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Background: DNA methylation at the 5 position of cytosine (5mC) can be converted to 5-hydroxymethylcytosine (5hmC) by the
ten–eleven translocation family. The loss of global levels of 5hmC has been regarded as a hallmark in various cancers.
5-hydroxymethylcytosine is distributed at protein-coding gene bodies and promoters; however, the role and distribution of 5hmC
at long non-coding RNAs (lncRNAs) is not clear. We investigated the distribution and regulatory roles of 5hmC for lncRNAs in
colorectal cancer (CRC).

Methods: We integrated genome-wide profiles of 5hmC, 5mC, transcriptome and histone marks in CRC patients and examined
the 5hmC-based clinical outcomes in patients.

Results: 5-hydroxymethylcytosine was distributed at lncRNA loci and positively correlated with lncRNA transcription. Dysreulated
CRC lncRNAs were regulated by 5hmC directly or through abnormal activities of typical and super-enhancers and promoters
modified by 5hmC. In addition, 5hmC was involved in long-range chromatin interactions at lncRNA loci. Finally, lncRNAs regulated
by differential 5hmC marks were correlated with different clinical outcomes and tumour status in patients.

Conclusions: 5-hydroxymethylcytosine is critical in regulating the transcription of lncRNA and serve as novel biomarkers for clinical
prognosis in CRC.

Colorectal cancer (CRC) is a major health problem associated with
high morbidity and mortality worldwide (Jemal et al, 2011). Several
critical genetic changes and pathways driving cancer initiation
and progression have been uncovered, such as WNT, RAS, PI3K,
TGF-B, p53 and mismatch repair proteins (Fearon, 2011; Cancer
Genome Atlas Network, 2012). Epigenetic abnormalities have
also been explored and proved to be essential in the pathogenesis
of cancer. For example, aberrant DNA methylation at the 5
position of cytosine (5mC) occurs extensively in many types of

cancer, exhibiting global hypomethylation and local hypermethy-
lation at specific gene promoter CpG islands (Baylin and Jones,
2011; Dawson and Kouzarides, 2012). Such epigenetic changes
were observed in CRC as well (Fearon, 2011; Vaiopoulos et al,
2014).

DNA methylation is dynamically regulated by DNA methyl-
transferases and the ten–eleven translocation (TET) family of 5mC
hydroxylases. Ten–eleven translocation family proteins, including
TET1, TET2 and TET3, can remove methylation in DNA and
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mediate the conversion of oxidised 5mC to 5-hydroxymethylcy-
tosine (5hmC) in an a-ketoglutarate- and Fe(II)-dependent
manner (Tahiliani et al, 2009; Ito et al, 2010). Further oxidation
of 5hmC generates 5-formylcytosine and 5-carboxylcytosine (He
et al, 2011; Ito et al, 2011). Notably, 5hmC is most abundant in
self-renewing cells, pluripotent stem cells and adult neural cells
(Kriaucionis and Heintz, 2009; Szwagierczak et al, 2010). Recent
genome-wide studies in embryonic stem cells and developing T
cells have revealed that 5hmC was enriched in protein-coding gene
bodies, promoters and cell-type-specific enhancers (Pastor et al,
2011; Stroud et al, 2011; Tsagaratou et al, 2014; Kim et al, 2014a;
Ichiyama et al, 2015). Cancers, however, exhibited strongly
reduced 5hmC levels relative to the surrounding normal tissue
(Jin et al, 2011). Several independent researchers have observed a
reduction in global levels of 5hmC in CRC (Haffner et al, 2011; Li
and Liu, 2011; Kudo et al, 2012; Zhang et al, 2013; Uribe-Lewis
et al, 2015). However, the distribution of 5hmC at long non-coding
RNAs (lncRNAs) remains to be elucidated.

