathway analysis [GAGE] and Pathway R/biocon-
ductor packages.28,29

2.9.  DNA methylation-transcript expression 
integration analysis
Two datasets were created using the within-group model comparing 
IBD cancer and adjacent tissue: 1] normalised expression and meth-
ylation data of all significant DEGs regardless of methylation signifi-
cance [SET1]; and 2] normalised expression and methylation data 
of all significant methylation probes/genes regardless of expression 
significance [SET2]. Normalised expression values were correlated 
[Pearson’s] with the normalised methylation values of corresponding 
probes across all overlapping samples. Significant negative correla-
tions [adjusted p-value <0.05] were plotted to reveal any potential 
clustering of normal and tumour samples for candidate genes.

2.10.  Immunohistochemistry
Immunohistochemistry for Alanyl membrane aminopeptidase 
[ANPEP] and Serine/Threonine Kinase 31 [STK31] was performed 
on nine UC-colon cancers, 10 non-dysplastic tissue samples adjacent 
to a UC-colon cancer, and 10 normal controls, and for Family with 
Sequence Similarity 92 Member A1 [FAM92A1] on five UC-colon 
cancers, nine non-dysplastic tissues adjacent to a UC cancer, and 
nine normal controls. In addition, protein expression for each was 
assessed on a tissue array containing 27 UC-associated colon cancers. 
Immunostaining was performed as previously described, following 
antigen retrieval with a sodium citrate buffer using primary antibod-
ies for ANPEP [1:100; Lifespan Biosciences, Seattle, WA], FAM92A 
[1:200; One World Lab, San Diego, CA], and STK31 [1:50; One 
World Lab].12 These proteins were selected as their respective genes 
demonstrated a significant negative correlation between DNA meth-
ylation and transcript expression in IBD patients with significant dif-
ferential expression between IBD cancer and adjacent tissue. Tight 
junction expression of ANPEP was visually scored as positive or 
negative, and results between groups were compared using a Fisher’s 
exact test. For FAM92A, staining was visualised using the Aperio 
Scanscope [Leica Biosystems, Wetzlar, Germany] and captured using 
Aperio ImageScope software [Leica Biosystems]. The mean intensity 
of 20 nuclei per slide using ImageScope algorithms software was 
calculated and compared using a Student’s t test. Staining of STK31 
was captured using Image-Pro Plus [Media Cybernetics, Rockville, 
MD] and processed by ImageScope software. Cytoplasmic expression 
of STK31 was visually scored on five different sections per immu-
nostained tissue by three blinded investigators. A scoring scheme of 0 
to 2, based on the colour intensity gradient analysed using ImageScope 
algorithms, was applied as 0: negative; 1: weak positive; and 2: strong 
positive. The mean score for each patient was calculated. Differences 
between groups were compared using the Student’s t test.

3.  Results

3.1.  Patient population
DNA methylation was analysed in 11 patients with IBD-associated 
colon cancer and 11 patients with sporadic colon cancer. Patients 
were matched by tumour location and age within 10 years. Ten of 
the 11 patients with IBD cancer and four of the 11 patients with 
sporadic colon cancer who were included in the methylation analy-
sis also had concordant transcript expression examined by RNA 
sequencing. Among the 10 UC-associated colon cancer patients with 
RNA-seq data, one subject was removed from the analysis after ini-
tial quality control identified their RNA expression as an outlier in 
an initial principle component analysis, leaving a total of nine IBD 

886� J. Pekow et al.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/


patients included in the final analysis. Because of superior RNA qual-
ity compared with seven of the sporadic colon cancer tissues ana-
lysed for DNA methylation, four additional patients with sporadic 
colon cancer were included in the RNA sequencing analysis who 
were not investigated by initial DNA methylation array [eight total 
sporadic patients included in the final analysis]. Patient, tumour, and 
disease-specific characteristics are included in Table 1.

