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Abstract

Colorectal cancer (CRC), a leading cause of cancer-related death worldwide, evolves as a result of
the stepwise accumulation of a series of genetic and epigenetic alterations in the normal colonic
epithelium, leading to the development of colorectal adenomas and invasive adenocarcinomas.
Although genetic alterations have a major role in a subset of CRCs, the pathophysiological
contribution of epigenetic aberrations in this malignancy has attracted considerable attention. Data
from the past couple of decades has unequivocally illustrated that epigenetic marks are important
molecular hallmarks of cancer, as they occur very early in disease pathogenesis, involve virtually
all key cancer-associated pathways and, most importantly, can be exploited as clinically-relevant
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disease biomarkers for diagnosis, prognostication and prediction of treatment response. In this
Review, we summarize the current knowledge on the best-studied epigenetic modifications in
CRC, including DNA methylation and histone modifications, as well as the role of non-coding
RNAs as epigenetic regulators. We focus on the emerging potential for the bench-to-bedside
translation of some of these epigenetic alterations into clinical practice and discuss the burgeoning
evidence supporting the potential of emerging epigenetic therapies in CRC as we usher in the era
of precision medicine.

Table of contents blurb

Epigenetic modifications and regulators, including DNA methylation, histone modifications and
non-coding RNA species, have key pathophysiological roles in colorectal cancer (CRC). This
Review outlines these epigenetic aberrations in CRC and their potential as diagnostic, prognostic
and predictive biomarkers and therapeutic targets.

Introduction

Colorectal cancer (CRC) remains one of the leading causes of cancer-related death
worldwide. For 2018, the International Agency for Research on Cancer (IARC) estimates an
incidence of ~1.8 million new cases of CRC (~10% of all cancers) and >860,000 CRC-
related deaths worldwide (~9% of all cancer-related deaths)®. In Europe, 388,181 new CRC
cases and 174,381 CRC related deaths have been estimated for 2018 (REF.2), whereas the
American Cancer Society estimates 145,600 new CRC cases (~12.6% of all cancers) and
174,681 CRC-related deaths (~8% of all cancer-related deaths) for 2019 in the USAS3.
Accordingly, CRC is the third most frequent cancer worldwide in both sexes, and has high
mortality rates of 45%, 35% and 47.8% in Europe, the USA and worldwide, respectivelyl=3,
Thus, the development of effective treatments for patients with CRC is an urgent unmet
clinical need.

Epigenetics, defined as heritable alterations in gene expression that do not result in
permanent changes in the DNA sequence, has a central role in the pathogenesis of various
cancers, including CRC?. Over the past two decades, the study of epigenetic changes has
elucidated the missing link between certain CRC-specific gene expression patterns and the
absence of genetic alterations. For instance, microsatellite instability (MSI) — one of the
hallmarks of a molecular subgroup of CRC® — is the result of a deficiency in the DNA
mismatch repair (MMR) system, which cannot only be the consequence of a genetic
mutation in one of the MMR genes but also of epigenetic silencing of the MLHI gene by
hypermethylation of its promoter®. Global hypomethylation has also been shown to lead to
chromosomal instability in CRC. In addition, microRNAs (miRNAs; also known as miRs)
can prevent protein expression and influence many cancer-related pathways at the post-
transcriptional level, and have a role in virtually all CRC stages, from initiation to
progression and metastasis®. For example, miR-143 prevents cell growth by directly
targeting the KRAS mRNA transcript and was found to be frequently downregulated in
CRC?. These insights, among others, have not only improved our understanding of CRC
pathophysiology but have also opened the door to the discovery of new disease biomarkers
and therapeutic targets.
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In this Review, we first provide an overview of the basic principles of epigenetic
modifications in CRC, including DNA methylation and histone modifications, as well as the
role of non-coding RNAs (ncRNAs), such as miRNAs and long non-coding RNAs
(IncRNAS), as epigenetic regulators. We then highlight promising epigenetic biomarkers
that, after comprehensive appraisal of the literature (see Supplementary Box 1 for detailed
Review criteria), we deem to have the greatest potential for rapid bench-to-bedside
translation to improve diagnosis, prognostication and prediction of treatment responses in
CRC over the next decades. Finally, we discuss the burgeoning evidence supporting some of
these epigenetic alterations as putative therapeutic targets for the development of epigenetic
therapies, which could form the basis of tailored precision medicine strategies in the future.

Principles of epigenetics

A number of epigenetic modifications, notably DNA methylation and histone modifications,
and epigenetic regulators, including ncRNA species such as miRNAs and IncRNAs, have
been implicated in the pathogenesis of various cancers, including CRC (FIG. 1).

DNA methylation

DNA methylation is one of the most ubiquitous epigenetic modifications regulating gene
expression. The best characterized DNA methylation process involves the addition of a
methyl group (CH3) at the C5 position of the cytosine ring by DNA methyltransferases
(DNMTS), yielding 5-methylcytosinel®. In humans, this modification occurs at CpG
dinucleotides, which are regions of DNA where cytosine residues are immediately followed
by guanine residues in the 5" 4to 3" direction, linked by a C-phosphodiester-G-bond. In the
mammalian genome, most of these CpG sites are methylated, including those within the
gene bodies. By contrast, CpG islands are CpG-rich sequences that are generally
unmethylated in mammals and that usually contain 200-2000 nucleotides, of which >50%
are CpGs; approximately 60-70% of gene promoters contain CpG islands?!.

Alterations of normal DNA methylation patterns include DNA hypomethylation, which
occurs pathologically in normally unmethylated regions of the genome, and DNA
hypermethylation, which usually occurs in the CpG islands of gene promoters!®. Although
most of the hypermethylation events can (randomly) occur within the CpG residues in the
promoter regions of already-inactivated genes in normal cells and have, therefore, no
consequences on gene expression, robust evidence suggests that promoter CpG
hypermethylation is associated with transcriptional suppression of tumour-suppressor genes
in cancer cells (FIG. 1)12. This evidence is especially strong in the case of CRC, in which
such aberrant hypermethylation has been identified in the promoter regions of important
tumour-suppressor genest2-14 including CDKNZ2A (at the promoters of each of its two
encoded distinct cell cycle-regulatory proteins, p16INK4A5:16 and p14ARFY7), MLHI8
and APCY9. By contrast, hypermethylation outside of the CpG islands, especially in gene
bodies, seems to positively correlate with gene expression20.

Genome-wide hypomethylation was one of the first aberrant methylation events reported in
CRC, and constitutes an early event in colorectal carcinogenesis. Indeed, hypomethylation
has been observed at different disease stages, from early adenomas to adenocarcinomas and
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metastases, with a linear correlation between the grade of demethylation and the disease
stage21-24. As global loss of DNA methylation has also been described during normal
ageing and senescence, its role in carcinogenesis (and, therefore, as an independent risk
factor) is the subject of an ongoing debate; however, DNA methylation has been
hypothesized to be the missing link explaining why cancer is an age-related disease?.

Generally, DNA hypomethylation at three sites has been linked to proto-oncogene activation
in CRC, including at: promoter regions, which can lead to loss of gene imprinting (for
example, /GF2)?8 or directly activate proto-oncogenes (for example, MYCand HRAS)?:
distant regulatory regions, such as super-enhancers, which have been described for the gene
encoding B-catenin?’; and antisense promoters located downstream in certain repetitive
elements (such as long interspersed element-1 (LINE-1) elements), which are evolutionary
silenced under normal physiological conditions23. As up to 17% of the human genome
consists of LINE-1 elements, their hypomethylation has been used as surrogates for global
DNA hypomethylation and is associated with early-onset CRC and poor prognosis, making
LINE-1 a potentially important biomarker28.29, These LINE-1 elements, if activated through
hypomethylation, can also function as retrotransposons through a ‘cut-and-paste’
mechanism, inserting themselves in distant fragile sites (unstable genomic regions) and
leading to genomic instability. Accordingly, LINE-1 hypomethylation is inversely correlated
with microsatellite instability (MSI) and the CpG island methylator phenotype (CIMP)30,

Histone modifications

In eukaryotic cells that are not dividing, DNA is wrapped around histones — which are
protein octamers comprised of a pair of each of the four core histone proteins, histone 2A
(H2A), H2B, H3 and H4 — into structural units called nucleosomes, which are packaged
with other nuclear proteins to form chromatin. Each histone core protein possesses a
characteristic tail that is enriched for lysine and arginine residues, which are subject to post-
translational modifications that can influence gene expression either directly, by modifying
the histone-DNA interaction, or indirectly, by altering recognition sites for specific binding
proteins (FIG. 1)31. Several types of histone modifications have been described that are
related to many cellular processes during both normal physiological growth and
development and the pathogenesis of various diseases, including cancer. Histone
modifications can be caused by genetic mutations in various histone modifiers, which are
enzymes that catalyze post-translational modifications of the histone tails, such as histone
deacetylases (HDACS) and Histone acetyletransferases (HATs)32. However, as describing
these mutations is beyond the scope of this Review, we focus on the most common and best-
studied post-translational histone modifications that alter gene expression in the context of
CRC — histone acetylation and methylation33.

Histone acetylation.—The acetylation and deacetylation of histones is catalyzed by
HATs and HDACS, respectively. Histone acetylation neutralizes the positive charge on the
histone tails, weakens the electrostatic interaction between the DNA and histones, and,
consequently, influences the compaction state of chromatin34. Hyper-acetylation,
specifically of histones associated with proto-oncogenes, activates gene expression, whereas
hypo-acetylation of histones associated with tumour-suppressor genes, often localized within
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their promoter regions, silences the respective genes, highlighting the important dual role of
histone acetylation status in cancer development and progression3°. Unsurprisingly, in view
of these key cancer-related activities, these enzymes are garnering a lot of interest as
potential therapeutic targets in various malignancies, including CRC3®.

Histone methylation.—In contrast to histone acetylation, histone methylation does not
only change the compaction status of the DNA, but creates docking sites in the chromatin
that can be recognized by various proteins, such as those comprising transcriptional
complexes (for example, transcription initiation factor TFIID subunit 3 (TAF3), which can
activate WNT-B-catenin target genes)3’:38, The methyl groups are added to the lysine and
arginine residues in the histone tails in a very specific manner, and can lead to the activation
or repression of gene expression, depending on the residue that is methylated. Histone
methylation regulates many biological functions that are crucial for normal cell
differentiation and has a central role in carcinogenesis and tumour progression3®. Histone
methylation and demethylation are catalyzed by histone methyltransferases (HMTSs) and
histone demethylases (HDMs), respectively, the overexpression or underexpression of which
might change the global histone methylation status, alter the expression of hundreds of
oncogenes or tumour-suppressor genes and, eventually, promote cancer development or
progression3’.

Non-coding RNAs

A large body of scientific evidence has unequivocally demonstrated that the ~98% of the
non-protein-coding genome does, in fact, participate in the regulation of gene expression, in
the context of both normal physiological development and the pathogenesis of virtually all
diseases*0. These transcriptional mediators, which are often referred to as ncRNAs, can be
spliced after their transcription but are not translated into proteins, and can have pro-
tumorigenic or anti-tumorigenic functions in a tissue-specific manner#L. Since their
discovery in the early 1990s, several thousand ncRNAs have been revealed, which can be
broadly categorized according to their size or function (Supplementary Table 1)42,

mMiRNAs.—Belonging to the group of small ncRNAs, miRNAs are short (18-25
nucleatides in length), single-stranded RNA species that, given their emerging roles in CRC,
are a major focus of this Review8. They function as post-transcriptional repressors by
binding to complementary sequences in the 3" -untranslated regions (UTRs) of their target
mRNAs (FIG. 1), controlling the translation of >60% of protein-coding genes, including
those regulating important pro-tumorigenic processes such as cell proliferation,
differentiation and apoptosis (FIG. 2). miRNAs function either by regulating specific
individual target MRNAs, or by acting as broad regulators of gene expression, whereby they
can mediate the expression of hundreds of genes simultaneously. Interestingly, multiple
miRNAs have also been shown to regulate the expression of a single target mMRNA,
illustrating a degree of functional redundancy in miRNA-dependent gene regulation®L.

As miRNAs are often located in fragile sites within the genome, their expression can be
dysregulated through a variety of genetic alterations, including point mutations, deletions,
amplifications or translocations*3. In addition, both DNA hyper-methylation and hypo-
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methylation can also alter miRNA expression®4. Many studies have identified divergent
miRNA expression levels between neoplastic tissues and tumour-adjacent normal tissues,
including CRC°. Accordingly, miRNAs can be upregulated or downregulated in tumour
tissues, although a greater proportion of miRNAs seem to be overexpressed, rather than
underexpressed, in cancer. Finally, miRNAs can either function as oncogenic miRNAs
(onco-miRs) by inhibiting the expression of tumour-suppressor genes, or as tumour-
suppressive miRNAs (ts-miRs) by inhibiting oncogene expression?6.

LncRNAs.—The IncRNAs represent a diverse group of ncRNAs that are involved in many
biological processes, and can be categorized either by their genomic location or by virtue of
their function*’. According to their genomic location and architecture, several types of
IncRNAS have been described (Supplementary Table 1). With regard to their function,
IncRNAs function as positive or negative regulators of transcription through a multitude of
activities, including: interaction with gene promoters or enhancers; modification of
chromatin access by acting as guidance molecules for chromatin-modifying protein
complexes; regulation of the nuclear architecture; regulation of mMRNA stability by direct
interaction with target mMRNAs and regulatory protein complexes; and by functioning as
miRNA sponges that agglutinate miRNAs through multiple specific binding sites within the
IncRNA sequences (FIG. 1)*2. LncRNAs are involved in a broad spectrum of biological
processes, including cell proliferation, differentiation, apoptosis and stem cell self-renewal,
in a developmental and tissue-specific manner48. As a result of their diverse functions,
IncRNAs have roles in many cancer-related pathways such as the WNT, EGFR, TGF-p and
p53 signalling pathways, and can influence on virtually all pathophysiological steps in CRC
carcinogenesis, progression and metastasis*®.

Crosstalk within the epigenetic network

The aforementioned epigenetic modifications are not isolated phenomena that influence
gene expression, but rather function in an orchestrated manner to fine-tune a complex
regulatory network with important crosstalk occurring between them. In this sense, miRNAs
are themselves subject to epigenetic regulation through methylation of their promoter
regions. Indeed, this event was shown to occur during colorectal carcinogenesis (examples
are described in Supplementary Box 2). Similarly, IncRNA expression can also be regulated
by promoter methylation (Supplementary Box 2). In addition, two of the most widely
studied IncRNAs in the context of CRC that exhibit important crosstalk to other epigenetic
modifications are HOX transcript antisense RNA (HOTA/R) and H19 imprinted maternally
expressed transcript (H19). Overexpression of HOTA/R recruits polycomb repressive
complex 2 (PRC2), which leads to silencing of its target genes, including H/OX; through
H3K27 trimethylation (H3K27me3)%0. In CRC, HOTAIR overexpression has been
associated with an increased capacity for invasion and metastasis in vivo, as well as reduced
metastasis-free survival and overall survival®®-52, Similarly, /419 can function as an
oncogene in CRC by acting as a sponge for various ts-miRs®3. Crucially, genes that are
epigenetically dysregulated in cancer can have roles in different molecular pathways, and
crosstalk can also exist within these pathways, adding another layer of complexity®4.
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Pathophysiological considerations

Although a detailed description of CRC pathogenesis is beyond the scope of this Review,
some pathophysiological aspects, highlighted herein, might be relevant to the role of
epigenetic alterations as biomarkers and therapeutic targets in this malignancy.

MSI, CIN and CIMP status

CRC is clearly a very heterogeneous disease in terms of its biological behaviour, prognosis
and response to treatment. From a molecular point of view, CRC has been traditionally
classified into subgroups on the basis of three pathophysiological pathways of
carcinogenesis — chromosomal instability (CIN), MSI and CIMP35,

The hallmark of the most classical (canonical) pathway is CIN, which accounts for ~80-
85% of CRCs and refers to a high load of alterations of whole chromosomes or large
portions of chromosomes (duplications or depletions), which results in activation of growth-
promoting pathways and/or decreased activity of apoptotic pathways®6. These tumours
develop initially from adenomatous polyps on the basis of a deactivating mutation of the
APC gene (which encodes an effector in the WNT pathway) and eventually transform into
adenocarcinomas through acquisition of further activating mutations in KRAS (which is
involved in receptor tyrosine kinase signalling) and deactivating mutations in SMAD4
(which is involved in TGFB-signalling) and 7P53 (which is involved in cell cycle
control)>6:57, Given the initial event, this pathway is occasionally also called the ‘APC
pathway’. MSI, MLHI mutations and/or methylation or BRAF mutations are not
characteristics of the CIN pathway.