Long non-coding RNA is longer than 200 nt and has little or no
open reading frame. On the basis of the proximity between
neighbouring transcripts, lncRNAs can be classified to five broad
categories: sense, antisense, bidirectional, intronic and intergenic
(Rinn and Chang, 2012). Accumulating evidence suggests that
lncRNAs are involved in diverse physiological and pathological
processes, such as cell growth, apoptosis, stem cell pluripotency,
development and cancer biology (Guttman and Rinn, 2012; Ulitsky
and Bartel, 2013; Hu et al, 2014). Epigenetic controls, such as DNA
methylation (Yan et al, 2015) and histone modifications (Guttman
et al, 2009; Prensner et al, 2011; Trimarchi et al, 2014; White et al,
2014), are essential for lncRNA transcription in cancers.
Furthermore, the activities of enhancer- or promoter-affected
transcription of some intergenic lncRNAs originate from these cis-
elements (Marques et al, 2013).

To investigate the role of 5hmC in the transcriptional control of
lncRNAs, we integrated genome-wide profiles of 5hmC, 5mC,
transcriptome and several histone marks from patients with
matched primary tumour and normal colon tissues. We showed
that 5hmC was distributed at lncRNAs and positively correlated
with lncRNA transcription. Dysreulated CRC lncRNAs were
regulated by 5hmC directly or through abnormal activities of
typical and super-enhancers and promoters modified by 5hmC. In
addition, we found that 5hmC was involved in long-range
chromatin interactions at lncRNA loci. Finally, lncRNAs regulated
by differential 5hmC marks were correlated with different clinical
outcomes and tumour status in patients. In conclusion, our
findings revealed crucial roles for 5hmC in driving dysregulated
transcriptional programmes of lncRNAs and contributed to the
identification of novel biomarkers for prognosis evaluation in
patients with CRC.

MATERIALS AND METHODS

Access to published data. Publicly available hmeDIP-seq and
matched input data files for CRC were obtained from GSE47590.
Methylcap-seq data sets for CRC were obtained from GSE39068.
H3K4me1, H3K4me3, H3K27ac and matched input ChIP-seq data
sets for CRC were obtained from GSE36204. RNA-seq data sets for
CRC were obtained from GSE50760. Pol II ChIP-seq data sets for
HCT116 cells were obtained from GSE60106 and GSE47677. GRO-
seq data sets for HCT116 cells were obtained from GSE38140.
ChIA-PET data for HCT116 cells were obtained from GSE33664.

hmeDIP-seq and methylcap-seq data processing. Each of the raw
hmeDIP-seq data sets for four matched tumour and normal tissue
samples and respective input data, as well as methylcap-seq data
for eight matched tumour and normal tissue samples, were aligned

to UCSC human genome build hg19 using Bowtie (Langmead et al,
2009). Duplicate reads were removed with picard-tools. Regions
found to be enriched relative to input DNA were detected using the
‘findPeaks’ routine in HOMER (Heinz et al, 2010) with the
‘histone’ mode and default parameter values.

ChIP-seq data processing. Each of the raw H3K4me1, H3K4me3
and H3K27ac ChIP-seq data sets for tumour and normal tissue and
input data was aligned to hg19 using Bowtie. Pol II ChIP-seq data
sets for HCT116 cell were also aligned to hg19 using Bowtie.
Enriched peaks or regions were identified by MACS (Zhang et al,
2008) and annotated by HOMER.

GRO-seq data processing. Three replicates of GRO-seq raw data
for HCT116 colon cancer cells were aligned to hg19 using Bowtie.
De novo transcript identification was performed using HOMER
with the ‘groseq’ mode and default parameter values, which
detected regions of continual GRO-Seq read coverage. For genome
browse visualisation, the ‘makeUCSCfile’ command in HOMER
was used to make a Bedgraph on each strand. The negative strand
values were assigned negative values in the BedGraph file. The
BedGraph values were then divided by the number of millions of
mapped (309 772 394) reads to give values of reads per million per
bp (RPM/bp) for each position in the genome. The two files
(strands) were concatenated back together, and igvtools was used
to create a TDF file for visualisation using the IGV browser
(Robinson et al, 2011).

RNA-sequencing data analysis. All RNA-seq data were mapped
to human reference genome hg19 using TopHat (Trapnell et al,
2009) with default parameters. The UCSC mRNA and lncRNA
annotation files were merged into a single GTF file as a reference
gene annotation file. The alignment BAM files were sorted and
converted into SAM files with SAMtools, then subjected to read
counting using the python package HTSeq (Anders et al, 2015).
The read counts were converted into RPKM (Reads Per Kilobase of
exon model per Million mapped reads).