3.2.  DNA methylation
Comparing UC-associated cancer with adjacent, non-dysplastic tis-
sue, there were 33 loci with significant differences in methylation 
representing 19 unique genes [q ≤0.2, mean differential [dif] ≥0.2]. 
The location of the differentially methylated CpG sites included an 
island for seven genes, a north shelf for one, a north shore for four, 
a south shelf for five, and a south shore for three. Fourteen of the 
genes had differential methylation in the body of the gene, and three 
were located from 200 nt to 1500 nt from the transcription start site 
[TSS1500].

There were 4204 significantly differentially methylated loci 
involving 1485 unique genes in sporadic colon cancers compared 
with adjacent non-dysplastic tissue [q  ≤0.05, mean dif  ≥0.2]; 514 
CpG sites were located in an island, 210 on a north shelf, 324 on a 
north shore, 195 on a south shelf, and 204 on a south shore. A total 
of 448 methylated sites were in a gene body, 30 in the 3’ untrans-
lated region [UTR], 135 in the 5’UTR, 164 within TSS1500, and 
80 within 200 nt of the transcription start site. Of the differentially 
methylated loci identified in sporadic CRC compared with adjacent 
tissue, 13 loci representing 10 unique genes were also differentially 
expressed between IBD cancer and adjacent tissue, and 506 loci 

were differentially expressed between IBD cancer and normal tissue 
[non-dysplastic tissue adjacent to sporadic colon cancer] [Figure 1]. 
Similar unique genes with differentially methylated loci between IBD 
cancer and adjacent tissue, as well as between sporadic colon cancer 
and adjacent tissue, included: GALNT9, HS3S2, TBCD, FBXL7, 
WDR67, BAI1, ZNF469, BAI1, PTPRN2, and LOC100133991. 
A list of differentially methylated loci between UC-CRC and adja-
cent non-dysplastic UC tissue, as well as the location of methylation, 
is listed in Supplementary Table 1, available as Supplementary data 
at ECCO-JCC online and a similar list between sporadic CRC and 
adjacent normal tissue is provided in Supplementary Table 2, avail-
able as Supplementary data at ECCO-JCC online.

3.3.  RNA sequencing
In all, 886 genes, as well as 10 long noncoding RNAs [lncRNA], were 
differentially expressed between IBD cancers and adjacent tissues 
[Supplementary Table 3, available as Supplementary data at ECCO-
JCC online]; and 4258 genes, as well as 95 lncRNA, were differen-
tially expressed between sporadic colon cancers and adjacent tissue 
[Supplementary Table 4, available as Supplementary data at ECCO-
JCC online, adjusted p-value of 0.05]. A total of 997 genes and 38 
lncRNAs were differentially expressed between IBD cancers and spor-
adic cancers [Supplementary Table 5, available as Supplementary data 
at ECCO-JCC online], and 3423 genes, including 68 lncRNA, were 
differentially expressed between non-dysplastic tissue adjacent to IBD 
cancers and non-dysplastic tissue adjacent to a sporadic colon cancer 
[Supplementary Table 6, available as Supplementary data at ECCO-
JCC online]. In the global difference model, a total of 16 genes and 
five lncRNAs were differentially expressed [Supplementary Table 7, 

Table 1.  Clinical characteristics of subjects with colon cancer included in the analysis.

 DNA methylation analysis RNAseq analysis

 IBD-CRC [n = 11] Sporadic CRC [n = 11] IBD-CRC [n = 9] Sporadic CRC [n = 8]

Age [mean] 47.2 65.5 49.2 57.25
Sex [male %] 100% 45% 100% 25%
Location
  Left colon 7 7 6 5
  Right colon 4 4 3 3
Race
  Caucasian 8 5 7 5
  AA 0 3 0 2
  Unknown 3 3 2 1
Ethnicity
  Hispanic 2 0 1 0
Tumour grade
  Low 4 6 4 6
  High 4 5 5 2
  Mucinous 4 1 4 0
  Signet ring 0 1 0 0
Tumour multiplicity
  Adenocarcinoma 3 0 3 0
  Dysplasia 5 N/A 4 N/A
PSC 1 0 1 0
Inflammation
  Quiescent 4 N/A 4  
  Mild 1  1  
  Moderate 4  3  
  Severe 2  1  
Pancolitis 100% N/A 100% N/A