MSI, which involves changes in the number of short repeated sequences termed
microsatellites that are spread out across the genome, is caused by deficiency in DNA
mismatch repair (MMR), specifically mutations in MMR genes such as MLHI, MSHZ,
MSH6 and PMSZ, germline mutations in these genes cause Lynch Syndrome, the most
frequent form of hereditary CRC®8. However, MMR deficiency can also be caused either by
biallelic hypermethylation of the MLHI promoter, which leads to the inactivation of
MLH1220 or double somatic mutations in MMR genes®1. MSI status has already helped to
define a subgroup of patients with MMR-deficient and MSI-high (dIMMR-MSI-H) CRC
who have a favourable prognosis but who do not benefit from 5-fluorouracil (5-FU)
treatment62.63,

In contrast to CRCs defined by CIN and MSI, epigenetics defines those of the CIMP
subgroup, which are characterized by a high level of CpG island hypermethylation at the
promoters of several tumour-suppressor genes®4. CIMP is highly associated with the serrated
pathway of colorectal carcinogenesis, is intrinsically associated with AL HI promoter
hypermethylation®s, and is frequently associated with proximal location, female gender, old
age, poor histology and BRAF mutations®6. However, the translation of this
pathophysiological aspect into clinical practice is still hampered by the lack of a
standardized definition of ‘CIMP-high’. MLHI1, MINT1, CACNA1G and CDKNZA are the
most commonly evaluated genes for CIMP testing, but no consensus currently exists
regarding which genes should be included in CIMP testing panels (up to 16 different genes
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have been described), which cut-off values should be used to define CIMP-high (or CIMP™)
and which laboratory techniques should be used for measurements®”.

Molecular subtypes

To overcome the shortcomings associated with tumour heterogeneity, even within the
aforementioned CIN, MSI and CIMP subgroups, Guinney and colleagues® used a large-
scale data sharing and analytics approach across six international expert teams to identify
four gene expression-based consensus molecular subtypes (CMS1-4) of CRC. In this
framework, CMS1 tumours were defined by a high degree of promoter hypermethylation in
several tumour-suppressor genes, including MLH1, leading to MSI tumours with a high
mutational loads and, consequently, a strong lymphogenic anti-tumour immune response.
This subgroup has important therapeutic implications, given that CMS1 tumours tend to
evade this immune response through expression of programmed cell death 1 ligand 1 (PD-
L1), which sends an inhibitory signal to T lymphocytes via its receptor programmed cell
death 1 (PD-1) pathway®. This signal can be suppressed therapeutically using immune
checkpoint inhibitors (ICIs) such as the anti-PD-1 antibody pembrolizumab, which gained
tissue/site-agnostic accelerated FDA approval in 2017 on the basis of impressive results in
phase 11 studies in dAMMR-MSI-H solid tumours, including CRCs"0.71,

By contrast, CMS4 tumours, which account for ~23% of all CRCs, are characterized by a
strong EMT gene signature, stromal invasion and intense immunosuppression®®. At the
molecular level, CMS4 tumours are characterized by CIN-low and CIMP-low status, leading
to a low mutational burden and, consequently, a low lymphogenic immune response,
rendering them resistant to ICls. Another hallmark of CMS4 tumours is upregulation of the
TGF-p pathway, which has been associated with EMT, stromal infiltration, poor prognosis,
advanced disease stages and short overall survival and relapse-free survival®8.72; CMS1
tumours, by contrast, show lower TGF signalling and generally have a better overall and
relapse-free survival compared to CMS4 tumours, while showing the worst survival after
relapse compared to all other CMS subtypes®8. Briefly, CMS2 tumours are characterized by
epithelial differentiation and alterations of the canonical pathway (including overexpression
of WNT and MYC downstream targets)%8. Finally, the most common hallmark of CMS3
tumours is the presence of strong KRAS-activating mutations and marked metabolic
dysregulation®8.

mMiRNAs

Guinney and colleagues® also analyzed CMS-specific changes in miRNA expression and
identified, for example, that downregulation of the miR-200 family was associated with
EMT and CMS4 tumours, whereas downregulation of the let-7 family was associated with
activation of the RAS pathway in CMS3 tumours. Other examples of downregulated
miRNAs that can function as tumour suppressors are miR-143 and the miR-34 family
(miR-34a, miR-34b and miR-34c) (FIG. 2).

Both miR-143 and miR-145, which are usually co-expressed, are frequently downregulated
in the early phase of adenoma formation rather than during CRC progression; therefore,
these miRNAs do not seem to be associated with clinical prognostic factors’3. In vitro
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experiments with synthetic miR-143 have shown its anti-proliferative activity by directly
targeting several key molecules of the RAS-RAF-MEK-ERK pathway such as KRAS, AKT,
ERK as well as SOS1 (a strong activator of KRAS)’4 (FIG. 2). For this reason, and from a
clinical point of view, miR-143 is not only a promising biomarker for early diagnosis but
could also be useful as a potential anti-cancer drug, especially in patients with activating-
mutations in KRASwho are resistant to anti-EGFR therapy. However, clinical studies in
humans are still lacking. The in vitro anti-proliferative activity of miR-143 (in human
KRASP12D DLD1 CRC cells) was confirmed by in vivo experiments in immunodeficient
mice after xenotransplantation using synthetic miR-14374. These results were even more
pronounced when combined with EGFR inhibitors in both in vitro and in vivo’. Another in
vitro study showed that miR-143 replenishment could re-sensitize KRAS-mutant LoVo CRC
cells to paclitaxel treatment.

Members of the miR-34 family, most prominently miR-34a, have also been described as
relevant tumour suppressors at different levels of cancer pathophysiology. By targeting
NAD-dependent protein deacetylase sirtuin-1 (SIRT1), miR-34a seems to be a crucial part of
a positive feedback loop with p53, which itself enhances miR-34a activity and is known to
halt the cell cycle at the G1-S checkpoint. This hypothesis originates from a study in which
TP53wild-type HCT116 CRC cells showed inhibition of cell growth, migration, invasion
and metastasis in vitro and in vivo xenografts after ectopic miR-34a-5p expression’®. In
addition, miR-34a has been implicated in regulating the TGF-B-mothers against
decapentaplegic homolog 4 (SMADA4) and interleukin-6 receptor (IL-6R)-signal transducer
and activator of transcription 3 (STAT3) pathways, both of which are essential for EMT and
tumour cell invasion in CRC?7:78_ However, the miR-34 family, especially miR-34b and
miR-34c, was also found to be upregulated in CRC and are associated with metastasis and
poor prognosis, underlining their dual role in cancer development and progression’9-81,

Many studies have also reported the role of miRNA upregulation in driving several cancer-
related cellular processes such as migration, invasion, angiogenesis and metastasis through
epithelial-mesenchymal transition (EMT). For example, miR-21 contributes to migration,
invasion and metastasis by downregulating expression of phosphatase and tensin homolog
(PTEN), therefore activating the AKT pathway, as shown with in vitro and in vivo xenograft
experiments using HCT116 CRC cells (FIG. 2)82. Furthermore, miR-21 seems to have a key
role in inflammation pathways through downregulation of the tumour-suppressor gene
PDCD4, leading to inhibition of apoptosis in cell lines83:84, Thus, miR-21 is an excellent
example of how a single miRNA can regulate several pathways that can lead to different
cancer-specific phenotypes. Sun and colleagues8® hypothesized from correlation studies in
human CRC samples and bioinformatics approaches that miR-31, another known oncogenic
miRNA, might drive CRC progression by repressing expression of RAS p21 GTPase
activating protein 1 (RASAL1) and, therefore, activating the RAS signalling pathway8®. In the
same study, the authors corroborated this hypothesis in vitro (using transfection experiments
and functional assays) and in vivo (using xenograft models) with human CRC cell lines
(FIG. 2). This finding might have important clinical implications given that RAS signalling
is the main effector pathway for epidermal growth factor (EGF), and that miR-31 has been
shown to reduce the response to treatment with EGFR antagonists in CRC85-87,
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As tumours rapidly grow and expand their need for oxygen and nutrients, their survival will
depend on the formation of new blood vessels through a process called angiogenesis. These
vessels will also favour extravasation and metastasis of tumour cells. A variety of proteins
and cytokines are implicated in the regulation of angiogenesis, including vascular
endothelial growth factor (VEGF), a potent stimulator of angiogenesis that has been
implicated in CRCB88, In this regard, miR-126 — which is frequently found to be
downregulated in CRC — seems to be involved in angiogenesis by directly targeting and
repressing VEGF, a finding that has been confirmed in functional studies in CRC cell
lines89, Accordingly, downregulation of miR-126 has been associated with metastasis in
both tissue samples and serum from patients with CRC%%:91, In addition, downregulation of
miR-126 was also associated with worse outcomes in patients with metastatic CRC treated
with the anti-VEGF-A antibody bevacizumab®2.

Epigenetic alterations as biomarkers

CRC develops through a stepwise accumulation of genetic and epigenetic alterations in
precursor lesions (adenomas and serrated lesions) and, therefore, these lesions gain
increasingly dysplastic features as they eventually progress to an adenocarcinoma. The
detection of precursor lesions and early-onset CRC in average-risk, asymptomatic
individuals during screening is essential for the prevention of this disease. Colonoscopy is
considered the gold standard for CRC screening because it has the potential to both detect
and remove precursor lesions. However, colonoscopy is invasive, expensive, associated with
low compliance rates and is hampered by complications such as haemorrhage and
perforation®3. By contrast, the faecal occult blood test (FOBT) and faecal immunochemical
test (FIT), the most commonly used non-invasive screening tests in Europe and other
Western countries, have a lower sensitivity and specificity than colonoscopy, at least for
precursor lesions such as adenomas®3. These limitations highlight the imperative need for
the development of novel and robust non-invasive strategies for the detection of precursor
lesions and early-stage CRCs. In addition to these diagnostic challenges, the current tumour-
node-metastasis (TNM) classification system for CRC staging is inadequate for
prognostication, and clinical decision-making is limited, particularly for intermediate
stages¥4. Accordingly, biomarkers that enable the proper selection of patients who have a
high probability of recurrence and death (prognostic biomarkers), as well as those who
might truly benefit from chemotherapy, immunotherapy and/or targeted therapy (predictive
biomarkers), are urgently needed to improve prognostication and reduce the overall (and
perhaps unnecessary) therapeutic toxicity and the associated expense of such treatments.

Epigenetic marks and regulators, including DNA methylation, histone modifications,
miRNAs and IncRNA, have shown promise as clinically-relevant biomarkers for diagnosis,
prognostication and prediction of treatment response in CRC (FIG. 3). Herein, we focus on
epigenetic biomarkers that, upon comprehensive review of the literature (see Supplementary
Box 1 for detailed Review criteria), we deem to have shown the greatest potential for clinical
translation over the past 10 years for diagnostic (BOX 1), prognostic (BOX 2) and predictive
(BOX 3) purposes in CRC, some of which have been commercialized or are in currently
clinical use and/or guideline recommendations (BOX 4) (see Supplementary Tables 2-11 for
an overview of candidates not mentioned herein).
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DNA methylation

Evidence for the diagnostic utility of DNA methylation biomarkers is now so convincing
that some assays have been recently commercialized, are used in current clinical practice or
have even entered clinical guidelines. However, this is still not the case for prognostic and
predictive DNA methylation biomarkers, but the evidence supporting their use is expanding
continuously in this field.

Diagnostic biomarkers.—One of the most widely studied non-invasive DNA
methylation biomarkers for CRC diagnosis is methylation of the SEPT9gene in plasma,
which encodes septin-9, a GTP-binding protein involved in actin dynamics, cytoskeletal
remodelling, vesicle trafficking and exocytosis (Supplementary Table 2). Multiple studies
have analyzed the diagnostic accuracy of this methylation biomarker in large cohorts of
patients with CRC, with sensitivity and specificity values ranging between 48-90% and 73—
97%, respectively31-42, This biomarker is commercialized as the Epi proColon test
(Epigenomics, Seattle, USA), which was approved by the FDA in 2016 as the first molecular
blood-based assay for CRC screening. In one of the largest studies in which SEPT9plasma
methylation was analyzed using Epi proColon test 2.0 methodology, this biomarker yielded
an overall sensitivity of 73.7% and a specificity of 97% in a large cohort (300 patients with
CRC and 568 healthy controls individuals)19°. However, the findings of both this study and
of a 2017 meta-analysis are in agreement in that this test performed statistically significantly
better in patients with advanced stage (111-1V) CRC than those with early-stage (I-11)
CRC105'107.

In an effort to further improve the diagnostic accuracy of this assay, which is indeed
suboptimal for early-stage CRC, other groups have attempted to combine SEPT9 plasma
methylation levels with additional biomarkers, such as FIT or other plasma-based
methylated genes (for example, SHOX2and ALX4)%:97.108 |n one such opportunistic CRC
screening scenario including all CRC stages, Wu and colleagues®’ achieved an overall
sensitivity of 97.2% by using a combination of SEPT9plasma methylation, FIT and serum
carcinoembryonic antigen (CEA) levels. Although the majority of the data for this test has
been in case-control or cohort studies, SEPTI plasma methylation has been also analyzed in
asymptomatic, intermediate-risk populations of healthy individuals to further assess its
diagnostic potential as an alternative test to FIT or colonoscopy (PRESEPT Study)109,
However, when Song and colleagues'%7 compared the data from this study with data from a
meta-analysis of FIT in the same type of population, they found a lower sensitivity (68%
versus 79%) and specificity (80% versus 94%) for SEPT9 plasma methylation than for FIT.

One of the major limitations of the SEPTY plasma methylation biomarker is its poor
sensitivity for the identification of precursor lesions (adenomas), ranging from only 7.9—
38.7%97:98.105,106 ' 5£pT9plasma methylation levels exhibited the highest sensitivity
(83.3%) in a subgroup of patients with villous adenomas, suggesting the potential of this
biomarker for the identification of advanced adenomas%6. However, the number of patients
included in this study was small (7=18), highlighting the need for the development of more
powerful approaches for detecting precancerous lesions and early-stage CRC16,
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Another non-invasive methylation biomarker that has been frequently described for CRC
diagnosis is methylation of the V/M gene encoding the intermediate filament protein
vimentin, which, together with microtubules and actin microfilaments, constitutes the
cytoskeleton (Supplementary Table 2). The diagnostic accuracy of this biomarker might be
greater when using faecal samples than blood samples. For instance, in plasma samples,
VIM methylation showed a sensitivity and specificity of up to 59% and 93%, respectively,
with a major increase in sensitivity in advanced disease stages10. By contrast, the sensitivity
and specificity were up to 81% and 95%, respectively, in stool samples, with similar values
for different CRC stages!19-116_|n light of this decent performance of V/M methylation in
faecal samples, this biomarker has also been commercialized as the ColoSure test
(LabCorp)117. However, ColoSure has not yet obtained FDA clearance or approval for its
use as a CRC screening test.