Differentially epigenetic mark enrichment analysis. The align-
ment SAM files were converted into BAM files and sorted and
indexed with SAMtools. Then the sorted BAM files were converted
to BED files using BEDTools (Quinlan and Hall, 2010). diffReps
(Shen et al, 2013) was used to quantitatively compare 5hmC, 5mC
and H3K4me1 peaks in normal and tumour tissue using BED files.
Peaks with FDR o0.05 and fold change 42 were considered as
statistically significant.

Bidirectional enhancer RNA (eRNA) detection and correlation
with gene transcription. For bidirectional eRNA analysis, we first
searched the intergenic transcripts from GRO-seq. Paired eRNA
peaks from opposite DNA strands were searched for, such that the
plus strand peak centre had a greater genomic coordinate than the
minus strand peak centre, and the distance between the 50 ends of
the peak pair was o1 kb. Then the two start sites of a plus
transcript and a minus transcript were paired together, and their
midpoint was defined as the centre of a bidirectional transcript.

Lists of genes in 5hmC- and non-5hmC-marked eRNA-
associated genes in tumour were obtained by downloading the
region-gene association file for each class from GREAT. Duplicate
gene names in two region-gene association files were discarded,
then merged to the normalised expression data. Boxplots of log10-
transformed GRO-seq counts and RPKM RNA-seq values for
genes were then generated in R. Statistical significance between
groups was assessed by the Wilcoxon rank-sum test.

Patients and tissue samples. To validate the expression of
lncRNAs, we recruited six pairs of colorectal cancer tissue and
corresponding non-tumour tissue samples, all of which were
obtained from patients who underwent surgical operations at
Hospital No. 161 in 2014. All the participants were histologically
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confirmed to have colorectal cancer and did not receive any other
therapy before enrolment. Informed consent was obtained from all
the participants, and procedures used in this study were approved
by the institutional review board at Hospital No. 161.

RNA extraction and qRT-PCR. All samples were immediately
frozen with liquid nitrogen after surgical resection. Total RNA was
isolated using Trizol Reagent (Invitrogen, Carlsbad, CA, USA).
qPCR was performed using an iQ5 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) using SYBR Green Real-
time PCR Master Mix (Toyobo Co., Ltd, Osaka, Japan) for the
readout. All reactions were carried out in triplicate. Data were
analysed using the 2�DDCT method.

RESULTS

Genome-wide distribution of 5hmC in CRC lncRNAs. To
explore the role of 5hmC in colon carcinogenesis, we analysed
the hmeDIP-seq data from CRC patients (Uribe-Lewis et al, 2015).
We also included methylcap-seq data sets that measure genome-
wide 5mC for matched colon tumour and normal tissue (Simmer
et al, 2012), as a direct comparison. In total, we identified 130 265

and 153 380 5hmC peaks, and 380 614 and 380 638 5mC peaks in
tumour and normal colon. We first investigated the 5hmC
distribution across long non-coding RNAs (lncRNAs) by plotting
5hmC and 5mC reads against UCSC lncRNAs across the whole
gene body and 3 kb flanking regions distal to the TSS and TES. We
showed that 5hmC was abundant at exons and depleted at the
lncRNA TSSs but enriched at proximal sites downstream of TSSs
and TESs in both tumour and normal colon (Figure 1A and B).
The results showed a similar pattern for 5mC compared with
5hmC, except that the enrichment of 5mC at TSSs was observed in
tumour (Figure 1A and B). The total number of peaks and read-
density plot demonstrated a loss of 5hmC in tumour, which was
consistent with the previously reported reduction of global levels of
5hmC in CRC (Haffner et al, 2011; Kudo et al, 2012). In contrast, 5mC
modification levels in cancer and normal tissue seemed comparable,
although a slight increase of 5mC in tumour was observed.