IBD, inflammatory bowel disease; CRC, colorectal cancer; AA, African American; PSC, primary sclerosing cholangitis; N/A, not available.
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available as Supplementary data at ECCO-JCC online]. The GAGE 
pathways significantly enriched in IBD-cancers compared with spor-
adic colon cancers [IBD-cancer compared to adjacent vs. sporadic 
colon cancer compared to adjacent] are shown in Figure 2D; and in 
Supplementary Table 8, available as Supplementary data at ECCO-
JCC online. A list of GAGE pathways enriched in IBD and sporadic 
cancers compared with adjacent tissue is provided in Supplementary 
Table 9, available as Supplementary data at ECCO-JCC online.

In order to investigate the impact of inflammation on differentially 
expressed genes, we compared inflamed UC cancers [n = 5] with unin-
flamed cancers [n = 4]. For this comparison, differentially expressed 
genes were identified in IBD cancers with and without active inflamma-
tion, using the following comparisons: (IBDtumour[active] vs IBDadjacent[active]) 
and (IBDtumour[quiescent] vs IBDadjacent[quiescent]). In total, there were 77 genes 
that were commonly differentially expressed between active UC cancers 
and adjacent tissues as well as between quiescent UC cancers and adja-
cent tissues. There were 244 genes that were differentially expressed 
only between quiescent UC cancers and adjacent tissue, and 181 genes 
that were unique to active IBD cancers compared with adjacent tissue 
[Figure 2E; and Supplementary Table 10, available as Supplementary 
data at ECCO-JCC online] The GAGE pathways significantly enriched 
in active disease alone included: protein degradation and absorption 
[q = 0.0009], retinol metabolism [q = 0.007], chemical carcinogenesis 
[q = 0.01], fat digestion and absorption [q = 0.04], and drug metabo-
lism-cytochrome p450 [q = 0.04]. Pathways that were common to both 
quiescent and active IBD cancers included proximal tubule bicarbonate 
reclamation [q = 0.0005], bile secretion [q = 0.02], and PPAR signalling 
pathway [q = 0.02].

3.4.  Methylation-expression correlation
In IBD, a total of 796 genes were compared with values from 10 662 
methylation array probes in SET1 [normalised expression and meth-
ylation data of all significant DEGs regardless of methylation signifi-
cance]. Of these, 32 probes representing 18 unique genes had significant 
negative correlations [ACADS, ANPEP, BRIX1, CCND1, CDH11, 
ENPP3, FAM160A1, FAM92A1, GRHL2, HM13, KIAA1549, 
NR3C2, NSMCE2, PUF60, RGMB, SATB2, SLC26A2, STK31] 
[Figure 3; Supplementary Table 11, available as Supplementary data at 
ECCO-JCC online]. In SET2 [normalised expression and methylation 
data of all significant methylation probes/genes regardless of expres-
sion significance] only a single probe was significant, CSPP1.

3.5.  Immunohistochemistry
Expression and localisation of three proteins [ANPEP, FAM92A, 
and STK31], whose gene products had an inverse correlation with 

methylation levels in IBD-associated colon cancer and adjacent tissue 
with significant differential transcript expression between cancer and 
adjacent tissue, were investigated by immunostaining. These pro-
teins were evaluated since commercial antibodies were available that 
showed staining specific for epithelial tissue. Significantly fewer UC 
cancers had brush border and tight junction expression of ANPEP 
than did tissues adjacent to UC-associated colon cancer [p = 0.001] 
and normal controls [p <0.0001] [Figure 4A]. As opposed to RNA 
expression levels, FAM92A1 nuclear expression was unchanged be-
tween IBD cancers compared with adjacent tissues [p = 0.67], and 
decreased compared with normal controls [p  =  0.02] [Figure 4B]. 
In contrast, cytoplasmic expression of STK31 was significantly 
increased in UC-associated colon cancers compared with the epi-
thelium of adjacent non-dysplastic tissue [p = 0.02] and trended to-
wards an increase in UC-associated colon cancers compared with 
normal controls [p = 0.07] [Figure 4C].