In contrast to V/M, methylation of SFRP2— which encodes secreted frizzled-related
protein 2 (SFRP2), a modulator of WNT signaling — has been also studied for detection of
precancerous lesions (both adenomas and hyperplastic polyps), with more promising results
for adenomas (Supplementary Table 2). The sensitivity of plasma-based SFRP2methylation
for adenoma detection ranged from 6.4-81.1%, with corresponding specificities of 73—
100%118.119 while the sensitivity and specificity of stool-based SFRP2methylation were
27.8-76% and 55-100%, respectively120-122,

As one of the hallmark features of CRC is that it develops in the background of different
genetic and epigenetic alterations that co-operate to drive neoplastic transformation in the
colon, a few studies have also explored the combination of different types of molecular
biomarker for improving the detection accuracy for colorectal polyps and CRC. Indeed,
several promising combinations of methylation biomarkers have been proposed in order to
improve diagnostic performance (Supplementary Table 3). Cologuard (Exact Sciences,
Madison, USA), the first stool-based multi-target panel approved by the FDA for CRC
screening, consists of a molecular assay for three biomarkers (seven mutations sites in
KRAS and the methylation status of NDRG4and BMP3) combined with an
immunohistochemical assay for haemoglobin. In a large study with almost 10,000
intermediate-risk individuals population, Imperiale and colleagues'23 reported a
significantly higher sensitivity of Cologuard for CRC detection than FIT (92.3% versus
73.8%; P<0.002). More importantly, the sensitivity to detect advanced precancerous lesions,
defined as advanced adenomas or sessile serrated lesions =21cm in size, was almost two-fold
higher for Cologuard than for FIT (42.4% versus 23.8%). However, this increased sensitivity
came at the cost of a lower specificity (89.8% versus 96.4%) for patients with a negative
colonoscopy23. Given these promising results from this prospective study, Cologuard has
been proposed for inclusion in the USA National Health Coverage and has been included in
the United States Preventive Services Task Force (USPSTF) guidelines as a CRC screening
option, with a 3-year interval on equal standing of the other classical screening options
(colonoscopy, FIT and FOBT)124, In addition, an ongoing prospective Dutch study aiming to
include ~4,000 individuals is currently evaluating Cologuard (together with FIT) as a non-
invasive alternative surveillance strategy to colonoscopy in symptomatic patients23,
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Finally, the most frequently used epigenetic biomarker in current clinical practice is the
analysis of somatic MLH1 promoter methylation in CRCs that exhibit loss of MLHZ1 and/or
PMS2 protein expression. Universal testing with immunohistochemistry for MMR proteins
and/or MSI analysis in patients with CRC is the currently recommended strategy for the
identification of patients with Lynch syndrome126.127 However, the most frequent cause of
ML H1 inactivation is through somatic inactivation due to bi-allelic promoter
hypermethylation®®. Thus, the use of MLHI hypermethylation analysis in patients with CRC
with loss of MLHI expression is broadly implemented in clinical practice for differentiating
between Lynch syndrome and sporadic CRCs with MMR deficiency. MLH1
hypermethylation, together with BRAF mutations, is also considered a hallmark feature of
the serrated pathway of colorectal carcinogenesis, and both biomarkers are associated with
serrated polyps and serrated adenocarcinomas!28,

Prognostic and predictive biomarkers.—Although several DNA methylation
biomarkers detected in tumour tissue or cell-free DNA (cfDNA) from blood have been
associated with either advanced disease stages (I11 and 1V) or poor prognosis in CRC
(Supplementary Table 4), none of these potential prognostic biomarkers are currently used in
clinical practice. To select patients who are candidates for chemotherapy, future predictive
biomarkers should ideally be capable of identifying patients with a high risk of recurrence
who would benefit from (a perhaps aggressive) adjuvant treatment. Likewise, biomarkers
that can identify patients who will not respond to treatment, in whom chemotherapy and
associated adverse effects could be avoided, are urgently needed. This need is especially
relevant in patients with stage 111 and high-risk stage Il tumours, for whom the actual
standard of care is adjuvant chemotherapy with FOLFOX (combined administration of
folinic acid, 5-fluorouracil and oxaliplatin). However, very few methylation studies have
been conducted in this subset of patients, and studies performed in validation cohorts are
lacking. Nevertheless, some interesting results have been reported regarding the prognostic
and predictive roles of DNA methylation biomarkers, which could direct future prospective
trials (Supplementary Tables 4 and 5).

For instance, hypomethylation of L/NE-1 elements in tumours has been widely studied and
is associated with poor survival outcomes in patients with CRC28:129-131 (sypplementary
Table 4). In 2017, L/NE-1 hypomethylation in plasma cfDNA from patients with CRC was
also shown to be associated with disease progression, with the strongest associations
observed in patients with large tumours (=6¢cm), advanced lymph node stages (N>2) and
distant metastasis?2.

In addition, hypermethylation of several known tumour suppressor genes has been reported
to correlate with poor outcomes. For instance, hypermethylation of CDKNZ2A (specifically at
the p16INK4A promoter), both in tissue and in blood, was shown to be broadly associated
with poor prognosis as well as increased risk of recurrence and distant metastasis in patients
with CRC16:132-139 (Sypplementary Table 4). In our opinion, the most interesting findings
are from two old studies reporting the association between CDKNZA hypermethylation and
poor survival in patients with T3NOMO CRC, and poor survival after curative surgery and
adjuvant 5-FU chemotherapy in patients with stage |1 and 111 rectal cancer39.140, By
contrast, hypermethylation of MGMT — which encodes methylated-DNA--protein-cysteine
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methyltransferase (MGMT), a DNA-repair protein involved in defense against mutagenesis
and alkylating agents — has been associated with good prognosis in patients with advanced
CRC tumours after adjuvant 5-FU treatment and with improved response to preoperative
chemoradiotherapy in patients with advanced rectal cancers (particularly to
decarbazine)141-144 (Supplementary Table 5). These tumour-suppressor genes, together with
MLH1, are commonly included in gene panels for CIMP testing®®.

Hypermethylation of the promoter region of the gene encoding the transcription factor AP-2
epsilon (7FAPZE) has been associated with improved clinical outcomes in terms of relapse-
free survival and overall survival in patients with stage Il or 111 CRC treated with adjuvant
chemotherapy14® (Supplementary Table 5). Hypermethylation of this gene has also been
reported to be associated with chemoresistance in CRC146. However, to date, these results
have not been confirmed in subsequent validation studies, and the usefulness of 7TFAPZE
hypermethylation for predicting response to 5-FU in CRC has been questioned following
attempts to validate the previous data in two large, uniformly treated and well characterized
CRC cohorts (including a total of 783 patients)4’.

Furthermore, in the past few years, HPPI and HLTFhave emerged as two of the most
promising non-invasive methylation biomarkers for disease monitoring in patients with CRC
(Supplementary Table 5). Indeed, HPPI and HLTF methylation status has been associated
with advanced disease stages (111 and 1V), tumour aggressiveness, poor survival and tumour
recurrence, both in blood112:148-152 anq stool111.153, Moreover, HPPI methylation levels in
cfDNA could be used to identify patients with metastatic CRC who might respond to the
combination of chemotherapy with bevacizumab early after the start of treatment148,

In summary, DNA methylation biomarkers have been broadly associated with prognosis and
survival in unselected cohorts, but evidence on their usefulness in specific clinical settings,
which could change current treatment strategies, is still very limited. However, we believe
that the biomarkers presented herein are worthy of further evaluation in prospective studies
owing to the very promising preliminary data on their utility.

Histone modifications

Although histone modifications have been studied less than DNA methylation for their
potential as biomarkers, aberrant patterns of histone marks are well established to have a
central role in cancer pathogenesis. Reasons for the lower appeal of histone modifications as
biomarkers include the technical limitations associated with their use as quantitative analytes
(as most methods used, such as immunofluorescence or chromatin immunoprecipitation, do
not allow high-throughput analysis) and their lack of specificity for different cancers.
Nonetheless, a number of histone modifications with potential clinical utility as diagnostic
and prognostic biomarkers have been identified in CRC (Supplementary Table 6).

With respect to their diagnostic potential, methylation of lysine 9 on H3 (H3KO9) is higher in
CRC and in adenomas than in normal colonic mucosa, and acetylation of H3K27 and
H4K12 is markedly increased in CRC compared with the normal mucosal54-1%6, In an
attempt to identify non-invasive biomarkers, some studies have demonstrated the potential of
histone modifications in circulating nucleosomes as diagnostic biomarkers for CRC, which
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was mostly attributed to their stability in the circulation. Indeed, reduced levels of H3K9
trimethylation (H3K9me3) and H4K20me3 marks in circulating nucleosomes (determined
using chromatin immunoprecipitation) were observed in patients with CRC compared with
healthy control individuals!57-158, However, these data are preliminary and further studies
are required to determine the feasibility of this novel approach.

In addition, histone acetylation and methylation status has been mainly studied in the context
of CRC progression and patient survival. In this sense, expression patterns of some of the
histone methylation markers (for example, H3K4, H3K9 and H3K27 methylation status)
have been shown to be associated with various clinicopathological features (such as TNM
stage and lymph node metastasis); for instance, H3K4 dimethylation (H3K4me2) and
H3K9me3 marks have been shown to be independent prognostic markers for metachronous
liver metastasis159.160,

The combination of different histone modifications can potentially enhance their prognostic
relevance. An elegant study showed that low nuclear expression of H3K4me3 marks and
high nuclear expression of H3K9 methylation (H3K9me) and H4K20me3 marks were
associated with improved prognosis, with a hazard ratio (HR) for disease-free survival
(DFS) of 3.81 (95% CI 1.72-8.45), a HR for locoregional recurrence-free survival of 2.86
(95% CI 1.59-5.13) and a HR for distant-recurrence-free survival of 2.94 (95% CI 1.66—
5.22)161, Another study showed that the combination of high nuclear HDAC expression
(SIRT1, HDAC1 and HDAC?2) with high expression of either H3K56 acetylation
(H3K56Ac) or HAK16Ac marks also has clinical prognostic value, with a corresponding HR
for overall survival of 0.82 and 0.86, respectively, and a HR for distant-recurrence-free
survival of 0.77 and 0.79, respectively162,

Regarding histone-associated proteins, the polycomb-group proteins have been studied the
most for their biomarker potential. Indeed, high expression of histone-lysine N-
methyltransferase EZH2 and Polycomb protein SUZ12 — which are both part of Polycomb
Repressive Complex 2 (PRC2) - and Polycomb complex protein BMI-1 in association with
expression of H3K27me3 marks has been correlated with improved prognosis in patients
with CRC163,

Non-coding RNAs

Given the multiple studies on ncRNAs, miRNAs and IncRNAs are undoubtedly the rising
stars on the horizon as future biomarkers for diagnosis, prognostication and response
prediction in CRC. However, in contrast to methylation biomarkers, the commercialization
and implementation of ncRNA biomarkers into clinical practice still requires large-scale
validation studies.

miRNAs.—The potential of miRNASs as biomarker candidates lies in their small size, their
limited numbers (relative to protein-coding genes) and their stability in a variety of
biological specimens such as tissue, blood and stool*%-164, |n addition, the availability of a
variety of routine laboratory techniques that enable their identification and quantification
(such as microarrays and quantitative reverse transcription PCR (RT-gPCRY)) in virtually all
specimen types makes miRNAs attractive biomarker candidates. In the past decade, the
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number of studies investigating miRNAs in CRC has increased exponentially, with efforts
focusing on evaluating their potential as biomarkers being particularly on the rise. Despite
this enthusiasm, only a few well-designed studies have been conducted with large patient
cohorts, precisely defined patient populations and independent validation cohorts. For a
limited number of miRNAs, for example miR-21165 miR-224166 miR-106a187, miR-29a168
and miR-92a169, the first meta-analyses are now available. However, none of these
biomarkers have met the key requisites for adoption in the clinical setting at the present
time, such as cohorts of >1,000 individuals, inclusion of prospective studies and comparison
with established screening or diagnostic methods. Nonetheless, a number of potential
miRNA biomarkers have been identified in CRC (Supplementary Table 7-10).

Using a unique approach involving small-RNA sequencing in 48 pairs of frozen CRC tissues
and 10 different CRC cell lines, Sun and colleagues’? identified miR-21, miR-143,
miR-148a, miR-194, miR-192, miR-200b, miR-200c, miR-10b, miR-26a and miR-145 as
the top 10 differentially dysregulated miRNAs in CRC; miR-21 and miR-143 were the two
most abundantly expressed and had key pathophysiological roles in this malignancy.
Following our comprehensive literature research on this topic (Supplementary Box 1), which
included studies that collectively analysed 15,839 CRC specimens and 453 colorectal
adenomas, we noted that six of these miRNAs are highly relevant for biomarker research —
miR-21, miR-143, miR-145, miR-194 and the miR-200 family (miR-200b and miR--200c)
(Supplementary Tables 7-10).

Our research also identified upregulated miR-21 expression as perhaps the most promising
biomarker for diagnosis, prognostication and predicting treatment response in CRC
(Supplementary Table 7-10). For diagnostic purposes, miR-21 has demonstrated a high
sensitivity and specificity in both blood and stool, although results from stool samples show
a higher degree of variability. In a meta-analysis of 16 studies conducted between 2010 and
2014 that included >1,000 patients, the overall sensitivity and specificity of miR-21 for the
early detection of CRC was 64% and 85%165, respectively, with a 2017 study reporting an
even greater sensitivity of 86%, although at the cost of a lower specificity of 73%/1. For the
diagnosis of colorectal adenomas, miR-21 expression in blood showed a sensitivity and
specificity of up to 80%172. miR-21 also seems to be a good biomarker for prognosis and
survival in both tissue and blood samples65.173, Additionally, miR-21 is the most frequently
reported miRNA predictive biomarker for response to treatment in at least three different
clinical settings, including response to neoadjuvant chemoradiotherapy in advanced rectal

cancer and response to both neoadjuvant and to adjuvant chemotherapy in advanced
CRC174_176.

Upregulated expression of miR-92a possesses a good discriminatory power for identifying
patients with CRC over healthy control individuals using both blood and stool samples, with
area under the ROC curve (AUC) values of up to 89% and 78%, respectivelyl77:178
(Supplementary Table 7); however, the inter-study disparity in sensitivity and specificity data
is higher for miR-92a than for miR-21 (Supplementary Table 7). The sensitivity of miR-92a
for detection of adenomas is higher in blood than in stool samples, and is markedly high for
discrimination of patients with advanced adenomas, but specificities were high (>70%) for
both adenomas and advanced adenomas’®. Upregulation of miR-92a was also associated
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with shorter overall survival in at least two studies in both tissue and blood, illustrating its

prognostic potentiall89-181 (Supplementary Table 9). This miRNA has also been found to be
downregulated after chemotherapy (5-FU and oxaliplatin), but, to the best of our knowledge,
miR-92a has not been studied as a predictive biomarker for therapeutic response in CRC182,

In general, sample sizes from studies focusing on miRNA biomarkers for diagnosis of CRC
range from 50 to 200 individuals, and are lower for diagnosis of adenomas (/7=30-50).
Although some of the observed differences in the sensitivities and specificities between
studies might be due to varying sample sizes, a clear relationship between sample size and
test performance does not seem to exist. For example, using miR-21 in blood for diagnosis
of CRC, four studies with sample sizes of 49, 50, 101 and 200 individuals showed
sensitivities of 76%, 90%, 61% and 65%, respectively183-186 Thus, the underlying disease
heterogeneity in the study populations probably has a more important role than sample size
alone in explaining these disparities. Regardless, even among studies with comparable
samples sizes, the majority of studies lack detailed information on their CRC population,
such as tumour stage, grade and location. For these reasons, the comparison and conclusive
interpretation of results across different studies is challenging. Although some studies have
reported a correlation between miRNA expression and tumour stage, we are not aware of a
single well-designed study reporting that a specific miRNA has a better diagnostic accuracy
for early versus advanced stages of CRC.