Notably, we found sets of lncRNAs showed different patterns
for 5hmC and 5mC. These lncRNAs formed distinct clusters
through the enrichment of 5hmC, enrichment of 5mC or binary
marks of both 5hmC and 5mC (Figure 1A), indicating that
different potentially active DNA demethylation processes occurred
in these clusters of lncRNAs. In addition, we analysed the
distribution of all the 5hmC and 5mC peaks in the human

5hmCA B

C

D

Normal

0.0 0.2 0.3 0.5 0.7

5hmC
gain

0.130 NC_5hmc
T_5hmc
NC_5mc
T_5mc0.125

0.120

0.115

0.110

0.105

0.100

0.195

NC_5mC
3UTR
ncRNA
DNA
Exon
Intron
Intergenic
Promoter
5UTR
CpG-Island

T_5mC

NC_5hmC

T_5hmC

0

1.0 Coding

IncRNA
0.8

0.6

0.4

0.2

0.0

T_5
hm

C

N_5
hm

C

T_5
m

C

N_5
m

C

0.2 0.4 0.6 0.8 1

–3000 5′End 3′End 300033% 66%

–3 k 3 k

Binary

5mC
gain

U
C

S
C

 In
cR

N
A

s

P
ro

po
rt

io
n 

of
 p

ea
ks

Tumour Normal Tumour

5hmC
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genome in nine kinds of regions: promoter, exon, intron,
intergenic, 30UTR, 50UTR, DNA, ncRNA and CpG-Island. In
addition to the enrichment at promoters and exons, the vast
majority of 5hmC and 5mC peaks are distributed at intron and
intergenic regions (Figure 1C). We also compared the distributions
of 5hmC and 5mC between lncRNAs and protein-coding genes. As
is shown in Figure 1D, about 18% of 5hmC peaks and 23% of 5mC
peaks enriched at lncRNA loci, with no significant difference
between tumour and normal tissue.

The majority of CpG dinucleotides are methylated, whereas
unmethylated CpGs are found primarily in those regions of DNA
with a relatively high density of CpG (CpG islands) in mammals.
We therefore explored the distribution of 5hmC and 5mC among
CpG islands. Our results showed that 5hmC was depleted at the
centre of CGIs in both tumour and normal colon, whereas 5mC
was enriched at the centre of CGIs but depleted at proximal
upstream and downstream regions with respect to the centre in
tumours (Supplementary Figure S1).

Abnormal 5hmC associated with colon cancer lncRNA signatures.
Although a global reduction was observed, locus-specific changes
in 5hmC between tumour and normal colon remain unclear.
Therefore, we set out to identify the differential modification of
5hmC regions in tumour relative to normal colon. In total, we
found 1111 gain (up-5hmC) and 7687 loss (down-5hmC) sites
(FDR o0.05 and fold change 42) in tumour (Figure 2A),
reflecting the loss of 5hmC signal in CRC observed previously.
For 5mC, we identified 4990 gain (up-5mC) and 3143 loss

(down-5mC) sites (FDR o0.05 and fold change 42; Figure 2A),
suggesting that changes in DNA methylation were mild compared
with 5hmC. Functional interpretations using the genomic regions
enrichment of annotations tool (GREAT) revealed that gained
5hmC regions were associated with MSigDB Perturbation terms of
COLON_CANCER_MSI_UP, TP53_TARGETS_PHOSPHORY-
LATED and GRADE_COLON_CANCER_UP (FDR o0.05).
Disease ontology and phenotype enrichment analysis also
suggested these regions were associated with colon adenocarci-
noma and abnormal colon morphology (FDR o0.05). In contrast,
down-5hmC sites revealed that these 5hmC loss regions were
associated with several pathways involved in colon cancer
progression, including MAPK, NOTCH, TGF-beta, WNT, PI3K
and RAS signalling (FDR o0.05).

Transcription factors typically regulate gene expression by
binding cis-acting regulatory elements, including promoters and
enhancers, and recruiting co-activators and RNA polymerase II
(RNA Pol II) to target genes. We next performed de novo motif
analysis on the 5hmC gain and loss regions to identify the enriched
sequence elements. This analysis revealed 5hmC gain regions were
highly enriched for motifs recognised by TFs, including TEAD,
JUNB, ERG, AHR and NR2E3 (Figure 2B). 5-hydroxymethylcy-
tosin loss regions were also significantly enriched for several TF
motifs, such as HIF1A, YY1, HNF6, MYCN and TFAP2C
(Figure 2B).