Expression of all three proteins was also assessed in a tissue array 
containing 27 IBD-associated colon cancers. ANPEP was negative 
in all the cancers except for four well-differentiated carcinomas. 
FAM92A1 expression was absent in nine colon cancers, weakly posi-
tive in 17 cancers, and strongly positive in one cancer. Expression of 
STK31 was negative in two cancers, weakly positive in 11 cancers, 
and strongly positive in 14 cancers.

4.  Discussion

DNA methylation is known to play an important role in the develop-
ment of sporadic colon cancer where previous studies have demon-
strated a large number of differentially methylated loci.30 A subset of 
sporadic colon cancers exhibit a CpG island methylator phenotype 
[CIMP] in which methylation of CpG islands mediates inactivation 
of tumour suppressor genes.31 Tumours that display CIMP are often 
located in the proximal colon, possess BRAF mutations, and arise 
from sessile serrated adenomas.32 In contrast, other colon cancers are 
known to display DNA hypomethylation. DNA hypomethylation 
can occur early in the transition from adenoma to neoplastic tissue, 
and leads to chromosomal instability.33 These differences highlight 
the influence of epigenetic modifications on different phenotypes 
of sporadic colorectal cancer, although less is known regarding the 
impact of DNA methylation on the development of cancer in pa-
tients with inflammatory bowel disease. As epigenetic modifications 
can be influenced by environmental factors, identifying site-specific 
DNA methylation could provide insights into carcinogenetic mech-
anisms and may ultimately uncover environmental influences that 
contribute to cancer development unique to patients with inflamma-
tory bowel disease.
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Figure 1.  Differentially methylated loci by tissue phenotype. A] Venn diagram demonstrating the number of overlapping methylated loci between each 
comparison. B] Heatmap representing unsupervised hierarchical clustering between UC-associated colon cancer and adjacent non-dysplastic UC tissue. B] 
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The results of this study support the hypothesis that there are key 
epigenetic differences between sporadic and IBD-associated colon 
cancer. It is known that IBD-associated cancer has several distinct 
clinical features compared with non-IBD cancers, including occur-
ring at a younger age, more likely being multifocal, arising in the 
proximal colon, appearing in a field of dysplasia, often exhibiting 
mucinous or signet-ring histology, and having an association with 
poorer outcomes.34–36 Reflecting these clinical dissimilarities, recent 
work has demonstrated that several genetic mutations occur at dif-
ferent frequencies in IBD compared with sporadic colon cancer.37,38 
Similarly, we have identified differences in global DNA methylation 
and transcript expression between IBD and sporadic colon cancer. 
Together, these findings suggest that there are mechanisms unique to 
inflammatory bowel disease which drive development of colorectal 
neoplasia and likely account for differences in clinical presentation 
and molecular appearance when compared with non-IBD colon 
cancers.

As far as we know, there are no previously published studies or 
publicly available data examining genome-wide RNA expression 
in IBD-associated cancers compared with UC without neoplasia 
or compared with normal controls. One previous published study 

examined cDNA microarrays in sporadic colon cancer compared 
with IBD-associated neoplasia, although the study included only five 
IBD cancers, used array technology, and did not examine expression 
in UC cancers compared with UC without neoplasia, an important 
comparison to distinguish pathways that are unique to inflamma-
tion and carcinogenesis.39 By analysing concomitant DNA methyla-
tions and RNA transcript levels in the same tissues, we were able 
identify genes dysregulated in colon cancer which are likely to be 
epigenetically regulated. Although previous studies have examined 
DNA methylation in IBD-associated colon cancer,21,40–43 as far as we 
know this is the first study to perform RNA sequencing on IBD-
associated colon cancers, compare differences with sporadic colon 
cancer, and assess the correlation with DNA methylation in the same 
tissue. Several genes that have putative roles in the development of 
colon cancer were both significantly dysregulated in IBD-associated 
colon cancer compared with adjacent tissue, and had expression 
that was inversely correlated with DNA methylation. These include 
genes which encode for proteins that are involved in DNA repair 
[NSMCE2], cell cycle regulation [CCND1, STK31], and transcrip-
tion factor binding [ANPEP, SATB, NR3C2], or target extracellular 
matrix function [GRHL2, ENPP3].
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In this study, we evaluated tissue expression and localisation of 
three proteins [ANPEP, FAM92A1, and STK31] whose respective 
genes demonstrated an inverse correlation between methylation and 
transcript expression in the colonic mucosa of IBD patients with 
colon cancer. ANPEP encodes for a membrane-bound zinc-dependent 
metalloprotease, aminopeptidase N, that is involved in angiogenesis, 
proliferation, and as differentiation and was significantly decreased 
in IBD-associated colon cancer compared with adjacent tissues.44,45 
Although it is up-regulated in several malignancies, previous stud-
ies have demonstrated that gene and protein expression of ANPEP 
is decreased overall in sporadic colon cancer, and increased expres-
sion is associated with improved survival.45,46 FAM92A1, which was 
significantly increased in IBD-associated colon cancer compared 