A panel of two or more miRNAs has been suggested as potentially a more accurate and
robust diagnostic approach than using a single miRNA biomarker (Supplementary Table 8).
However, the additional accuracy of combining multiple miRNAs in a diagnostic panel has
shown conflicting results, primarily due the fact that most studies were conducted in
relatively small patient cohorts (7<100). For example, for the non-invasive diagnosis of CRC
using blood samples, miR-21 and miR-92a in some studies reached sensitivities of up to
90% and 89%, respectively, and specificities of up 90 and 96%, respectively, whereas a
combination panel of these two biomarkers in another cohort only yielded a sensitivity of
68% and a specificity of 91%86. By contrast, a 2018 study by Liu and colleagues!8’
reported an excellent performance of a serum-based four-miRNA panel (miR-21, miR-29a,
miR-92a and miR-125b) to diagnose CRC, with an AUC of 0.95, a sensitivity of 85% and a
specificity of 99%. However, this study included only 85 patients and lacked an independent
validation cohort. For diagnostic purposes, another two-miRNA panel (miR-223 and
miR-92a) analyzed in blood specimens from a cohort of >200 patients showed a good
diagnostic accuracy with a sensitivity of 97%, specificity of 75% and an AUC of 0.91 for
detection of CRC188, Similarly, in a 2019 study with almost 300 individuals, a plasma-based
six-miRNA panel (miR-19a, miR-19b, miR-15b, miR-29a, miR-335 and miR-18a)
accurately differentiated healthy control individuals from patients with advanced colorectal
neoplasms (CRC and advanced adenomas), with an AUC of 0.92 and a sensitivity and
specificity of 85% and 90%, respectively189,

Data is much more limited for studies investigating biomarker panels that focused on other
aspects, such as adenoma detection, early disease relapse, survival and treatment response. A
four-miRNA panel (miR-19a-3p, miR-223-3p, miR-92a-3p and miR-422a) in serum
samples successfully distinguished patients with adenomas from those with CRC, with an
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AUC of 0.871%0, Another two-miRNA panel (miR-29a and miR-92a) achieved similar
results with an AUC, sensitivity and specificity of 0.77%, 73% and 80%, respectively191.

Finally, miR-31, as well as miR-143 and miR-145 (which are usually co-expressed), have
been reported as good biomarkers in tissue for prediction of response to different treatments,
whereas plasma-based miR-106a was reported to be predictive of response to adjuvant
chemotherapy in metastatic CRC192 (Supplementary Table 10; detailed information on these
miRNAs as well as on our Top 10 candidates are given in Supplementary Tables 7-10).

LncRNAs.—Over the past few years, IncRNAs have increasingly gained interest as
biomarkers in CRC. In contrast to miRNAs, the precise number of functional IncCRNAs
remains unclear, primarily for two reasons. First, discovery of new IncRNAs is still ongoing,
and second, the number of IncRNAs with relevant functions in cellular physiology remains
unclear given that their functions are not fully understood. For these reasons, various online
databases exhibit a great degree of disparity in the number of IncRNAs in humans. One of
the first such databases, deepBase, was launched in 2010 and currently lists ~14,400
IncRNA transcripts, whereas NONCODE, which launched in 2016, has >170,000
annotations in version 5.0. NONCODE also provides an option to query IncRNAs related to
specific diseases.

To date, 47 different IncRNAs specifically related to CRC have been listed in the
NONCODE database, while our PubMed search retrieved 116 different CRC-related
IncRNAs (but only one single publication exists for most of them). According to our
literature research, most of the CRC-related InNcRNAs are upregulated and seem to function
as miRNA sponges (at least those with already known functions). We have created a list of
the Top Ten candidate IncRNAs for CRC (for Review Criteria see Supplementary Box 1;
detailed information on IncRNA candidates is given in Supplementary Table 11).

Although tissue-derived INcRNA has been the primary analyte in the studies, a few studies
have also analyzed blood-derived IncRNAs to demonstrate their potential as non-invasive
biomarkers. One such IncRNA analyzed in both serum and tissue is HOTA/R, which was
found to be upregulated in early stages of CRC development and was also associated with
TNM stage and patient survivall®3:194 Similarly, upregulation of colon cancer associated
transcript 1 (CCATI) in both tumour tissue and blood also seems to be an early event in
colorectal carcinogenesis and was also associated with TNM stage and both overall survival
and recurrence-free survivall®-198 CCATI has also been studied in two dual INcRNA
panels. The combination of upregulated HOTA/R and CCAT1 expression showed a higher
sensitivity and specificity for the diagnosis of CRC in plasma samples than HOTAIR or
CCAT1 alonel®3, In combination with upregulation of CCAT2, another oncogenic INcRNA
that blocks miR-145 export to the cytoplasm, CCATI overexpression in tissue specimens
predicted poor overall survival and progression-free survival, which was confirmed in an
independent validation cohort1%,

In addition, INcRNAs can, albeit infrequently, function as tumour suppressors. Such is the
case with growth arrest specific 5 (GAS5), which was found to be downregulated in human
CRC tissues compared to tumour-adjacent normal tissues9°. Low levels of GAS5were
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positively correlated with large tumour size, advanced TNM stage and poor overall survival.
In the same study, overexpression of GAS5 (achieved through transfection) in CRC cell lines
confirmed its inhibitory effect on tumour growth1%°. Moreover, in another functional study,
knockdown of GAS5in CRC cell lines led to increased expression of vascular endothelial
growth factor (VEGF), which promotes neoangiogenesis and tumour survival?%, a finding
that could be relevant for the treatment with VEGF-targeted agents such as bevacizumab.

Despite the somewhat promising early results, research on IncRNAs still focuses mostly on
discovery and functional aspects, and studies exploring their biomarker potential in large
patient cohorts are still elusive. For more details on studies with our top 10 IncRNA
candidates for CRC, see Supplementary Table 11.

Epigenetic therapy

Research on epigenetic alterations in cancer, has not only provided attractive biomarker
candidates but has also opened the door for the development of new anticancer drugs, the so-
called epigenetic modifiers. Unlike genetic alterations, which are irreversible and, therefore,
challenging from a therapeutic standpoint, epigenetic alterations are essentially reversible,
making them attractive therapeutic targets. An increasing number of epigenetic modifiers,
which can be grouped into different classes on the basis of their mode of action, have been
developed, some of which have received FDA approval for treatment of various diseases, not
including CRC (Supplementary Table 12)291, These epigenetic modifying drugs include
inhibitors of enzymes involved in DNA methylation (such as DNMTs and HDACs) and
histone modification (such as HMTs and HDMs), as well as agents that therapeutically
modulate miRNA expression, some of which have been tested preclinically or in early-phase
clinical trials in CRC. Intriguingly, even some dietary supplements and their metabolites
have been known for many years to protect against CRC, and have regained research interest
in specific scenarios because of their ability to function as epigenetic modifiers. For
example, phenyl-butyrate — a short-chain fatty acid and a fermentation product of dietary
fibre — is a known HDAC inhibitor and has been shown to enhance the efficacy of cytotoxic
drugs (paclitaxel and doxorubicin) in combination with 13-¢/s-retinoic acid in vitro and in
vivo, probably due to a concomitant cell cycle arrest at the G1-S checkpoint292,

Notably, all clinical studies evaluating epigenetic therapies in CRC have been tested in
patients with very advanced stages of disease, in whom other treatments have failed.
However, advanced tumours, are by definition more heterogeneous and have accumulated
over time not only more epigenetic alterations but also a high load of genetic mutations,
leading unsurprisingly to a low efficacy of epigenetic modifiers, if used alone and at late
stages. Thus, their use as adjuvant treatment might be more effective at earlier stages of
cancer, not only because epigenetic alterations manifest as early events during
carcinogenesis, but also because the burden of genomic alterations is lower203, In this setting
it, is also likely that the treatment needs to be prolonged, because the reprogramming of the
cells needs time and is probably not stable after treatment cessation. On the other hand,
another potential application of epigenetic modifiers is in advanced stage disease, although
they would need to be combined with cytotoxic drugs. At least hypothetically, epigenetic
therapies can reprogram tumour cells to re-sensitive them to radiotherapy, cytotoxic therapy
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or immunotherapy2%3; herein lies the potential to reduce the doses of cytotoxic drugs,
therefore improving patient tolerability.

DNMT and HDAC inhibitors

Epigenetic modifiers, when used in combination with other therapeutic agents, have
demonstrated very promising synergistic effects in preclinical studies. Indeed, the DNMT
inhibitors 5-azacitidine, decitabine and zebularine have been demonstrated to function
synergistically with classical cytotoxic drugs such as 5-FU, irinotecan or oxaliplatin in CRC
cell lines294.205 In a phase I/11 clinical trial in patients with refractory CIMP-high metastatic
CRC, 5-azacitidine combined with CAPOX (capecitabine and oxaliplatin) was very well
tolerated with high rates of stable disease, although no objective responses were reported2%6,
Similarly, vorinostat and belinostat, two HDAC inhibitors, exhibited synergistic effects in
combination with FOLFOX or FOLFIRI (combined administration of folinic acid, 5-
fluorouracil and irinotecan) in a preclinical study2°?, and vorinostat was shown to be safe in
combination with 5-FU and folinic acid in a phase I/1l trial in patients with refractory
metastatic CRC, but the efficacy was very limited (only 1 of 15 patients showed a partial
response, and 8 of 15 had disease stabilization)2%8. In addition, the DNMT inhibitor
decitabine was shown to, at least partially, restore sensitivity to 5-FU in nude mice bearing
5-FU-resistant CRC tumours2%9, and the second-generation HDAC inhibitor panobinostat
was also shown to lower 5-FU resistance in colon cancer cells, illustrating a potential role
for these agents as chemo-sensitizers?10, Emerging preclinical evidence also suggests that
epigenetic modifiers might have synergistic activity when combined with other anti-cancer
drugs such as epidermal growth factor receptor (EGFR) inhibitors, BRAF inhibitors and
proteasome inhibitors211-214,

Another potential application of epigenetic modifiers might be as enhancers or sensitizers
for other anti-cancer therapeutic strategies, such as immunotherapy or radiotherapy. Indeed,
the HDAC inhibitor trichostatin A (TSA) was reported to enhance the radiosensitivity of two
colon cancer cell lines?15. Regarding immunotherapy, epigenetic modifiers have been
hypothesized to reverse tumour immune escape or enhance the efficacy of immune
checkpoint inhibitors, including the anti-programmed cell death 1 (PD-1) antibody
pembrolizumab or the anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) antibody
ipilimumab291.216_|n fact, in a preclinical study using the syngeneic CT26 colorectal
tumour-bearing mouse model, low-dose decitabine treatment led to promoter demethylation
of many genes involved in antigen processing and presentation, and enhanced the anti-
tumour activity of an anti-PD-1 agent?l7. The authors hypothesized that this combination
therapy could be beneficial for patients with MSI-low (MSI-L) or microsatellite-stable
(MSS) CRC, who respond poorly to IClI monotherapy. Preliminary results from a phase 1l
trial evaluating pembrolizumab in combination with 5-azacitidine for treatment of chemo-
refractory metastatic CRC?18 revealed an objective response rate of 3% (1 of 30 patients;
95% CI 1-17%) and a median progression-free survival of 2.1 months (95% CI 1.8-2.8
months); however, serious adverse effects were observed in thirteen patients (43%)219. An
ongoing phase I study, which is still recruiting patients, is testing the same drug combination
in one of its arms in order to decipher optimal dosages22%, whereas another ongoing phase
Ib/11 study is recruiting patients to assess the safety and tolerability of pembrolizumab
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combined with the second-generation HDAC inhibitor entinostat in a dose-expansion cohort
of patients with MMR-proficient CRC22L,

However, the majority of CRC tumours have a low immunogenicity and often use different
mechanisms to evade the immune response. C-X-C motif chemokine 12 (CXCL12; also
known as SDF-1) is a chemokine that is strongly chemotactic for lymphocytes and is often
downregulated in MSS CRCs. In three colon cancer cell lines and in a colon cancer
xenograft mouse model, treatment with valproic acid — a known HDAC inhibitor —
increased the acetylation of H3 in the promoter of CXCL12 and restored CXCL12
expression, which was associated with decreased migration in vitro and reduced tumour
growth in vivo222,

Despite the progress and promising results from preclinical studies, the outcomes — in
terms of objective response rates, survival and tolerability — in clinical trials evaluating
epigenetic modifiers are still disappointing, and a clear clinical benefit is not evident, at least
for single epigenetic modifying drugs. Some epigenetic modifiers, such as 5-azacitidine,
have a dual efficacy profile, whereby they have more prominent epigenetic efficacy at lower
doses and more cytotoxic effects at higher doses. Many clinical trials evaluating epigenetic
modifiers have been terminated early owing to severe adverse effects or to problems with
reducing the effective dose to safe levels. The generalized toxicity with some of these drugs
is probably due to both a lack of selectivity for cancer cells and a lack of selectivity for gene
promoters with aberrant epigenetic modifications. Thus, DNMT inhibitors, for example, not
only restore the normal hypo-methylated state of tumour-suppressor gene promoters, but at
the same time erroneously diminish the methylation status of normally hyper-methylated
regions36:201,

HMT and HDM inhibitors

DNMTs and HDACs are only two of the several classes of enzymes that regulate gene
expression and that can be manipulated pharmacologically. In addition to DNA methylation,
specific patterns of histone methylation have also been associated with colorectal neoplasia,
but the effects of their pharmacological manipulation with HMT inhibitors or HDM
inhibitors are even more difficult to predict because such effects depend not only on the
genes involved, but also on the specific histone methylation status. Histone lysine
methylation, for example, can either enhance or repress gene expression depending on which
lysine residue of a specific histone is methylated201.

The first identified HDM, lysine-specific histone demethylase 1 (LSD1; also known as
KDM1A), which specifically demethylates H3K4 and H3K9, was found to be overexpressed
in CRC and to promote cancer progression by activating the WNT-B-catenin pathway?23. In
HCT116 colon cancer cells, treatment with CBB1003, an LSD1 inhibitor, reduced tumour
cell growth and colony formation in a dose-dependent manner24, In another experiment,
treatment with a pan-HDM inhibitor simultaneously targeting Jumonji C and lysine-specific
demethylases induced cancer-specific growth inhibition in HCT116 cells, whereas the same
treatment did not induce this effect in noncancerous mesenchymal cells in a separate culture,
suggesting cancer-cell-selective induction of apoptotis?2°. To the best of our knowledge, no
ongoing clinical trials are evaluating the therapeutic potential of HMT inhibitors in CRC.
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Targeting miRNAs

Owing to their substantial role in CRC pathogenesis and disease progression, miRNAs have
been proposed as potentially attractive therapeutic targets. At least hypothetically, two
fundamental treatment approaches exist, including the therapeutic replacement of
downregulated ts-miRs using miR-mimics or the inhibition of upregulated onco-miRs.
Regarding treatment with miR-mimics, Akao and colleagues’3 proved the feasibility of this
concept in a human DLD-1 CRC xenograft mouse model, in which they demonstrated a
tumour growth inhibitory effect after both intratumoural and intravenous injection of
miR-143-liposome complexes (miR-143 is a well described tumour-suppressor miRNA in
CRC). Despite the preclinical evidence, to the best of our knowledge, no clinical trials are
currently evaluating miR-mimics specifically in CRC. However, a liposomal miR-34a mimic
was investigated in 47 patients with advanced solid tumours, three of whom had CRC, and
showed an acceptable tolerability and preliminary evidence of anti-tumour activity in a
subset of patients (partial response in 1 and stable disease in 4 patients); one of the three
patients with CRC belonged to the group of stable disease and remained stable for 4
treatment cycles225,

Short interfering RNAs (siRNAs) derived from longer double-stranded RNAs are the
exogenous counterparts to miRNAs and have been studied as promising new anti-cancer
drugs?2”; siRNAs might also be used to antagonize onco-miRs. An important limitation of
the use of miR-mimics or siRNAs is the difficulties associated with their delivery to tumour
cells, because they are double-stranded and present heavily hydrated phosphates on the
surface of their liposome delivery vectors, which complicates their passage through
hydrophobic cell membranes and favours rapid urinary excretion228, These difficulties might
be overcome in the near future using molecular modifications and the design of vehicles that
aid specific delivery229. However, as delivery is still an issue, the development of antisense
oligonucleotides seems to be an easier approach, because they are single-stranded and pass
through the cell membrane more easily. Some preclinical studies have reported promising
results regarding the efficacy of antisense oligonucleotides in CRC, especially those
targeting miR-21, miR-31, miR-125b and miR-92; however, their clinical application is still
elusive230,

Conclusions

An improved understanding of epigenetic regulatory mechanisms, particularly cancer-
specific epigenetic alterations, will enable explorations of their future clinical applications as
biomarkers or their potential as therapeutic targets in CRC. In this Review, we described
several epigenetic biomarkers that have been studied to date, some of which have promising
potential, including methylation of VIM, SFRP2and SEPTY. However, their diagnostic
performance for early-stage CRC screening, for prognostication or predicting response to
treatment, has yet to be improved, and most of these biomarkers still lack validation in large
independent patient cohorts. In our opinion, other cancer-independent factors, such as diet
and lifestyle, should also be considered in order to take a meaningful step towards
personalized medicine. A combination of epigenetic biomarkers has been postulated to
improve performance over single biomarkers, but the evidence supporting or opposing this
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hypothesis is still sparse. Nevertheless, the first commercial assays, such as Cologuard, are
now available. Non-coding RNAs have also become a powerful field of biomarker research
and might find their way into clinical practice in the next decade. For some miRNAs, such as
miR-21, well-designed studies with independent validation cohorts, and even meta-analyses,
are now available, providing a strong basis for future studies to prove their diagnostic
accuracy in specific clinical settings. For IncRNAs, the data is much more limited, but the
first preliminary results suggest that they have strong potential as biomarkers and warrant
further exploration.