Because studies have suggested that 5hmC at gene bodies is
positively correlated with protein-coding gene expression, we
herein set out to investigate the relationship between 5hmC
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modification and lncRNA expression in colon cancer. By assigning
the up-5hmC and down-5hmC peaks to their associated
lncRNAs, we obtained 232 non-redundant lncRNAs marked with
up-5hmC and 970 lncRNAs with down-5hmC (Supplementary
Tables S1 and S2). Of these up-5hmC-associated lncRNAs,
26 also showed decreased 5mC levels, whereas 109 out of 970
down-5hmC-marked lncRNAs showed increased 5mC levels
(Figure 2C and D). For example, upstream of TSS for
TCONS_l2_00000584 displayed a gain of 5hmC and a loss of
5mC (Figure 2E). In contrast, the APCDD1L-AS1 locus showed a
significant loss of 5hmC and gain of 5mC (Figure 2E). We analysed
RNA-seq data (Kim et al, 2014b; Chen et al, 2016) in CRC to
calculate expression levels for the up-5hmC and down-5hmC
lncRNA list across normal, primary and liver metastatic cancer.
Our results showed that up-5hmC-associated lncRNAs were
expressed at a significantly higher level overall, relative to down-
5hmC-associated lncRNAs (Po2.26e-16; Figure 2F). Thus, our
results demonstrated that 5hmC was correlated with higher
lncRNA levels in CRC.

Enrichment of 5hmC at typical and super-enhancers in colon
cancer. The enrichment of 5hmC at enhancers in embryonic stem
cells (Yu et al, 2012) and developing T cells (Tsagaratou et al, 2014;
Ichiyama et al, 2015) but not in NPC and neurons (Hahn et al,
2013) suggests that the genomic distribution of 5hmC is cell and
tissue specific. Thus, we integrated our 5hmC and 5mC profiles
with genome-wide profiles of H3K4me1 and H3K27ac, two histone
modifications that mark enhancers, to explore the enrichment of
5hmC at enhancer regions. Heat maps of 5mC, H3K4me3,
H3K4me1 and H3K27ac patterns within 3 kb surrounding the
5hmC peaks generated six distinct clusters (Figure 3A). Of these
clusters, C4 and C6 indicated 5hmC-associated proximal promo-
ters as areas of H3K4me3 co-occurence. Importantly, we observed
C3 representing 5hmC-marked distal enhancers, which exhibited
highly enriched H3K4me1 and depleted H3K4me3 signals. In
addition, this cluster was also enriched for H3K27ac, indicating
that these enhancers can be further classified as active enhancers.
We also found that 5mC was significantly depleted in these
5hmC-marked enhancers or promoters (Figure 3A and B).
Collectively, these results suggest that 5hmC was enriched at
active enhancers with 5mC depletion in CRC.

The fact that enrichment of 5hmC at typical enhancers
promoted us to further investigate whether it also enriched at
super-enhancers, which consists of multiple enhancers in close
genomic proximity (Hnisz et al, 2013; Loven et al, 2013; Whyte
et al, 2013). We extracted the colon cancer specific super-
enhancers coordinates and mapped 5hmC and 5mC to these
elements. We observed that super-enhancers were marked with
5hmC, with depletion of 5mC (Figure 3C and D), indicating that
super-enhancers were possibly regulated by 5hmC.

Recent findings have indicated that CRC displayed thousands of
locus-specific loss- or gain-of-H3K4me1 marks called variant
enhancer loci (VELs) compared with normal colonic crypts
(Akhtar-Zaidi et al, 2012). This specific feature leads us to ask if
5hmC is associated with these VELs. To address this, we identified
15 216 up-H3K4me1 and 23 215 down-H3K4me1 sites (FDR
o0.05 and fold change 42) between tumour and normal colonic
crypts. We therefore defined the up-H3K4me1 sites as gain VELs
and the down-H3K4me1 sites as loss VELs. By mapping our 5hmC
profiles against the VELs, we found that a fraction of both gain and
loss VELs are marked by 5hmC and high levels of H3K27ac
(Figure 3E and F). We observed that 5hmC levels in gain VELs are
higher than those in loss VELs, whereas 5mC was depleted in gain
VELs but enriched at loss VELs, suggesting that 5hmC is associated
with enhancer activity.