with adjacent tissue, belongs to a family of proteins with conserved 
DUF1208 domains.47 Little is known about the role of FMA92A1 
in colon cancer, although previous studies demonstrate that it in-
creases cell migration and growth in other cancers, including renal 
cell carcinoma and cervical cancer.48,49 The fact that FAM92A1 dem-
onstrated increased transcript expression, although it was not signifi-
cantly up-regulated in IBD cancers by immunohistochemistry [IHC], 
may potentially be related to several factors including: post transla-
tional modifications, limitations in quantification related to different 
tissue preservation techniques, and the semi-quantitative scoring em-
ployed to assess protein expression by IHC. STK31 is a novel cancer 
testis antigen that was significantly increased UC-associated colon 
cancer compared with adjacent tissue. Previous data support that 

600

400

200

0.6 0.7 0.8

T
ra

ns
cr

ip
t 

E
xp

re
ss

io
n

ACADS, cg02340826

600

400

200

0.4 0.5 0.6 0.7 0.8

CCND1, cg11802013

800

600

400

200

0.5 0.6 0.8

GRHL2, cg01519063

1000

800

400

600

200

0.75 0.80 0.85 0.90

HM13, cg0142220

300

250

150

200

100

0.4 0.5 0.6 0.7 0.8

NSMCE2, cg23560676

300

250

150

200

100

0.55 0.60 0.65 0.70 0.75

300

100

200

0.6 0.7 0.8

800

600

400

200

0.3 0.4 0.5 0.6

3000

2000

1000

0.5 0.6 0.7 0.8

CCND1, cg12263469
1250

750

1000

500

250

0.86 0.88 0.90 0.92

600

400

200

0.4 0.60.5 0.7

ACADS, cg09813248

10 000

5000

15 000

0

0.4 0.7 0.8

ANPEP, cg24530041

200

400

600

800

0.775 0.800 0.825 0.850

BRIX1, cg12919297

1000

2000

3000

0.3 0.4 0.5 0.6

CCND1, cg00953256

1000

2000

3000

0.74 0.76 0.78 0.80 0.82 0.84

CCND1, cg03040489

CDH11, cg00769251
200

100

150

50

0

0.5 0.6 0.7 0.8

ENPP3, cg20988616

200

300

100

0.5 0.6 0.7 0.8

FAM160A1, cg19413725

300

500

400

100

0

200

0.2 0.3 0.4 0.5

FAM82A1, cg08268017

GRHL2, cg01952226

800

600

400

200

0.10 0.15 0.20

GRHL2, cg05458052

800

600

400

200

0.2 0.3

GRHL2, cg08988797

800

600

400

200

0.25 0.30 0.450.400.35

GRHL2, cg14202477

800

600

400

200

0.15 0.20 0.350.300.25

GRHL2, cg17885542

KIAA1549, cg00395625

300

100

200

0.5 0.6 0.80.7 0.9

KIAA1549, cg01987776

300

100

200

0.4 0.5 0.6 0.7

KIAA1549, cg18589526

1500

500

1000

0.60 0.65 0.70 0.75 0.80

NR3C2, cg23329208

300

100

150

200

250

0.4 0.5 0.6 0.7

NSMCE2, cg20390587

NSMCE2, cg24358599

400

200

300

100
0.5 0.6 0.7 0.8

Tissue
Normal

Tumor

DNA Methylation

PUF60, cg01730857

600

200

400

0.6 0.7 0.8

RGMB, cg17369513

2000

0

1000

0.5 0.6 0.7 0.8

SATB2, cg18258950

30 000

20 000

0

10 000

0.70 0.75 0.80 0.85

SLC26A2, cg26668000

150

100

50

0.6 0.7 0.8 0.9

STK31, cg13313214

150

100

50

0.6 0.7 0.8

STK31, cg17102984

Figure 3.  Genes with an inverse relationship between DNA methylation and RNA transcript expression in patients with ulcerative colitis. Correlation plots 
demonstrating transcript expression on the y-axis and normalised DNA methylation values for 32 loci encompassing 18 genes on the x-axis which had a 
significant difference in transcript expression between UC cancer and adjacent tissue [adjusted p-value  <0.05] as well as a statistically significant negative 
correlation between methylation and expression [Pearson’s p-value  <0.05]. Blue triangles represent tissue from UC-associated colon cancers and red circles 