Preclinical studies have reported that epigenetic alterations are potentially reversible through
pharmacological manipulation, and the list of available epigenetic modifiers is steadily
growing. However, evidence of a clear survival benefit in patients with CRC receiving
epigenetic modifying drugs is still scarce. Furthermore, none of the available epigenetic
modifiers have entered clinical trials beyond phase 11, primarily owing to safety concerns.
Nevertheless, we believe that their real potential has not yet been systematically explored.
On the one hand, patient selection on the basis of tumour stage and (perhaps new)
biomarkers of treatment response could improve response rates. On the other hand,
combinatorial strategies with cytotoxic drugs, immunotherapy or radiotherapy should be
optimized on the basis of molecular tumour subtypes, pharmacodynamics, pharmacokinetics
and expected adverse effects in order to increase efficacy and avoid toxicity.

A huge barrier that has yet to be overcome is how to manage intratumoural heterogeneity. It
is well known that tumours do not arise from a single mutated clone, but rather develop in an
evolutionary manner and are comprised of multiple cell populations with different biological
properties?3L, This intratumoral heterogeneity is also reflected in the diversity of different
epigenetic marks and their associated pathways that are altered in cancer?32, For example,
tumour cells at the invasive front might have lost cell adhesion and polarity and have
undergone EMT, as reflected by miR-200 downregulation?33, whereas cells at the tumour
centre might induce neoangiogenesis to promote survival in the hypoxic environment, as
reflected by a completely different epigenetic landscape?34. Intratumoral heterogeneity has
also been reported to have prognostic and therapeutic implications in CRC232, Thus, single-
cell epigenetics studies will be necessary in the future to deepen our pathophysiological
understanding of this malignancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

A.G. gratefully acknowledges grant support from from the National Cancer Institute (NCI) of the NIH (CA72851,
CA184792, CA202797, CA187956 and CA214254), the Cancer Prevention Research Institute of Texas (RP140784)
and the Baylor Foundation and Baylor Scott & White Research Institute. This work was also supported by the
Instituto de Salud Carlos 111 (grant PI116/00766 to F.B) through the Plan Estatal de Investigacion Cientifica y
Técnica y de Innovacién, and was co-funded by the European Regional Development Fund (ERDF). The Centro de
Investigacion Biomédica en Red de Enfermedades Hepaticas y Digestivas (CIBEREHD) is funded by the Instituto
de Salud Carlos Il1. Part of this work was also co-funded by the Hospital Clinic’s Premi Fi de Residencia (G.J.).

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 24

Bray F et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin 68, 394-424 (2018). [PubMed:
30207593]

. ECIS - European Cancer Information System From https://ecis.jrc.ec.europa.eu, accessed on

13/08/2019.

. Siegel RL, Miller KD & Jemal A Cancer statistics of American 2019. CA. Cancer J. Clin 69, 7-34

(2019). [PubMed: 30620402]

. Goel A & Boland CR Epigenetics of colorectal cancer. Gastroenterology 143, 1442-1460.e1 (2012).

[PubMed: 23000599]

. Dienstmann R et al. Consensus molecular subtypes and the evolution of precision medicine in

colorectal cancer. Nat. Rev. Cancer 17, 79-92 (2017). [PubMed: 28050011]

. Herman JG et al. Incidence and functional consequences of hMLH1 promoter hypermethylation in

colorectal carcinoma. Proc. Natl. Acad. Sci. U. S. A 95, 6870-5 (1998). [PubMed: 9618505]

. Suter CM, Martin DI & Ward RL Hypomethylation of L1 retrotransposons in colorectal cancer and

adjacent normal tissue. Int. J. Colorectal Dis 19, 95-101 (2004). [PubMed: 14534800]

. Strubberg AM & Madison BB MicroRNAs in the etiology of colorectal cancer: pathways and

clinical implications. Dis Model Mech 10, 197-214 (2017). [PubMed: 28250048]

. Chen X et al. Role of miR-143 targeting KRAS in colorectal tumorigenesis. Oncogene 28, 1385-92

(2009). [PubMed: 19137007]

. Kanai Y & Hirohashi S Alterations of DNA methylation associated with abnormalities of DNA
methyltransferases in human cancers during transition from a precancerous to a malignant state.
Carcinogenesis 28, 2434-42 (2007). [PubMed: 17893234]

Gardiner-Garden M & Frommer M CpG islands in vertebrate genomes. J. Mol. Biol 196, 261-282
(1987). [PubMed: 3656447]

Ng J & Yu J Promoter Hypermethylation of Tumour Suppressor Genes as Potential Biomarkers in
Colorectal Cancer. Int. J. Mol. Sci 16, 2472-2496 (2015). [PubMed: 25622259]

Lao VV & Grady WM Epigenetics and colorectal cancer. Nat. Rev. Gastroenterol. Hepatol 8, 686—
700 (2011). [PubMed: 22009203]

Okugawa Y, Grady WM & Goel A Epigenetic Alterations in Colorectal Cancer: Emerging
Biomarkers. Gastroenterology 149, 1204-1225e12 (2015). [PubMed: 26216839]

Bihl MP, Foerster A, Lugli A & Zlobec | Characterization of CDKN2A(p16) methylation and
impact in colorectal cancer: systematic analysis using pyrosequencing. J. Transl. Med 10, 173
(2012). [PubMed: 22925370]

Esteller M et al. K-ras and p16 aberrations confer poor prognosis in human colorectal cancer. J.
Clin. Oncol 19, 299-304 (2001). [PubMed: 11208819]

Esteller M et al. Hypermethylation-associated inactivation of p14(ARF) is independent of
p16(INK4a) methylation and p53 mutational status. Cancer Res. 60, 129-33 (2000). [PubMed:
10646864]

JM C et al. Hypermethylation of the hMLH1 promoter in colon cancer with microsatellite
instability. Cancer Res. 58, 3455-3460 (1998). [PubMed: 9699680]

Liang T-J et al. APC hypermethylation for early diagnosis of colorectal cancer: a meta-analysis and
literature review. Oncotarget 8, 46468-46479 (2017). [PubMed: 28515349]

Yang X et al. Gene Body Methylation Can Alter Gene Expression and Is a Therapeutic Target in
Cancer. Cancer Cell 26, 577-590 (2014). [PubMed: 25263941]

Sunami E, de Maat M, Vu A, Turner RR & Hoon DSB LINE-1 hypomethylation during primary
colon cancer progression. PLoS One 6, €18884 (2011). [PubMed: 21533144]

Nagai Y et al. LINE-1 hypomethylation status of circulating cell-free DNA in plasma as a
biomarker for colorectal cancer. Oncotarget 8, 11906-11916 (2017). [PubMed: 28060757]

Hur K et al. Hypomethylation of long interspersed nuclear element-1 (LINE-1) leads to activation
of proto-oncogenes in human colorectal cancer metastasis. Gut 63, 635-646 (2014). [PubMed:
23704319]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.


https://ecis.jrc.ec.europa.eu

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 25

Milicic A et al. Ectopic expression of P-cadherin correlates with promoter hypomethylation early
in colorectal carcinogenesis and enhanced intestinal crypt fission in vivo. Cancer Res. 68, 7760-
7768 (2008). [PubMed: 18829530]

Pérez RF, Tejedor JR, Bayon GF, Fernandez AF & Fraga MF Distinct chromatin signatures of
DNA hypomethylation in aging and cancer. Aging Cell 17, e12744 (2018). [PubMed: 29504244]
Baba Y et al. Hypomethylation of the IGF2 DMR in colorectal tumors, detected by bisulfite
pyrosequencing, is associated with poor prognosis. Gastroenterology 139, 1855-64 (2010).
[PubMed: 20682317]

Luo J, Li Y-N, Wang F, Zhang W-M & Geng X S-adenosylmethionine inhibits the growth of cancer
cells by reversing the hypomethylation status of c-myc and H-ras in human gastric cancer and
colon cancer. Int. J. Biol. Sci 6, 784-95 (2010). [PubMed: 21152119]

Antelo M et al. A high degree of LINE-1 hypomethylation is a unique feature of early-onset
colorectal cancer. PLoS One 7, 45357 (2012). [PubMed: 23049789]

Baba Y et al. Long Interspersed Element-1 Methylation Level as a Prognostic Biomarker in
Gastrointestinal Cancers. in Digestion 97, 26-30 (2018). [PubMed: 29393154]

Ogino S et al. LINE-1 hypomethylation is inversely associated with microsatellite instability and
CpG island methylator phenotype in colorectal cancer. Int. J. Cancer 122, 2767-2773 (2008).
[PubMed: 18366060]

Chi P, Allis CD & Wang GG Covalent histone modifications-miswritten, misinterpreted and mis-
erased in human cancers. Nature Reviews Cancer 10, 457-469 (2010). [PubMed: 20574448]
Hanigan CL et al. An Inactivating Mutation in HDAC2 Leads to Dysregulation of Apoptosis
Mediated by APAF1. Gastroenterology 135, 1654-1664.e2 (2008). [PubMed: 18834886]
Gargalionis AN, Piperi C, Adamopoulos C & Papavassiliou AG Histone modifications as a
pathogenic mechanism of colorectal tumorigenesis. Int. J. Biochem. Cell Biol 44, 1276-1289
(2012). [PubMed: 22583735]

Struhl K Histone acetylation and transcriptional regulatory mechanisms. Genes Dev. 12, 599-606
(1998). [PubMed: 9499396]

Audia JE & Campbell RM Histone Modifications and Cancer. Cold Spring Harb. Perspect. Biol 8,
a019521 (2016). [PubMed: 27037415]

Vaish V, Khare T, Verma M & Khare S Epigenetic Therapy for Colorectal Cancer. in Methods in
molecular biology (Clifton, N.J.) 1238, 771-78210.1002/ijc.26484 2. Oh T, Kim N, Moon Y, et al.
Genome-wide iden, 2015).

Huang T et al. Targeting histone methylation for colorectal cancer. Therap. Adv. Gastroenterol 10,
114-131 (2017).

Salz T et al. hSETD1A regulates Wnt target genes and controls tumor growth of colorectal cancer
cells. Cancer Res. 74, 775-86 (2014). [PubMed: 24247718]

Greer EL & Shi Y Histone methylation: a dynamic mark in health, disease and inheritance. Nat.
Rev. Genet 13, 343-57 (2012). [PubMed: 22473383]

Esteller M Non-coding RNASs in human disease. Nat. Rev. Genet 12, 861-874 (2011). [PubMed:
22094949]

Kita Y et al. Noncoding RNA and colorectal cancer: Its epigenetic role. J. Hum. Genet 62, 41-47
(2017). [PubMed: 27278790]

Hombach S & Kretz M Non-coding RNAs: Classification, Biology and Functioning. Adv. Exp.
Med. Biol 937, 3-17 (2016). [PubMed: 27573892]

Croce CM Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet 10,
704-714 (2009). [PubMed: 19763153]

Lujambio A et al. A microRNA DNA methylation signhature for human cancer metastasis. Proc.
Natl. Acad. Sci. U. S. A 105, 13556-61 (2008). [PubMed: 18768788]

Ma'Y et al. Candidate microRNA biomarkers in human colorectal cancer: systematic review
profiling studies and experimental validation. Int. J. cancer 130, 2077-87 (2012). [PubMed:
21671476]

A.A.S,D.M. E &FJ. S OncomiR or tumor suppressor? The duplicity of MicroRNAs in cancer.
Cancer Res. 76, 3666-3670 (2016). [PubMed: 27325641]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 26

Guttman M & Rinn JL Modular regulatory principles of large non-coding RNAs. Nature 482, 339—
346 (2012). [PubMed: 22337053]

Yang Y, Du Y, Liu X & Cho WC Involvement of Non-coding RNAs in the Signaling Pathways of
Colorectal Cancer. Adv. Exp. Med. Biol 937, 19-51 (2016). [PubMed: 27573893]

Luo J et al. Long non-coding RNAs: a rising biotarget in colorectal cancer. Oncotarget 8, 22187—
22202 (2017). [PubMed: 28108736]

Kogo R et al. Long noncoding RNA HOTAIR regulates polycomb-dependent chromatin
modification and is associated with poor prognosis in colorectal cancers. Cancer Res. 71, 6320-6
(2011). [PubMed: 21862635]

Luo Z-F et al. Clinical significance of HOTAIR expression in colon cancer. World J. Gastroenterol
22,5254-9 (2016). [PubMed: 27298568]

WU Z-H et al. Long non-coding RNA HOTAIR is a powerful predictor of metastasis and poor
prognosis and is associated with epithelial-mesenchymal transition in colon cancer. Oncol. Rep 32,
395-402 (2014). [PubMed: 24840737]

Schwarzenbach H Biological and Clinical Relevance of H19 in Colorectal Cancer Patients.
EBioMedicine 13, 9-10 (2016). [PubMed: 27840010]

Bai J et al. Integrating analysis reveals microRNA-mediated pathway crosstalk among Crohn’s
disease, ulcerative colitis and colorectal cancer. Mol Biosyst 10, 2317-2328 (2014). [PubMed:
24949825]

Goel A et al. Characterization of sporadic colon cancer by patterns of genomic instability. Cancer
Res. 63, 1608-14 (2003). [PubMed: 12670912]

Geigl JB, Obenauf AC, Schwarzbraun T & Speicher MR Defining ‘chromosomal instability’.
Trends Genet. 24, 64-9 (2008). [PubMed: 18192061]

Fearon ER & Vogelstein B A genetic model for colorectal tumorigenesis. Cell 61, 759-67 (1990).
[PubMed: 2188735]

Lynch HT, Lynch JF, Lynch PM & Attard T Hereditary colorectal cancer syndromes: molecular
genetics, genetic counseling, diagnosis and management. Fam. Cancer 7, 27-39 (2008). [PubMed:
17999161]

Boland CR & Goel A Microsatellite Instability in Colorectal Cancer. Gastroenterology 138, 2073—
2087.e3 (2010). [PubMed: 20420947]

Pussila M et al. MIh1 deficiency in normal mouse colon mucosa associates with chromosomally
unstable colon cancer. Carcinogenesis 39, 788-797 (2018). [PubMed: 29701748]

Haraldsdottir S et al. Colon and endometrial cancers with mismatch repair deficiency can arise
from somatic, rather than germline, mutations. Gastroenterology 147, 1308-1316.e1 (2014).
[PubMed: 25194673]

Popat S, Hubner R & Houlston RS Systematic Review of Microsatellite Instability and Colorectal
Cancer Prognosis. J. Clin. Oncol 23, 609-618 (2005). [PubMed: 15659508]

Des Guetz G et al. Does microsatellite instability predict the efficacy of adjuvant chemotherapy in
colorectal cancer? A systematic review with meta-analysis. Eur. J. Cancer 45, 1890-1896 (2009).
[PubMed: 19427194]

Weisenberger DJ et al. CpG island methylator phenotype underlies sporadic microsatellite
instability and is tightly associated with BRAF mutation in colorectal cancer. Nat. Genet 38, 787—
93 (2006). [PubMed: 16804544]

Toyota M et al. CpG island methylator phenotype in colorectal cancer. Proc. Natl. Acad. Sci. U. S.
A 96, 8681-8686 (1999). [PubMed: 10411935]

Weisenberger DJ et al. Association of the colorectal CpG island methylator phenotype with
molecular features, risk factors, and family history. Cancer Epidemiol. Biomarkers Prev 24, 512—
519 (2015). [PubMed: 25587051]

Jia M, Gao X, Zhang Y, Hoffmeister M & Brenner H Different definitions of CpG island
methylator phenotype and outcomes of colorectal cancer: a systematic review. Clin. Epigenetics 8,
1-14 (2016). [PubMed: 26753011]

Guinney J et al. The consensus molecular subtypes of colorectal cancer. Nat. Med 21, 1350-1356
(2015). [PubMed: 26457759]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Page 27

Bilgin B, Sendur MAN, Bulent Akinci M, Sener Dede D & Yalgin B Targeting the PD-1 pathway:
a new hope for gastrointestinal cancers. Curr. Med. Res. Opin 33, 749-759 (2017). [PubMed:
28055269]

Le DT et al. PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med 372,
2509-2520 (2015). [PubMed: 26028255]

Le DT et al. Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade.
Science (80-.) 357, 409-413 (2017).