Given that lncRNAs could arise from enhancer-associated or
promoter-associated elements (Marques et al, 2013), we explored

the subclasses of lncRNAs regulated by 5hmC. We classified
lncRNAs into enhancer- (elncRNA) and promoter-associated
(plncRNA) groups according to chromatin status within 2 kb from
each lncRNA TSS. As a result, 1513 lncRNAs were transcribed
from 5hmC-marked enhancers, whereas 193 lncRNAs were from
5hmC-marked promoters. Further, we identified six lncRNAs
associated with gain-5hmC-gain-VELs and one lncRNA associated
with a gain-5hmC-gain promoter, whereas 15 lncRNAs were
generated from loss-5hmC-loss-VELs and nine lncRNAs were
generated from loss-5hmC-loss promoters. Taken together, these
results indicated interaction between abnormal enhancer or
promoter activities and that 5hmC modifications might drive
dysregulated transcription of lncRNAs in CRC.

5hmC-marked enhancers display higher activity than
non-5hmC-marked enhancers. Enhancers can also generate
non-polyadenylated active bidirectional non-coding RNAs called
enhancer RNAs (eRNAs) through the action of RNA polymerase II
(pol II), which is considered a hallmark of functionally active
enhancers (Lam et al, 2014). To characterise the regulatory
relationship between 5hmC and eRNAs, we analysed genome-wide
pol II binding and global nuclear run-on sequencing (GRO-seq) of
nascent transcripts in colorectal cancer cells. First, we identified
32 821 intergenic H3K4me1 peaks, which we defined as intergenic
enhancer loci. We then overlapped these intergenic enhancers with
5hmC profiles and obtained 8513 5hmC-marked and 25 215
non-5hmC-marked intergenic enhancers. After identifying pol II
peaks and de novo transcripts, we found that 57 and 10.5% 5hmC-
marked intergenic enhancers overlapped with at least one
transcript and one pol II peak. In contrast, only 34 and 4.2%
non-5hmC-marked intergenic enhancers overlapped with at least
one transcript and one pol II peak.

Next, we identified 7763 intergenic bidirectional transcripts by
searching both strands for paired peaks. We found that 5.2%
5hmC-marked intergenic enhancers and 4.7% non-5hmC-marked
intergenic enhancers overlapped with those bidirectional transcripts,
respectively. Although similar proportions of 5hmC-marked and
non-5hmC-marked enhancers generating bidirectional transcripts
were observed, we found that normalised GRO-seq read-density and
pol II signals were more enriched at 5hmC-marked enhancers as
compared with non-5hmC-marked enhancers (Figure 4A), suggest-
ing that the transcriptional activity at 5hmC-marked enhancers was
much higher than at non-5hmC-marked enhancers.

Given that eRNAs can promote the expression of proximal
target genes (Kaikkonen et al, 2013; Lam et al, 2013; Li et al, 2013;
Melo et al, 2013), we examined the transcriptional activity of
putative target genes by quantifying the GRO-seq and RNA-
sequencing (RNA-seq) read counts. Indeed, genes linked to higher
eRNA production (Supplementary Table S3) at 5hmC-marked
enhancers exhibited significantly higher GRO-seq and RNA-seq
counts than genes linked to lower eRNA production
(Supplementary Table S4) at non-5hmC enhancers (Figure 4B
and C). Functional annotation of the genes targeted by 5hmC-
associated eRNAs revealed that they were highly enriched for
factors related to the immune process, cell cycle and signal
transduction (Figure 4D). These genes were also implicated in
critical signalling pathways closely related to colorectal cancer,
including C-MYC, PI3K, NOTCH, P53 and WNT networks
(Figure 4E). Collectively, our results indicated that enhancers
marked with 5hmC displayed functional activity that might
contribute to abnormal transcriptional programmes in colon
cancer development.