represent tissue from adjacent non-dysplastic mucosa. UC, ulcerative colitis.

890� J. Pekow et al.



STK31 is increased in colorectal cancer, and that increases in its ex-
pression may be associated with metastatic disease.50 In vitro studies 
have demonstrated a role in cell cycle regulation where ectopic ex-
pression of STK31 increases colorectal tumour cell invasion and mi-
gration and maintains an undifferentiated state.51,52 Taken together, 
these findings demonstrate the potential impact of DNA methylation 
on functional properties of cancer growth through regulation of key 
proteins involved in cellular proliferation, migration, and invasion.

A major conclusion from this analysis is that compared with 
sporadic colon cancer, there were far fewer genes that were differen-
tially methylated or demonstrated significant changes in expression 
in IBD-associated colon cancer when matched to adjacent non-dys-
plastic tissue. Ten of 19 genes that were differentially methylated 
in UC-associated colon cancer, however, were also found to be dif-
ferentially methylated in sporadic colon cancer. The finding that a 
limited number of loci displayed differential methylation between 
IBD-cancers and adjacent tissue likely reflects a broader ‘field effect’ 
observed in inflammatory bowel disease, where molecular changes 
observed in colon cancers also occur more widely in non-dysplastic 
colon mucosa. We previously showed that similar findings occurred 
in adjacent non-dysplastic mucosa in IBD patients, in studies exam-
ining cDNA microarrays as well as miRNA expression. Others have 

similarly demonstrated changes in p53 expression, loss of heterozy-
gosity, and aneuploidy occurring in adjacent non-dysplastic mucosa 
adjacent or remote from a neoplastic lesion.10–12,53–55

This study was limited by the relatively small number of cancers 
analysed. Given the sample size, we were not able to control for other 
variables including age, sex, and medications that might affect DNA 
methylation. In addition, the results of the comparison of IBD cancers 
with and without active inflammation were likely limited by sample 
size and need to be validated in a larger analysis. Because of poor RNA 
quality in a subset of the sporadic colon cancers for which we assessed 
DNA methylation, we were further limited in the number of samples with 
which to compare concomitant DNA methylation and transcript expres-
sion in sporadic colon cancers. Given the inherent challenges in identify-
ing and banking IBD-associated colon cancers from a single centre, we 
plan to conduct a similar analysis in a larger multicentre collaboration, to 
validate the findings of this work and address these limitations.

In conclusion, we have identified several epigenetically regulated 
genes that are unique to IBD-associated colon cancer. Although 
these genes have putative roles in the development of inflammation-
associated neoplasia, the functional role of these genes does need 
to be evaluated further in future studies. As patients with IBD are 
at risk for the development of neoplasia, these findings are likely 
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to be important in identifying environmental triggers of neoplasia, 
biomarkers to improve colon cancer surveillance, ands targets for 
chemopreventive efforts in this high-risk population.
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