Fessler E et al. TGFp signaling directs serrated adenomas to the mesenchymal colorectal cancer
subtype. EMBO Mol. Med 8, 745-760 (2016). [PubMed: 27221051]

Akao Y et al. Role of anti-oncomirs miR-143 and —145 in human colorectal tumors. Cancer Gene
Ther 17, 398-408 (2010). [PubMed: 20094072]

Akao Y et al. Impairment of K-Ras signaling networks and increased efficacy of epidermal growth
factor receptor inhibitors by a novel synthetic miR-143. Cancer Sci. 109, 1455-1467 (2018).
[PubMed: 29498789]

Fei B, Wang X & Fang X MicroRNA-143 replenishment re-sensitizes colorectal cancer cells
harboring mutant, but not wild-type, KRAS to paclitaxel treatment. Tumor Biol. 37, 5829-5835
(2016).

Gao J et al. miR-34a-5p suppresses colorectal cancer metastasis and predicts recurrence in patients
with stage 11/111 colorectal cancer. Oncogene 34, 4142-52 (2015). [PubMed: 25362853]

Sun C et al. miR-34a mediates oxaliplatin resistance of colorectal cancer cells by inhibiting
macroautophagy via transforming growth factor-p/Smad4 pathway. World J. Gastroenterol 23,
1816-1827 (2017). [PubMed: 28348487]

Rokavec M et al. IL-6R/STAT3/miR-34a feedback loop promotes EMT-mediated colorectal cancer
invasion and metastasis. J. Clin. Invest 124, 1853-67 (2014). [PubMed: 24642471]

Aherne ST et al. Circulating miRNAs miR-34a and miR-150 associated with colorectal cancer
progression. BMC Cancer 15, 329 (2015). [PubMed: 25924769]

Hiyoshi Y et al. Increased microRNA-34b and —34c predominantly expressed in stromal tissues is
associated with poor prognosis in human colon cancer. PLoS One 10, e0124899 (2015). [PubMed:
25894979]

Wang M et al. The quantitative analysis by stem-loop real-time PCR revealed the microRNA-34a,
microRNA-155 and microRNA-200c overexpression in human colorectal cancer. Med. Oncol 29,
3113-8 (2012). [PubMed: 22562822]

Wu Y et al. MicroRNA-21 (Mir-21) Promotes Cell Growth and Invasion by Repressing Tumor
Suppressor PTEN in Colorectal Cancer. Cell. Physiol. Biochem 43, 945-958 (2017). [PubMed:
28957811]

Peacock O et al. Inflammation and MiR-21 Pathways Functionally Interact to Downregulate
PDCD4 in Colorectal Cancer. PLoS One 9, e110267 (2014). [PubMed: 25310697]

Horiuchi A, linuma H, Akahane T, Shimada R & Watanabe T Prognostic significance of PDCD4
expression and association with microRNA-21 in each Dukes’ stage of colorectal cancer patients.
Oncol. Rep 27, 1384-92 (2012). [PubMed: 22267128]

Sun D et al. MicroRNA-31 activates the RAS pathway and functions as an oncogenic MicroRNA
in human colorectal cancer by repressing RAS p21 GTPase activating protein 1 (RASAL). J Biol
Chem 288, 9508-9518 (2013). [PubMed: 23322774]

Manceau G et al. Hsa-miR-31-3p expression is linked to progression-free survival in patients with
KRAS wild-type metastatic colorectal cancer treated with anti-EGFR therapy. Clin Cancer Res 20,
3338-3347 (2014). [PubMed: 24771647]

Igarashi H et al. Association of MicroRNA-31-5p with Clinical Efficacy of Anti-EGFR Therapy in
Patients with Metastatic Colorectal Cancer. Ann Surg Oncol 22, 2640-2648 (2015). [PubMed:
25472647]

Rmali KA, Puntis MCA & Jiang WG Tumour-associated angiogenesis in human colorectal cancer.
Color. Dis 9, 3-14 (2007).

Zhang Y et al. Epigenetic silencing of miR-126 contributes to tumor invasion and angiogenesis in
colorectal cancer. Oncol Rep 30, 1976-1984 (2013). [PubMed: 23900443]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Nat Re

Page 28

Yin J et al. Differential expression of serum miR-126, miR-141 and miR-21 as novel biomarkers

for early detection of liver metastasis in colorectal cancer. Chin J Cancer Res 26, 95-103 (2014).

[PubMed: 24653631]

Liu Y et al. Low expression of microRNA-126 is associated with poor prognosis in colorectal

cancer. Genes Chromosom. Cancer 53, 358-365 (2014). [PubMed: 24532280]

Fiala O et al. The association of miR-126—3p, miR-126-5p and miR-664-3p expression profiles

with outcomes of patients with metastatic colorectal cancer treated with bevacizumab. Tumour

Biol 39, 1010428317709283 (2017). [PubMed: 28714375]

Quintero E et al. Colonoscopy versus Fecal Immunochemical Testing in Colorectal-Cancer

Screening. N. Engl. J. Med 366, 697-706 (2012). [PubMed: 22356323]

Compton CC Optimal Pathologic Staging: Defining Stage Il Disease. Clin. Cancer Res 13, 6862s—

6870s (2007). [PubMed: 18006791]

Téanzer M et al. Performance of epigenetic markers SEPT9 and ALX4 in plasma for detection of

colorectal precancerous lesions. PLoS One 5, €9061 (2010). [PubMed: 20140221]

He Q et al. Development of a multiplex MethyLight assay for the detection of multigene

methylation in human colorectal cancer. Cancer Genet. Cytogenet 202, 1-10 (2010). [PubMed:

20804913]

Wu D et al. Detection of Colorectal Cancer Using a Simplified SEPT9 Gene Methylation Assay Is

a Reliable Method for Opportunistic Screening. J. Mol. Diagn 18, 535-45 (2016). [PubMed:

27133379]

Fu B et al. Cell-Free Circulating Methylated SEPT9 for Noninvasive Diagnosis and Monitoring of

Colorectal Cancer. Dis. Markers 2018, 6437104 (2018). [PubMed: 29849824]

Lofton-Day C et al. DNA methylation biomarkers for blood-based colorectal cancer screening.

Clin. Chem 54, 414-23 (2008). [PubMed: 18089654]

. Grutzmann R et al. Sensitive detection of colorectal cancer in peripheral blood by septin 9 DNA
methylation assay. PL0oS One 3, 3759 (2008). [PubMed: 19018278]

. deVos T et al. Circulating methylated SEPT9 DNA in plasma is a biomarker for colorectal cancer.

Clin. Chem 55, 1337-46 (2009). [PubMed: 19406918]

Warren JD et al. Septin 9 methylated DNA is a sensitive and specific blood test for colorectal

cancer. BMC Med. 9, 133 (2011). [PubMed: 22168215]

Ahlquist DA et al. The stool DNA test is more accurate than the plasma septin 9 test in detecting

colorectal neoplasia. Clin. Gastroenterol. Hepatol 10, 272—7.e1 (2012). [PubMed: 22019796]

Xue M, Lai SC, Xu ZP & Wang LJ Noninvasive DNA methylation biomarkers in colorectal

cancer: A systematic review. J. Dig. Dis 16, 699-712 (2015). [PubMed: 26565661]

He N et al. The Pathological Features of Colorectal Cancer Determine the Detection Performance

on Blood ctDNA. Technol. Cancer Res. Treat 17, 1533033818791794 (2018). [PubMed:

30223720]

Song L et al. The SEPTI gene methylation assay is capable of detecting colorectal adenoma in

opportunistic screening. Epigenomics 9, 599-610 (2017). [PubMed: 28470092]

Song L, Jia J, Peng X, Xiao W & Li Y The performance of the SEPT9 gene methylation assay

and a comparison with other CRC screening tests: A meta-analysis. Sci. Rep 7, 1-12 (2017).

[PubMed: 28127051]

Bergheim J et al. Potential of quantitative SEPT9 and SHOX2 methylation in plasmatic

circulating cell-free DNA as auxiliary staging parameter in colorectal cancer: A prospective

observational cohort study. Br. J. Cancer 118, 1217-1228 (2018). [PubMed: 29610456]

Church TR et al. Prospective evaluation of methylated SEPT9 in plasma for detection of

asymptomatic colorectal cancer. Gut 63, 317-25 (2014). [PubMed: 23408352]

Li M et al. Sensitive digital quantification of DNA methylation in clinical samples. Nat.

Biotechnol 27, 858-63 (2009). [PubMed: 19684580]

Itzkowitz SH et al. Improved fecal DNA test for colorectal cancer screening. Clin. Gastroenterol.

Hepatol 5, 111-117 (2007). [PubMed: 17161655]

v Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Page 29

Baek YH et al. Stool methylation-specific polymerase chain reaction assay for the detection of
colorectal neoplasia in Korean patients. Dis. Colon Rectum 52, 1452-9; discussion 1459-63
(2009). [PubMed: 19617759]

Kisiel JB et al. Stool DNA testing for the detection of colorectal neoplasia in patients with
inflammatory bowel disease. Aliment. Pharmacol. Ther 37, 546-554 (2013). [PubMed:
23347191]

Lu H et al. DNA methylation analysis of SFRP2, GATA4/5, NDRG4 and VIM for the detection of
colorectal cancer in fecal DNA. Oncol. Lett 8, 1751-1756 (2014). [PubMed: 25202404]

Chen WD et al. Detection in fecal DNA of colon cancer-specific methylation of the nonexpressed
vimentin gene. J. Natl. Cancer Inst 97, 1124-1132 (2005). [PubMed: 16077070]

Carmona FJ et al. DNA methylation biomarkers for noninvasive diagnosis of colorectal cancer.
Cancer Prev. Res. (Phila) 6, 656-65 (2013). [PubMed: 23694962]

Ned RM, Melillo S & Marrone M Fecal DNA testing for Colorectal Cancer Screening: the
ColoSure™ test. PL0S Curr. 3, RRN1220 (2011). [PubMed: 21487548]

Tang D et al. Diagnostic and prognostic value of the methylation status of secreted frizzledrelated
protein 2 in colorectal cancer. Clin. Investig. Med 34, 88-95 (2011).

Bartak BK et al. Colorectal adenoma and cancer detection based on altered methylation pattern of
SFRP1, SFRP2, SDC2, and PRIMAL in plasma samples. Epigenetics 12, 751-763 (2017).
[PubMed: 28753106]

Park S-K et al. Is methylation analysis of SFRP2, TFPI2, NDRG4, and BMP3 promoters suitable
for colorectal cancer screening in the Korean population? Intest. Res 15, 495-501 (2017).
[PubMed: 29142517]

Gldckner SC et al. Methylation of TFPI2 in stool DNA: a potential novel biomarker for the
detection of colorectal cancer. Cancer Res. 69, 4691-9 (2009). [PubMed: 19435926]

Zhang H, Zhu Y-QQ, Wu Y-QQ, Zhang P & Qi J Detection of promoter hypermethylation of Wnt
antagonist genes in fecal samples for diagnosis of early colorectal cancer. World J Gastroenterol.
20, 6329-35 (2014). [PubMed: 24876755]

Imperiale TF et al. Multitarget stool DNA testing for colorectal-cancer screening. N. Engl. J. Med
370, 1287-97 (2014). [PubMed: 24645800]

US Preventive Services Task Force, K. et al. Screening for Colorectal Cancer: US Preventive
Services Task Force Recommendation Statement. JAMA 315, 2564-2575 (2016). [PubMed:
27304597]

van Lanschot MCJ et al. Molecular stool testing as an alternative for surveillance colonoscopy: A
cross-sectional cohort study. BMC Cancer 17, 1-8 (2017). [PubMed: 28049525]

Vasen HFA et al. Revised guidelines for the clinical management of Lynch syndrome (HNPCC):
recommendations by a group of European experts. Gut 62, 812-823 (2013). [PubMed:
23408351]

Giardiello FM et al. Guidelines on genetic evaluation and management of Lynch syndrome: a
consensus statement by the US Multi-Society Task Force on colorectal cancer. Gastroenterology
147, 502-26 (2014). [PubMed: 25043945]

Anderson JC Pathogenesis and management of serrated polyps: current status and future
directions. Gut Liver 8, 582-589 (2014). [PubMed: 25368744]

Ogino S et al. A cohort study of tumoral LINE-1 hypomethylation and prognosis in colon cancer.
J. Natl. Cancer Inst 100, 1734-1738 (2008). [PubMed: 19033568]

Ahn JB et al. DNA methylation predicts recurrence from resected stage 111 proximal colon cancer.
Cancer 117, 1847-54 (2011). [PubMed: 21509761]

Rhee Y-Y et al. Clinical outcomes of patients with microsatellite-unstable colorectal carcinomas
depend on L1 methylation level. Ann. Surg. Oncol 19, 3441-8 (2012). [PubMed: 22618722]
Nakayama H et al. Molecular detection of p16 promoter methylation in the serum of colorectal
cancer patients. Cancer Lett. 188, 115-119 (2002). [PubMed: 12406556]

Nakayama H et al. Molecular detection of p16 promoter methylation in the serum of recurrent
colorectal cancer patients. Int. J. cancer 105, 491-493 (2003). [PubMed: 12712439]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154

Page 30

Zou H-Z et al. Detection of aberrant p16 methylation in the serum of colorectal cancer patients.
Clin. Cancer Res 8, 188-91 (2002). [PubMed: 11801557]

Lecomte T et al. Detection of free-circulating tumor-associated DNA in plasma of colorectal
cancer patients and its association with prognosis. Int. J. Cancer 100, 542-548 (2002). [PubMed:
12124803]

Xing X-B et al. The Prognostic Value of p16 Hypermethylation in Cancer: A Meta-Analysis.
PLoS One 8, e66587 (2013). [PubMed: 23805242]

Mitomi H et al. Aberrant p16((INK4a)) methylation is a frequent event in colorectal cancers:
prognostic value and relation to mMRNA expression and immunoreactivity. J. Cancer Res. Clin.
Oncol 136, 323-331 (2010). [PubMed: 19779933]

Shen L et al. Association between DNA methylation and shortened survival in patients with
advanced colorectal cancer treated with 5-fluorouracil based chemotherapy. Clin. Cancer Res 13,
6093-6098 (2007). [PubMed: 17947473]

Kim JC et al. Promoter methylation of specific genes is associated with the phenotype and
progression of colorectal adenocarcinomas. Ann. Surg. Oncol 17, 1767-76 (2010). [PubMed:
20077021]

Liang JT et al. Hypermethylation of the p16 gene in sporadic T3NOMO stage colorectal cancers:
association with DNA replication error and shorter survival. Oncology 57, 149-56 (1999).
[PubMed: 10461063]

Sun W et al. The role of plasma cell-free DNA detection in predicting preoperative
chemoradiotherapy response in rectal cancer patients. Oncol. Rep 31, 1466-1472 (2014).
[PubMed: 24378613]

Hochhauser D et al. A Phase 1l Study of Temozolomide in Patients with Advanced Aerodigestive
Tract and Colorectal Cancers and Methylation of the O-6-Methylguanine-DNA
Methyltransferase Promoter. Mol. Cancer Ther 12, 809 LP-818 (2013). [PubMed: 23443801]

Nagasaka T et al. Hypermethylation of O6-methylguanine-DNA methyltransferase promoter may
predict nonrecurrence after chemotherapy in colorectal cancer cases. Clin. Cancer Res 9, 5306—
12 (2003). [PubMed: 14614014]

Amatu A et al. Promoter CpG island hypermethylation of the DNA repair enzyme MGMT
predicts clinical response to dacarbazine in a phase Il study for metastatic colorectal cancer. Clin.
Cancer Res 19, 2265-72 (2013). [PubMed: 23422094]

Park SJ et al. TFAP2E methylation status and prognosis of patients with radically resected
colorectal cancer. Oncol. 88, 122-132 (2015).