5hmC is involved in long-range chromatin interactions in
CRC. Higher-order chromosomal organisation represented by the
physical interaction of promoters with distal regulatory elements is
critical for transcriptional regulation. To test whether 5hmC
is involved in chromatin interactions that regulate lncRNA
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transcription, we analysed ChIA-PET data sets targeting RNA pol
II in colorectal cancer cells (Li et al, 2012), which provided high
resolution for the detection of long-range interactions on a global
scale. RNA pol II-mediated long-range chromatin interactomes in
colorectal cancer contained 19 264 clusters with both intra-
chromosomal and interchromosomal interactions. Consistent with
our hypothesis, 5hmC is highly enriched at these RNA pol II

interaction sites in CRC (Figure 5A and B). Interestingly, 5mC was
enriched at these sites but showed much weaker signal levels than
5hmC (Figure 5B). In addition, loss of 5hmC and gain of 5mC in
tumour as compared with normal tissue was examined at the
interaction loci (Supplementary Figure S2). The results indicated
that epigenetic changes may affect chromatin interactions
contributing to abnormal transcriptional regulation in cancer.
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We next explored the histone modifications to determine which
marks participate in long-range interactions. We found the
enrichment of several active histone modification marks at RNA
pol II interaction sites, including H3K4me3, H3K4me1 and
H3K27ac, confirming that the interactions were highly associated
with actively transcribed promoters and distal enhancers, as
reflected by the enrichment of GRO-seq reads at these loci
(Figure 5B).

We further identified three types of interactions at lncRNA loci:
enhancer–promoter, enhancer–enhancer and promoter–promoter
interactions. All were associated with 5hmC and corresponding
histone modification signatures (Figure 5C). For example, one
enhancer–enhancer interaction involved an enhancer located
upstream of TCONS_00016184 that interacted with another
enhancer 30 kb downstream of TCONS_00016491. Both the
enhancers were marked by 5hmC and H3K4me1 and generated
bidirectional transcripts. Furthermore, 5hmC was involved in
promoter–promoter and promoter–enhancer interactions, as
exemplified by observations that the promoter of TCONS_
00009259 interacted with the promoter of coding gene PHF15
and that the promoter of TCONS_l2_00023557 interacted with the
enhancer located within its intron. Interacting promoters and
enhancers show high levels of transcriptional activity, as reflected
by active histone mark occupation and transcription. Collectively,
these observations suggest that 5hmC, together with several histone
marks and transcription factors, established open chromatin
structures that facilitate chromatin interactions that regulate
lncRNA transcription.

Prognosis associated with lncRNAs regulated by 5hmC. To
evaluate the clinical significance of dysregulated 5hmC, we next set

out to determine the expressions of the 1202 lncRNAs marked with
the gain or loss of 5hmC. We first explored the expression patterns
of these lncRNAs using RNA-seq data. This allowed us to
distinguish primary, metastatic and normal samples (Figure 6A).
We also validated the expression of six lncRNAs in our six
matched CRC samples using qPCR (Figure 6B), the results of
which were consistent with 5hmC modification status.

We then examined the prognostic value of those lncRNA
signatures for TCGA through TANRIC (Li et al, 2015). Higher
expression of gain-5hmC-marked lncRNA, LINC00189, was
significantly correlated with poor overall patient survival
(Figure 6C). We also observed the expression of another lncRNA,
ENSG00000182165.13, was correlated with microsatellite instability
(MSI; Figure 6D). In contrast, lower expression of loss-5hmC-
marked lncRNA, LOC286297, was significantly correlated with
poor overall patient survival (Figure 6E). The expression of
ENSG00000223561.2 was correlated with tumour stage (Figure 6F).
Taken together, these results suggest that lncRNAs had predictive
and prognostic value in the management of CRC.

DISCUSSION

Recent studies have shown that the global loss of 5hmC is a
hallmark of various cancers, suggesting a potential role for 5hmC-
mediated epigenetic regulation in cancer biology. Although
genome-wide 5hmC maps have been generated for several cell
types, the functional role of 5hmC remains limited. In this study,
we systemically investigated the genome-wide patterns and
functional relevance of 5hmC by integrating data resources,
including 5hmC, transcriptome data, chromatin interactome data
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and several histone modifications. We provided the first report that
in addition to previously reported protein-coding genes, 5hmC was
also distributed at lncRNA loci and correlated with dysregulated
lncRNAs. These findings together extend our knowledge about the
epigenetic regulatory roles of 5hmC and cis-regulatory elements for
controlling transcription in CRC.

Polyadenylated lncRNA is transcribed by RNA pol II and
associated with epigenetic signatures that are common to protein-
coding genes, such as H3K4me3, at the promoter and H3K36me3
throughout the gene body (Guttman et al, 2009). Previous work
has shown enriched H3K4me3 at the TSS of lncRNA genes in
cancers, including T-ALL, prostate cancer and lung cancer
(Prensner et al, 2011; Trimarchi et al, 2014; White et al, 2014).
Thus, our novel discovery that lncRNAs showed similar patterns to
those of protein-coding genes in 5hmC distributions further
indicated that lncRNAs share certain epigenetic control mechan-
isms with protein-coding genes. However, we observed that the
average 5hmC signal for lncRNAs was lower than that observed for
coding genes. As 5hmC at gene body is positively correlated with
transcription, we suggest that the observation in previous studies
that lncRNA was less actively transcribed than mRNA (Cabili et al,
2011; Trimarchi et al, 2014) could be partially explained by the
lower-average 5hmC signal for lncRNAs.

We characterised thousands of locus-specific gain or loss of
5hmC regions, which were implicated in several pathways and
transcription factor occupancy. TEAD family transcription factors,
overpresented in gain-5hmC regions, are the major intracellular
mediators of the Hippo-Yap pathway and TEAD-AP1 cooperation

drives the expression of a unique core set of target genes, thereby
directing cancer cell migration and invasion (Liu et al, 2016). Thus,
we suggested that lncRNAs associated with the gain or loss 5hmC
regions might be members of those signalling and regulated by the
transcription factor.

To evaluate the clinical significance of differential modifications
of 5hmC, we examined their associated lncRNA expression
patterns in primary, metastatic tumour and normal colon. We
showed that these lncRNAs exhibited distinct expression patterns
in cancerous and normal tissue, whereas some metastatic tumours
were similar to primary tumours with lncRNA expression changes,
reflecting 5hmC changes across various tumour status. To further
examine these lncRNA signatures in TCGA data using TANRIC,
we mapped our lncRNAs to GENCODE V19 annotations. Among
the mapped lncRNAs, some lncRNAs were correlated with distinct
overall survival outcomes, tumour stage and MSI status. Thus,
5hmC as well as associated lncRNA signatures might serve as new
diagnostic and prognostic prediction markers in CRC.

It has been suggested that several variants in LD could impact
multiple enhancers and cooperatively affect target gene expression
(Corradin et al, 2014). Here we obtained a list of the colon cancer-
associated variant set, which included 18 clusters with 18 risk-
associated SNPs and 568 linked SNPs that were in LD with each of
the risk-associated SNPs. Of the 586 SNPs, 7.7% (45) were
significantly mapped to 5hmC-marked regions (P¼ 0.001),
including 15 clusters. In addition, the vast majority of the
remaining SNPs were located less than 10 kb from 5hmC regions.
We also found that 5hmC regions containing SNPs exhibited a
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higher 5hmC signal level than control 5hmC sites not associated
with colon cancer SNPs. We speculate that non-coding GWAS
variants located within these types of enhancers could modulate
gene expression, in some way, by affecting 5hmC-regulated
enhancer activity. Notably, we also found CRC variants that
mapped to a single 5hmC-marked enhancer at the SMAD7 locus,
which contains a super-enhancer in CRC (Hnisz et al, 2013). A
super-enhancer comprises large enhancer clusters that control cell
identity (Hnisz et al, 2013; Whyte et al, 2013), can be defined by
histone H3K27ac modification, and is associated with key
oncogenes in several cancer cell types (Hnisz et al, 2013; Loven
et al, 2013). In CRC, many cancer hallmark genes that function in
the multistep process of tumour pathogenesis acquired super-
enhancers (Hnisz et al, 2013). As a fraction of super-enhancers
were occupied by 5hmC, we suggest that 5hmC is involved in the
process of tumour pathogenesis driven by super-enhancers.

In conclusion, we have systemically investigated the genome-
wide patterns and functional relevance of 5hmC in CRC. Our
findings suggest potential roles for 5hmC in the regulation of

tumour-specific promoters, enhancers and lncRNAs, thereby
contributing to the pathogenesis of CRC, which will need to be
taken into consideration in future studies of oncogenic transcrip-
tional control in CRC.
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