Ebert MPA et al. TFAP2E-DKK4 and chemoresistance in colorectal cancer. N. Engl. J. Med 366,
44-53 (2012). [PubMed: 22216841]

Murcia O et al. TFAP2E methylation and expression status does not predict response to 5-FU-
based chemotherapy in colorectal cancer. Clin. Cancer Res 24, 2820-2827 (2018). [PubMed:
29535127]

Herbst A et al. Methylated free-circulating HPP1 DNA is an early response marker in patients
with metastatic colorectal cancer. Int. J. cancer 140, 2134-2144 (2017). [PubMed: 28124380]
Philipp AB et al. Circulating cell-free methylated DNA and lactate dehydrogenase release in
colorectal cancer. BMC Cancer 14, 245 (2014). [PubMed: 24708595]

Herbst A et al. Methylation of NEUROGL1 in serum is a sensitive marker for the detection of early
colorectal cancer. Am. J. Gastroenterol 106, 1110-8 (2011). [PubMed: 21326223]

Wallner M et al. Methylation of serum DNA is an independent prognostic marker in colorectal
cancer. Clin. Cancer Res 12, 7347-52 (2006). [PubMed: 17189406]

Herbst A et al. Methylation of helicase-like transcription factor in serum of patients with
colorectal cancer is an independent predictor of disease recurrence. Eur. J. Gastroenterol. Hepatol
21, 565-569 (2009). [PubMed: 19282772]

Huang Z-H, Li L-H, Yang F & Wang J-F Detection of aberrant methylation in fecal DNA as a
molecular screening tool for colorectal cancer and precancerous lesions. World J. Gastroenterol
13, 950—4 (2007). [PubMed: 17352030]

. Ashktorab H et al. Global Histone H4 Acetylation and HDAC2 Expression in Colon Adenoma
and Carcinoma. Dig. Dis. Sci 54, 2109-2117 (2009). [PubMed: 19057998]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Page 31

Nakazawa T et al. Global histone modification of histone H3 in colorectal cancer and its
precursor lesions. Hum. Pathol 43, 834-842 (2012). [PubMed: 21917293]

Karczmarski J et al. Histone H3 lysine 27 acetylation is altered in colon cancer. Clin. Proteomics
11, 24 (2014). [PubMed: 24994966]

Gezer U et al. Characterization of H3K9me3- and H4K20me3-associated circulating hucleosomal
DNA by high-throughput sequencing in colorectal cancer. Tumor Biol. 34, 329-336 (2013).

Gezer U et al. Histone Methylation Marks on Circulating Nucleosomes as Novel Blood-Based
Biomarker in Colorectal Cancer. Int. J. Mol. Sci 16, 29654—-29662 (2015). [PubMed: 26690425]

Tamagawa H et al. The global histone modification pattern correlates with overall survival in
metachronous liver metastasis of colorectal cancer. Oncol. Rep 27, 637-42 (2012). [PubMed:
22076537]

Yokoyama Y et al. Cancer-associated upregulation of histone H3 lysine 9 trimethylation promotes
cell motility /n vitro and drives tumor formation /n vivo. Cancer Sci. 104, 889-895 (2013).
[PubMed: 23557258]

Benard A et al. Histone trimethylation at H3K4, H3K9 and H4K20 correlates with patient
survival and tumor recurrence in early-stage colon cancer. BMC Cancer 14, 531 (2014).
[PubMed: 25047223]

Benard A et al. Nuclear expression of histone deacetylases and their histone modifications
predicts clinical outcome in colorectal cancer. Histopathology 66, 270-82 (2015). [PubMed:
25307864]

Benard A et al. Prognostic Value of Polycomb Proteins EZH2, BMI1 and SUZ12 and Histone
Modification H3K27me3 in Colorectal Cancer. PLoS One 9, €108265 (2014). [PubMed:
25243792]

Bovell L et al. miRNAs are stable in colorectal cancer archival tissue blocks. Front. Biosci. (Elite
Ed) 4, 1937-40 (2012). [PubMed: 22202009]

Peng Q et al. The clinical role of microRNA-21 as a promising biomarker in the diagnosis and
prognosis of colorectal cancer: a systematic review and meta-analysis. Oncotarget 8, 44893—
44909 (2017). [PubMed: 28415652]

Zhang Y, Guo C-C, Guan D-H, Yang C-H & Jiang Y-H Prognostic Value of microRNA-224 in
Various Cancers: A Meta-analysis. Arch. Med. Res 48, 472-482 (2017). [PubMed: 29133193]
Hao H et al. Diagnostic and prognostic value of miR-106a in colorectal cancer. Oncotarget 8,
5038-5047 (2017). [PubMed: 27926519]

Zhi ML, Liu ZJ, Yi XY, Zhang LJ & Bao Y X Diagnostic performance of microRNA-29a for
colorectal cancer: a meta-analysis. Genet. Mol. Res 14, 18018-25 (2015). [PubMed: 26782449]
Yang X et al. MicroRNA-92a as a potential biomarker in diagnosis of colorectal cancer: a
systematic review and meta-analysis. PLoS One 9, e88745 (2014). [PubMed: 24551148]

Sun G et al. Signature miRNAs in colorectal cancers were revealed using a bias reduction small
RNA deep sequencing protocol. Oncotarget 7, 3857-72 (2016). [PubMed: 26646696]
Bastaminejad S et al. Investigation of MicroRNA-21 Expression Levels in Serum and Stool as a
Potential Non-Invasive Biomarker for Diagnosis of Colorectal Cancer. Iran. Biomed. J 21, 106—
13 (2017). [PubMed: 27432735]

Toiyama Y et al. Serum miR-21 as a diagnostic and prognostic biomarker in colorectal cancer. J
Natl Cancer Inst 105, 849-859 (2013). [PubMed: 23704278]

Mima K et al. MicroRNA MIR21 (miR-21) and PTGS2 Expression in Colorectal Cancer and
Patient Survival. Clin. Cancer Res 22, 3841-8 (2016). [PubMed: 26957558]

Caramés C et al. MicroRNA-21 predicts response to preoperative chemoradiotherapy in locally
advanced rectal cancer. Int. J. Colorectal Dis 30, 899-906 (2015). [PubMed: 25953218]
Schetter AJ et al. MicroRNA expression profiles associated with prognosis and therapeutic
outcome in colon adenocarcinoma. JAMA 299, 425-36 (2008). [PubMed: 18230780]

Liu K et al. Increased expression of microRNA-21and its association with chemotherapeutic
response in human colorectal cancer. J. Int. Med. Res 39, 2288-95 (2011). [PubMed: 22289545]
Ng EKO et al. Differential expression of microRNAs in plasma of patients with colorectal cancer:
a potential marker for colorectal cancer screening. Gut 58, 1375-81 (2009). [PubMed: 19201770]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Page 32

Wu CW et al. Detection of miR-92a and miR-21 in stool samples as potential screening
biomarkers for colorectal cancer and polyps. Gut 61, 739-45 (2012). [PubMed: 21930727]

Uratani R et al. Diagnostic Potential of Cell-Free and Exosomal MicroRNAs in the Identification
of Patients with High-Risk Colorectal Adenomas. PLoS One 11, 0160722 (2016). [PubMed:
27760147]

Ke T-W, Wei P-L, Yeh K-T, Chen WT-L & Cheng Y-W MiR-92a Promotes Cell Metastasis of
Colorectal Cancer Through PTEN-Mediated PI3K/AKT Pathway. Ann. Surg. Oncol 22, 2649-55
(2015). [PubMed: 25515201]

Elshafei A, Shaker O, Abd El-Motaal O & Salman T The expression profiling of serum miR-92a,
miR-375, and miR-760 in colorectal cancer: An Egyptian study. Tumour Biol. 39,
1010428317705765 (2017). [PubMed: 28618945]

Zhou J et al. 5-Fluorouracil and oxaliplatin modify the expression profiles of microRNAs in
human colon cancer cells in vitro. Oncol. Rep 23, 121-8 (2010). [PubMed: 19956872]

Du M et al. Clinical potential role of circulating microRNAs in early diagnosis of colorectal
cancer patients. Carcinogenesis 35, 2723-30 (2014). [PubMed: 25239640]

Kanaan Z et al. Plasma miR-21: a potential diagnostic marker of colorectal cancer. Ann Surg 256,
544-551 (2012). [PubMed: 22868372]

Ogata-Kawata H et al. Circulating exosomal microRNAs as biomarkers of colon cancer. PL0oS
One 9, 92921 (2014). [PubMed: 24705249]

Liu G-HH et al. Serum miR-21 and miR-92a as biomarkers in the diagnosis and prognosis of
colorectal cancer. Tumour Biol 34, 2175-2181 (2013). [PubMed: 23625654]

Liu H-N et al. Serum microRNA signatures and metabolomics have high diagnostic value in
colorectal cancer using two novel methods. Cancer Sci. 109, 1185-1194 (2018). [PubMed:
29363233]

Chang P-Y et al. MicroRNA-223 and microRNA-92a in stool and plasma samples act as
complementary biomarkers to increase colorectal cancer detection. Oncotarget 7, 10663-75
(2016). [PubMed: 26848774]

Herreros-Villanueva M et al. Plasma MicroRNA Signature Validation for Early Detection of
Colorectal Cancer. Clin. Transl. Gastroenterol 10, e00003 (2019). [PubMed: 30702491]

Zheng G et al. Serum microRNA panel as biomarkers for early diagnosis of colorectal
adenocarcinoma. Br. J. Cancer 111, 1985-92 (2014). [PubMed: 25233400]

Huang Z et al. Plasma microRNAs are promising novel biomarkers for early detection of
colorectal cancer. Int. J. cancer 127, 118-26 (2010). [PubMed: 19876917]

Kjersem JB et al. Plasma microRNAs predicting clinical outcome in metastatic colorectal cancer
patients receiving first-line oxaliplatin-based treatment. Mol Oncol 8, 59-67 (2014). [PubMed:
24119443]

Zhao W, Song M, Zhang J, Kuerban M & Wang H Combined identification of long non-coding
RNA CCAT1 and HOTAIR in serum as an effective screening for colorectal carcinoma. Int. J.
Clin. Exp. Pathol 8, 14131-40 (2015). [PubMed: 26823726]

Svoboda M et al. HOTAIR long non-coding RNA is a negative prognostic factor not only in
primary tumors, but also in the blood of colorectal cancer patients. Carcinogenesis 35, 1510-5
(2014). [PubMed: 24583926]

Alaiyan B et al. Differential expression of colon cancer associated transcriptl (CCAT1) along the
colonic adenoma-carcinoma sequence. BMC Cancer 13, 196 (2013). [PubMed: 23594791]
Nissan A et al. Colon cancer associated transcript-1: A novel RNA expressed in malignant and
pre-malignant human tissues. Int. J. Cancer 130, 1598-1606 (2012). [PubMed: 21547902]

He X et al. C-Myc-activated long noncoding RNA CCAT1 promotes colon cancer cell
proliferation and invasion. Tumour Biol. 35, 12181-8 (2014). [PubMed: 25185650]

Ozawa T et al. CCAT1 and CCAT2 long noncoding RNAs, located within the 89.24.21 ‘gene
desert’, serve as important prognostic biomarkers in colorectal cancer. Ann. Oncol. Off. J. Eur.
Soc. Med. Oncol 28, 1882-1888 (2017).

Yin D et al. Long noncoding RNA GASS5 affects cell proliferation and predicts a poor prognosis
in patients with colorectal cancer. Med. Oncol 31, 253 (2014). [PubMed: 25326054]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Page 33

Li Y et al. Long non-coding RNA growth arrest specific transcript 5 acts as a tumour suppressor
in colorectal cancer by inhibiting interleukin-10 and vascular endothelial growth factor
expression. Oncotarget 8, 13690-13702 (2017). [PubMed: 28099146]

Baretti M & Azad NS The role of epigenetic therapies in colorectal cancer. Curr. Probl. Cancer
(2018). d0i:10.1016/j.currproblcancer.2018.03.001

Verheul HMW, Qian DZ, Carducci MA & Pili R Sequence-dependent antitumor effects of
differentiation agents in combination with cell cycle-dependent cytotoxic drugs. Cancer
Chemother. Pharmacol 60, 329-339 (2007). [PubMed: 17256134]

Abdelfatah E, Kerner Z, Nanda N & Ahuja N Epigenetic therapy in gastrointestinal cancer: the
right combination. Therap. Adv. Gastroenterol 9, 560-579 (2016).

lkehata M et al. Different effects of epigenetic modifiers on the cytotoxicity induced by 5-
fluorouracil, irinotecan or oxaliplatin in colon cancer cells. Biol. Pharm. Bull 37, 67-73 (2014).
[PubMed: 24172061]

Flis S, Gnyszka A & Flis K DNA Methyltransferase Inhibitors Improve the Effect of
Chemotherapeutic Agents in SW48 and HT-29 Colorectal Cancer Cells. PL0oS One 9, €92305
(2014). [PubMed: 24676085]

Overman MJ et al. Phase I/11 study of azacitidine and capecitabine/oxaliplatin (CAPOX) in
refractory CIMP-high metastatic colorectal cancer: evaluation of circulating methylated vimentin.
Oncotarget 7, 67495-67506 (2016). [PubMed: 27542211]

Kim JC et al. In vitro evaluation of histone deacetylase inhibitors as combination agents for
colorectal cancer. Anticancer Res. 29, 3027-34 (2009). [PubMed: 19661311]

Fakih MG, Groman A, McMahon J, Wilding G & Muindi JR A randomized phase Il study of two
doses of vorinostat in combination with 5-FU/LV in patients with refractory colorectal cancer.
Cancer Chemother. Pharmacol 69, 743-751 (2012). [PubMed: 22020318]

Humeniuk R, Mishra PJ, Bertino JR & Banerjee D Epigenetic reversal of acquired resistance to 5-
fluorouracil treatment. Mol. Cancer Ther 8, 1045-1054 (2009). [PubMed: 19383845]

Fazzone W, Wilson PM, Labonte MJ, Lenz H-J & Ladner RD Histone deacetylase inhibitors
suppress thymidylate synthase gene expression and synergize with the fluoropyrimidines in colon
cancer cells. Int. J. cancer 125, 463-73 (2009). [PubMed: 19384949]

Lou Y et al. Combination of Gefitinib and DNA Methylation Inhibitor Decitabine Exerts
Synergistic Anti-Cancer Activity in Colon Cancer Cells. PLoS One 9, e97719 (2014). [PubMed:
24874286]

Mao M et al. Resistance to BRAF inhibition in BRAF-mutant colon cancer can be overcome with
PI13K inhibition or demethylating agents. Clin. Cancer Res 19, 657-67 (2013). [PubMed:
23251002]

Abaza M-SI, Bahman A-M & Al-Attiyah R Superior antimitogenic and chemosensitization
activities of the combination treatment of the histone deacetylase inhibitor apicidin and
proteasome inhibitors on human colorectal cancer cells. Int. J. Oncol 44, 105-28 (2014).
[PubMed: 24146045]

Garrido-Laguna | et al. A phase /11 study of decitabine in combination with panitumumab in
patients with wild-type (wt) KRAS metastatic colorectal cancer. Invest. New Drugs 31, 1257-64
(2013). [PubMed: 23504398]

He G, Wang Y, Pang X & Zhang B Inhibition of autophagy induced by TSA sensitizes colon
cancer cell to radiation. Tumour Biol. 35, 1003-11 (2014). [PubMed: 24122231]

Kim K et al. Eradication of metastatic mouse cancers resistant to immune checkpoint blockade by
suppression of myeloid-derived cells. Proc. Natl. Acad. Sci. U. S. A 111, 11774-9 (2014).
[PubMed: 25071169]

Yu G et al. Low-dose decitabine enhances the effect of PD-1 blockade in colorectal cancer with
microsatellite stability by re-modulating the tumor microenvironment. Cellular and Molecular
Immunology 16, 1-9 (2018). [PubMed: 29795339]

US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/ct2/show/study/
NCT02260440?term=NCT02260440&rank=1 (2019).

Lee JJ et al. Phase 2 study of pembrolizumab in combination with azacitidine in subjects with
metastatic colorectal cancer. J. Clin. Oncol 35, 3054-3054 (2017).

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.


https://clinicaltrials.gov/ct2/show/study/NCT02260440?term=NCT02260440&rank=1
https://clinicaltrials.gov/ct2/show/study/NCT02260440?term=NCT02260440&rank=1

1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Page 34

US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/ct2/show/
NCT02512172?term=NCT02512172&rank=1 (2019).

US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/ct2/show/
NCT02437136?term=NCT02437136&rank=1 (2019).

Romain B et al. Histone hypoacetylation contributes to CXCL12 downregulation in colon cancer:
impact on tumor growth and cell migration. Oncotarget 8, 38351-38366 (2017). [PubMed:
28418886]

Huang Z et al. Lysine-specific demethylase 1 (LSD1/KDM1A) contributes to colorectal
tumorigenesis via activation of the Wnt/B-catenin pathway by down-regulating Dickkopf-1
(DKK1) [corrected]. PLoS One 8, €70077 (2013). [PubMed: 23922913]

Hsu H-C et al. CBB1003, a lysine-specific demethylase 1 inhibitor, suppresses colorectal cancer
cells growth through down-regulation of leucine-rich repeat-containing G-protein-coupled
receptor 5 expression. J. Cancer Res. Clin. Oncol 141, 11-21 (2015). [PubMed: 25060070]

Rotili D et al. Pan-Histone Demethylase Inhibitors Simultaneously Targeting Jumonji C and
Lysine-Specific Demethylases Display High Anticancer Activities. J. Med. Chem 57, 42-55
(2014). [PubMed: 24325601]

Beg MS et al. Phase | study of MRX34, a liposomal miR-34a mimic, administered twice weekly
in patients with advanced solid tumors. Invest. New Drugs 35, 180-188 (2017). [PubMed:
27917453]

Titze-de-Almeida R, David C & Titze-de-Almeida SS The Race of 10 Synthetic RNAi-Based
Drugs to the Pharmaceutical Market. Pharm. Res 34, 1339-1363 (2017). [PubMed: 28389707]

Watts JK & Corey DR Silencing disease genes in the laboratory and the clinic. J. Pathol 226, 365—
379 (2012). [PubMed: 22069063]

Singh A, Trivedi P & Jain NK Advances in siRNA delivery in cancer therapy. Artif. Cells,
Nanomedicine, Biotechnol 46, 274-283 (2018).

Nedaeinia R et al. Current Status and Perspectives Regarding LNA-Anti-miR Oligonucleotides
and microRNA miR-21 Inhibitors as a Potential Therapeutic Option in Treatment of Colorectal
Cancer. J Cell Biochem 118, 4129-4140 (2017). [PubMed: 28401648]

Turajlic S, Sottoriva A, Graham T & Swanton C Resolving genetic heterogeneity in cancer. Nat.
Rev. Genet (2019). doi:10.1038/s41576-019-0114-6

Martinez-Cardus A et al. Epigenetic Homogeneity Within Colorectal Tumors Predicts Shorter
Relapse-Free and Overall Survival Times for Patients With Locoregional Cancer.
Gastroenterology 151, 961-972 (2016). [PubMed: 27521480]

Davalos V et al. Dynamic epigenetic regulation of the microRNA-200 family mediates epithelial
and mesenchymal transitions in human tumorigenesis. Oncogene 31, 2062—-2074 (2012).
[PubMed: 21874049]

Chen T et al. MicroRNA-31 contributes to colorectal cancer development by targeting factor
inhibiting HIF-1alpha (FIH-1). Cancer Biol Ther 15, 516-523 (2014). [PubMed: 24521875]
Tang W et al. MicroRNA-29a promotes colorectal cancer metastasis by regulating matrix
metalloproteinase 2 and E-cadherin via KLF4. Br. J. Cancer 110, 450-458 (2014). [PubMed:
24281002]

Nagel R et al. Regulation of the adenomatous polyposis coli gene by the miR-135 family in
colorectal cancer. Cancer Res. 68, 5795-5802 (2008). [PubMed: 18632633]

Toiyama Y et al. A Panel of Methylated MicroRNA Biomarkers for Identifying High-Risk
Patients With Ulcerative Colitis-Associated Colorectal Cancer. Gastroenterology 153, 1634—
1646.e8 (2017). [PubMed: 28847750]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 August 01.


https://clinicaltrials.gov/ct2/show/NCT02512172?term=NCT02512172&rank=1
https://clinicaltrials.gov/ct2/show/NCT02512172?term=NCT02512172&rank=1
https://clinicaltrials.gov/ct2/show/NCT02437136?term=NCT02437136&rank=1
https://clinicaltrials.gov/ct2/show/NCT02437136?term=NCT02437136&rank=1

1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

Page 35

Key points

Epigenetic changes, notably DNA methylation and histone modifications,
have key pathophysiological roles in the initiation and progression of
colorectal cancer (CRC).

Non-coding RNAs (ncRNAs) such as microRNAs (miRNAs) and long
ncRNAs are also important regulators of gene expression and are implicated
in many CRC-related pathways.

Epigenetic changes and altered expression of ncCRNAs can be exploited as
biomarkers for the diagnosis, prognostication and prediction of treatment
response in CRC.

Biomarkers based on DNA methylation have been commercialized and some
have already found their way into clinical practice and guidelines in CRC.

miRNAs are the most promising and fastest-growing group of potential future
biomarkers for CRC; their implication in clinical practice is expected within
the next decade.

Epigenetic changes are potentially reversible and are attractive targets for
future cancer treatments; epigenetic modifiers have proven their utility in
preclinical and phase I/11 studies.
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Box 1 |
Candidate diagnostic biomarkers in CRC.
Single biomarkers?
. Blood-based for adenomas
- Methylation: SEPTY, SFRP2
- ncRNAs: miR-21, miR-92a, miR-29%a
. Stool-based for adenomas
- Methylation: SFRP2, VIM
- ncRNAs: miR-21, miR-92a
. Blood-based for CRC

Methylation: SEPTY, SFRPZ2

Histones: H3K27me3, H4K20me3, H3K9me3
microRNAs: miR-21, miR-92a, miR-29a, miR-20a, miR-223

IncRNAs: HOTAIR, CCAT1, CRNDE

. Stool-based for CRC
- Methylation: SFRP2, VIM
- ncRNAs: miR-21, miR-92a, miR-20a, miR-223
Panel biomarkers?
. Blood-based for adenomas
- APC, MGMT, RASSFZA and WIF1
- SFRP1, SFRPZ, SDC2and PRIMA1
- miR-19a-3p, miR-223-3p, miR-92a-3p and miR-422a
- miR-29a and 92a
- miR-21 and miR-92a
. Stool-based for adenomas
- NDRG4, BMP3, KRAS™! and haemoglobin (Cologuard)
. Blood-based for CRC
- SFRPI1, SFRP2, SDC2and PRIMA1
- miR-21, miR-29a, miR-92a and miR-125b
- miR-223 and miR-92a
- miR-21 and miR-92a
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. Stool-based for CRC
- NDRG4, BMP3, KRAS™ ! and haemoglobin (Cologuard)
- miR-21, miR-17-92 and miR-135

aThe listed biomarkers are those that we deemed to have the greatest potential for rapid
bench-to-bedside translation to improve diagnosis in CRC following comprehensive
appraisal of the literature (see Supplementary Box 1 for detailed Review criteria).
Detailed information on candidate diagnostic biomarkers in CRC can be found in
Supplementary Tables 2, 3, 6, 7, 8, 11.
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Box 2 |
Candidate prognostic biomarkers in CRC.
Blood-based?
. Methylation: L/NE-1, CDKNZ2A(p16), HLTF, HPP1
. ncRNAs: miR-21, miR-31, miR-34a, miR-92a
Tissue-based?
. Methylation: COKNZA(p16), LINE-1, TFAPZE, MGMT

. Histones: H3K4me2, H3K4me3, H3K9me3, H3K20me3, H3K56ac,
H4K16ac

. ncRNAs: miR-21, miR-31, miR-34a, miR-224, miR-92a
Biomarker panels?®
. pl4ARF, RASSF1A and APC1A

. miR-21-5p, miR-20a-5p, miR-103a-3p, miR-106b-5p, miR-143-5p, and
miR-215

aThe listed biomarkers are those that we deemed to have the greatest potential for rapid
bench-to-bedside translation to improve prognostication in CRC following
comprehensive appraisal of the literature (see Supplementary Box 1 for detailed Review
criteria). Detailed information on candidate prognostic biomarkers in CRC can be found
in Supplementary Tables 4, 6, 9, 11.
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Box 3 |
Candidate predictive biomarkers in CRC.

Single biomarkers2P

. Methylation: HPP1, LINE-1, TFAP2E, MGMT

. ncRNAs: miR-21, miR-31, miR-143/145 family, miR-106
Panel biomarkers?

. PCDH10, SPARC, and UCHL 1°

. miR-99a, miR-Let-7c, miR-125bP

. miR-17, miR-21, miR-29a and miR-92¢

. miR-20a, miR-130, miR-145, miR-216 and miR-372¢

aThe listed biomarkers are those that we deemed to have the greatest potential for rapid
bench-to-bedside translation to improve prediction of treatment responses in CRC
following comprehensive appraisal of the literature (see Supplementary Box 1 for
detailed Review criteria). Detailed information on candidate predictive biomarkers in
CRC can be found in Supplementary Tables 5, 10, 11. PAll in tissue. All in blood.
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Box 4 |
Commercialized and currently used biomarkers.
Commercialized biomarkers

. Epi proColon (Epigenomics, Seattle, USA), SEPTI methylation; FDA
approval (2016) for blood-based CRC screening.

. Cologuard (Exact Science, Madison, USA), NDRG5 and BMP3 methylation
and KRAS mutations; FDA approval (2014) for stool-based CRC screening.

. ColoSure (LabCorp, Burlington, USA), stool-based V/M methylation; not
FDA approved.

Biomarkers in clinical use or in guidelines

. ML H1 hypermethylation (US Preventive Services Task Forcel?’, The
Mallorca Group126)

. Cologuard (US Preventive Services Task Forcel24)
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Figure 1 |. Principles of epigenetics.
The main epigenetic modifications implicated in colorectal cancer (CRC) — including DNA

methylation (1), histone modifications (2), long noncoding RNAs (IncRNAs) (3) and
microRNAs (miRNAs; also known as miRs) (4) — are shown. Hypermethylation of CpG
islands in promoter regions of tumour-suppressor genes placed by DNA-methyl transferases
(DNMTSs) inhibits gene expression and can favor tumorigenesisi®12 (1). If hypomethylation
occurs in retrotransposable elements (such as LINE-1 elements), these are activated and
insert themselves in distant fragile sites, leading to genomic instability39. Hypomethylation
of promoters or distant super-enhancers can enhance expression of proto-oncogenes?’.
Acetyl-groups are placed by histone acetyl-transferases (HATSs) and removed by histone
deacetylases (HDACS); acetylation generally weakens the compaction status of the
chromatin and makes the DNA accessible to transcription factors3* (2). Histone methylation
is regulated by histone methyltransferases (HMTSs) and histone demethylases (HDMs);
methyl groups on histone tails create docking sites for proteins that can repress or increase
gene expression3” (2). InNcRNAs influence gene and protein expression through different
molecular mechanisms#’ (3). They can enhance transcription by recruiting transcription
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factors or repress transcription by decoying transcription factors and preventing their
recruitment to transcriptional start sites. LncRNAs can also restore translation by ‘sponging’
miRNAs that would otherwise prevent translation of their corresponding mRNA. LncRNAs
can also directly inhibit translation. The biogenesis of miRNAs starts with the transcription
of the miRNA gene by RNA polymerase 11 (RNA Pol 11)8 (4). The double-stranded, hairpin-
formed pri-miRNA is processed to the pre-miRNA by Drosha/DGCRS8 and then translocated
to the cytoplasm by exportin-5. The RNAse 111 enzyme DICER cuts the hairpin loop,
resulting in a double-stranded miRNA-miRNA molecule. The RNA-induced silencing
complex (RISC) incorporates one of the strands and mediates its interaction with the target
mRNA, leading either to translational inhibition or mRNA degradation.
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Figure 2 |. Role of miRNAs and IncRNAs in CRC.
The roles of selected long non-coding RNAs (IncRNAs) and microRNAs (miRNAS) in

regulating virtually all important signalling pathways relevant to colorectal cancer (CRC) are
shown. Activation of the RAS-RAF-MEK pathway, which leads to enhanced proliferation
and can modulate treatment responses, can occur via downregulation of miR-14374 and/or
upregulation of miR-3185 (1). miR-21, the most frequently overexpressed miRNA in CRC,
can favour cancer progression by targeting PTEN, preventing PIP3 dephosphorylation and
resulting in hyperactivation of the PI3K-AKT pathway8? (2). In addition, miR-21 can target
PDCDA4, which is thought to be an important mediator in apoptosis effector pathways83. (3)
In the presence of DNA damage, p53 holds the cell cycle at the G1-S checkpoint to allow
DNA repair or to induce apoptosis if repair is not possible. In a positive feedback loop, p53
increases the expression of miR-34a (which is frequently downregulated in CRC), resulting
in enhanced p53 activity’6 (4). Moreover, miR-34a directly targets SMAD4, a key effector in
TGFp signalling. Thus, downregulation of miR-34a enhances TGF g signalling and results in
enhanced epithelial-mesenchymal transition (EMT) and tumour cell invasion?”:"8 (5). Loss
of E-cadherin in epithelial cells leads to a loss of contact inhibition, which favours cell
growth, migration and invasion via B-catenin-TCF signalling (6). In CRC cells, miR-29a%3>
and the INcRNA HOTA/IRP? have been described to decrease the expression of E-cadherin.
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miR-135 directly targets and downregulates APC, which, under normal conditions, degrades
B-catenin, resulting in downstream activation of the WNT-B-catenin pathway236 (7). When
tumours grow rapidly, hypoxia stimulates the formation of new blood vessels through
angiogenesis, which is crucial for tumour survival and is regulated by the VEGF pathway.
VEGF is a direct target of miR-126 and is also repressed by the INcRNA GAS5, and both are
frequently downregulated in CRC89:200 (g).
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Figure 3 |. Epigenetic biomarkers in CRC.
Given their emerging roles in colorectal cancer (CRC), epigenetic marks or regulators can be

exploited as clinically relevant disease biomarkers for diagnosis, prognostication and
prediction of treatment response. Blood-based biomarkers (serum or plasma) might have
diagnostic, prognostic or predictive value in CRC. Tissue-based biomarkers in
endoscopically resected lesions might also be used clinically to improve prediction of the
risk of invasion of early lesions (carcinoma in situ or pT1) and guide treatment options and
surveillance strategies. Stool-based biomarkers (from abraded carcinoma cells) have a
number of potential diagnostic applications; for example, Cologuard (VDRG4 methylation,
BMP3 methylation and KRAS mutation) for screening of adenomas and early-stage CRC.
Endoscopic biopsies of normal rectal mucosa (which is less invasive than endoscopic
resection) could be used to identify patients at a high risk of metachronous or synchronous
lesions owing to ‘field defect’” in normal rectal mucosa; for example, methylation of
miR-137 in endoscopic biopsy tissue is an independent risk factor for ulcerative colitis-
associated CRC237. Finally, tissue-based biomarkers in surgical specimens (primary
metastatic or tumours) might also have prognostic or predictive roles.
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